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Gene networks and their primary functions after DEN and ENU treatment,

Networks Molecules in network Top functions
(A)DEN4h _
1 Adaptor protein 2, Ahr-aryl hydrocarbon-Arnt, Arf, Bax, Btg2, Casp1, Caspase, Chp/p300, Ceng1, Cdien1a, Creb, Cyclin A, Cancer, Cell cycle, reproductive
Cyclin E, E2f, Erk1/2, Gadd45, Gadd4Sb, Gadd45g, Cdf15, Csk3, HistThic, Hspb1, Hspb2, Jun[junb|jund, Mdm2, Mek1/2, system disease
Pak, Pdgf, PIk2, Pmi, Pmm{1, Pp2a, Rb, Stat, Trp53
2 Aatf, Aldh3al, App, beta-estradiol, Ccne2, Ceng2, Cypla2, Cpy21al, Cyp4a10, E2F1, Fabp5, Gdf15, Gyk, Glul, Hprti, Cell cycle, DNA replication,
Hspalb, Igfbp1, igfbp7, 110, li1b, 112, KIf 10, MAZ, Mels1, Muc2, Ppp1r3c, Rad52, Reani, retinolc acid, Scyel, SpT, St8slal, recombination, and repair, cell
Tgm1. TopbpPT, Tubb2¢ death
3 Akt, Ap1, Bcl2, Calpain, Egfr, Fgf. Fos, Fos-Jun, Hmox1, Ige, 111, jnk, Jun, Kras, Lig3, Mapk, Mek, Mmp, Myc, Net1, P38, Mapk, Cell death, hepatic system
Pdgf bb, Pdgfb, Pi3k, Pkd(s), Pkg, Rar, Ras, Ras homolog, Rock, Rxr, 505, Stat5a]b, Taf beta, Vegf - disease, liver necrosis/cell
- death
4 4-Phenylbutyric acid, 14-3-3, Calmodulin, Cenf, Cdkn2a, Ck2, Cuit1, Cyclin D, Cyplal, Ephx1, Hira, Histone h3, Hnrpa2b1, Cell cycle, DNA replication,
Hsp70, Hsp90, Hspalb, hydrogen peroxide, g, Irf2, Isg2011, lipoxin A4, LrpT, Mbd1, Mcm2, Mcm3, Mels1, Pdk1, Pka, recombination, and repair, cell
RNA polymerase I, Ssrp1, Supt16h, Tp53inp1, Ube2el, Ublquitin, Ung  — death
5 Cdh3, D Dpyd Cancer, drug metabolism,
- genetic disorder
(B) DEN 28 d
1 Adaptor protein 2, Ahr-aryl hydrocarbon-Amt, Arf, Bax, Btg2, Casp1, Caspase, Cbp/p300, Cengl1, Cdkn1la, Creb, Cyclin A, Cancer, cell cycle, reproductive
Cyclin E, E2f, Erk1/2, Gadd45, Gadd45b, Gadd45g, Gdf1S, Gsk3, HstThIc, Hspb1, Hspb2, jun[junb/jund, Mdm2, Mek1/2, system disease
Pak, Pdgf, Plk2, Pmi, Pmm1, Pp2a, Rb, Stat, Trp53
2 Aatf, Aldh3a1, App, beta-estradiol, Ccng2, Cyp1a2, Gyp21al, Cyp4a10 (includes EG:1579), E2f1, Fabp5, Gdf15, Gyk, Glul, DNA replication,
Hrpt1, Hspaib, Igfbp1, 1110, i11b, KIfi0, KIk5, Maz, MelsT, Mt1e, MucZ, Nrda3, Ppp1ric, Rads2, Rcani, reflnolc acld, Scyel, recombination, and repair, cell
SpT, St8slat, Tgm1, Topbp1, Tubb2c death, cell cycle
3 Akt, Ap1, Bcl2, Calpain, Egfr, Fgf, Fos, Fos-Jun, Hmox1, Ige, 11, Jnk, Jun, Kras, Lig3, Mapk, Mek, Mmp, Myc, Net1, P38 Mapk, Cell death, hepatic system
Pdgf bb, Pdgfb, Pi3k, Pkd(s). Pkg, Rar, Ras, Ras homolog, Rock, Rxr, Sos, Stat5aJb, Tgf beta, Vegf - disease, liver necrosis/cell
death
4 14-3-3, Bag4, Calmodulin, Cenf, Cdkn2a, Ck2, Cutll, Cyplal, Dynirb1, Ephx1, Hira, Histone h3, Hnrpa2b1, Hoxb9, Hsp70, Cellular development, cellular
Hsp90, Hspa1b, hydrogen peroxide, ifng, Isg2011, Lrp1, Mbd1, Meis1, Nol3, Pdk1, Pka, Ppfibp1, RNA pol2-transcription growth and proliferation,
factor, RNA polymerase 11, Smtn, Supt16h, TpS3inp1, Ube2el, Ubiquitin, Ung connective tissue development
- and function
5 Cdh3, Dpyd Cancer, drug metabolism,
- genetic disorder
(C)ENU4h
1 Adaptor protein 2, Ahr-aryl hydrocarbon-Arnt, Arf, Bax, Btg2, Casp1, Caspase, Cbp/p300, Ceng1, Cdkn1a, Creb, Cyclin A, Cancer, cell cycle, reproductive
Cyclin E, E2f, Erk1/2, Gadd45, Gadd45b, Gaddd5g, Gdf15, Gsk3, Hist1h1c, Hspb1, Hspb2, Jun[junb/jund, Mdm2, Mek1/2, system disease
Pak, Pdgf, PIk2, Pmi, Pmm1, Pp2a, Rb, Stat, Trp53
2 Aatf, Aldh3a1, App, Appbp]1, beta-estradiol, Cene2, Ceng2, Cypla2, Cyp21al, Cyp4a10, E2f1, Fabp$, Gdf1S, Gyk, Glul, DNA replication,
Hprt1, Hdps1b, Igfbp1, 1110, 111b, KIf10, Maz, Mis1, Miic2, Nrda3, Ppp1r3c, Rad52, Reanl, retinolc acid, Scyel, Sp1, St8sial, recombination, and repair, cell
Tgmi, Topbp1, Tubb2c cycle, cell signaling
3 Akt, Ap1, Bel2, Calpain, Egfr, Fgf, Fos, Fos-jun, Hmox1, ige, IL1, Ink, Jun, Kras, Lig3, Mapk, Mek, Mmp, Myc, Net1, P38, Mapk, Cell death, hepatic system
Pdgf bb, Pdgfb, Pi3k, Pkc(s), Pkg, Rar, Ras, Ras homolog, Rock, Rxr, 65, Stat5alb, Tgf beta, Vegf - disease, liver necrosis/cell
. death
4 4-phenylbutyric acid, 14-3-3, Calmodulin, Cenf, Cdkn2a, Ck2, Cult1, Cyclin D, Cyplal, Ephx1, Hira, Histone h3, Hnrpa2b1, Cell cycle, DNA replication,
Hsp70, Hsp90, Hspa1b, hydrogen peroxide, Ifng, Irf2, Isg2011, lipoxin Ad, Lrp1, MBdT, Mcm2, Mcm3, Mels1, Pdk1, Pka, recombination, and repair, cell
RNA polymerase I, Ssrp1, Supt16h, Tp53inp1, Ube2el, Ubiquitin, Ung - death
5 Cdh3, Dpyd Cancer, drug metabolism,
- genetic disorder
(D)ENU 28d
1 Adaptor protein 2, Ahr-aryl hydrocarbon-Arnt, Arf, Bax, Btg2, Casp1, Caspase, Cbp/p300, Cengl, Cdknia, Creb, Cyclin A, " Cancer, cell cycle, reproductive
Cyclin E, E2f, Erk1/2, Gadd45, Gaddd5b, Gadd45g, Cdf15, Gsk3, HstIh1e, Hspb1, Hspb2, junfjunb/jund, Mdm2, Mek1/2, system disease
Pak, Pdgf, Pik2, Pmi, Pmm{1, Pp2a, Rb, Stat, Trp53
2 Aatf, Ahr-ary! hydrocarbon, App, Appbp1, beta-estradiol, Ccng2, Cd68, Cdcd5l, Cypla2, Cyp21at, Cyp4al0, E2f1, Fabps, Cell signaling, molecular
Folr2, Gdf15, Gyk, Glul, Hprt1, Hspa1b, Igfbp1, 110, 11b, KIkS, Krt16, Nr4a3, Pppir3c, Rad52, Reanl, retinoic acid, Rrsdx, transport, small molecule
Serpinb8, Sp1. TacstdA1, Tspo, TubbZc biochemistry
3 Akt, Ap1, Bel2, Calpain, Egfr, Fgf, Fos, Fos-jun, Hmox1, Ige, IL1, Jnk, Jun, Kras, Lig3, Mapk, Mek, Mmp, Myc, Net1, P38, Mapk, Cell death, hepatic system
Pdgf bb, Pdgfb, Pi3k, Pkc(s), Pkg, Rar, Ras, Ras homolog, Rock, Rxr, Sos, Stat5aJb, Tgf beta, Vegf - disease, liver necrosis/cell
death
4 ] 14-3-3, Acol, Asf1b, Bag4, Calmodulin, Ccnf, Cdkn2a, Ck2, Cyp1al, Dynirb1, Ephx1, Hira, Histone h3, Hosb9, Hsp70, Hsp90, Cellular development, cellular
Hspalb, hydrogen peroxide, Ifng, Isg201T, Lamp1, Lrp1, Mbd1, Nol3, Pka, PpfibpT, RNA pol2-transcription factor, RNA growth and proliferation,
polymerase II, Rpl21, Smtn, Sncg, Supt16h, Ube2e1, Ubiquitin, Ung connective tissue development
_ and function
5 Cdh3, Dpyd Cancer, drug metabolism,

genetic disorder

Biologically relevant networks extracted by IPA are shown for gene expression data after (A) DEN-4 b, (B) DEN-28 d, (C) ENU-4 h or {D) ENU-28 d treatment. Bold underlined
genes show dose-dependent expression. Thin underlined genes are genes examined in the present study. Pdgf bb in Network-3 means Pdgf groups of Pdgfa, Pdgfb, Pdgfc and
Pdgfd. Hsp70 in Network-4 means Hsp groups of Hspa14 hspala, Hspalb, Hspall, Hspa2, Hspad hspa5, Hspa6, Hspa7, Hspa8, and Hspa9.

was observed, and only Btg2, Cdknia and Gdf15 showed a dose-
dependent increase (Fig. 4A, Network-1). DEN-28 d-Network-2
included several different genes from those in DEN-4 h-Network-
2 but had the same primary functions as for DEN-4 h-Network-2,
and Cyp21al, Gdf15 and Igfbp1 exhibited dose-dependency (Fig. 4A,

Network-2). DEN-28 d-Network-3 consisted of the same genes and
the same primary functions as for DEN-4 h-Network-3; however,
no genes showed dose-dependency (Fig. 4A, Network-3). DEN-28 d-
Network-4 contained a few different genes and primary functions
from those of DEN-4 h-Network-4, but no genes showed a dose
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Fig. 4. Dose-dependent gene expression in each network based on different time points. The ratio values (logz) of genes in each network are shown as bar graphs for DEN
treatment (A) or ENU treatment (B). O shows a dose-dependent increase at 4 h, ¢ shows a dose-dependent increase at 28 days and @ shows a dose-dependent decrease.
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response. DEN-28 d-Network-5 consisted of the same genes and the
same top functions as those of DEN-4 h-Network-5, with no genes
showing dose-dependency in this study (Fig. 4A, Network-5).

3.2. Dose-dependent alteration of gene expression induced with
ENU

3.2.1. Clustering analysis for gene expression

Unsupervised hierarchical clustering results are shown in Fig. 2.
The clustering presented three groups (ENU-4h-Grp-1 to ENU-
4 h-Grp-3) and two ungrouped genes for the 4h time point after
administration and four groups (ENU-28 d-Grp-1 to ENU-28 d-Grp-
4) for the 28-day time point after administration. As unsupervised
hierarchical clustering was performed on 4 h and 28-day data sep-
arately, group member genes were different between these two
groups.

All four ENU-4h-Grp-1 genes showed a dose-dependent
increase by more than 16-32-fold 4 h after administration. Twenty-
four ENU-4h-Grp-2 genes were suggested to have a gradual
dose-dependentincrease of less than that of the expression in ENU-
4 h-Grp-1.

All three ENU-28d-Grp-1 genes showed a dose-dependent
increase by more than two-fold 28 days after administration.
Eight ENU-28d-Grp-2 genes were suggested to have a gradual
dose-dependent increase of less than that of the expression in ENU-
28d-Grp-1. Netl in ENU-28d-Grp-3 showed a dose-dependent
decrease of less than 0.3-fold.

Unsupervised k-means clustering results are shown in Fig. 3B.
In the same way as for DEN, we classified these genes into four
clusters based on hierarchical clustering results. For 4h, four
ENU-4 h-Cluster-1 genes exhibited a dose-dependent increase by
more than 16-fold. Fourteen ENU-4 h-Cluster-2 genes exhibited a
gradual dose-dependent increase as compared to genes in ENU-
4 h-Cluster-1. Seven ENU-4 h-Cluster-3 genes showed an increase
as a whole, with some atypical features. For 28-day data, seven
ENU-28d-Cluster-1 genes were suggested to have a tendency for
a dose-dependent increase. Net! in ENU-28 d-Cluster-2 showed a
dose-dependent decrease of less than 0.3-fold.

Two kinds of clustering results of ENU treatment are summa-
rized as follows. A total of 29 genes showed a dose-dependent
increase or decrease at 4h or 28 days after administration. For
4h, a total of 24 genes in ENU-4 h-Grp-1 or ENU-4 h-Grp-2 and
ENU-4 h-Cluster-1, ENU-4 h-Cluster-2 or ENU-4 h-Cluster-3 showed
a dose-dependent increase ranging from 2-fold to more than 32-
fold [Bax, Btg2, Ccngl, Cenf, Cdknla, Cyp4al0, Cyp2lal, Fabps, Fos,
Gadd45b, Gdf15, Hist1h1c, Hmox1, Hspb1, Isg20l1, jun, Mbd1, Mdm2,
Myc, Net1, Plk2, Ppp1r3c, Rcanl and Tubb2c|.

For 28 days, a total of eight genes were classified as
dose-response genes. Four genes in ENU-28d-Grp-1, ENU-28d-
Grp-2, and ENU-28 d-Cluster-1 showed a dose-dependent increase
of more than 2-fold [Casp1, Fos, Gdf15 and Hspalb). Another three
genes in ENU-28 d-Grp2 and ENU-28 d-Cluster-1 showed less than
atwo-fold increase [Gstk1, Hspb2 and Ung]. Net 1 in ENU-28 d-Grp-3
and ENU-28 d-Cluster-2 showed a dose-dependent decrease of less
than 0.3-fold.

3.2.2. Identification of biologically relevant networks for ENU
treatment

ENU numerical data for all 51 examined genes were also ana-
lyzed by IPA for 4 h and 28-day data, and five gene networks were
extracted (3). In total, the gene expression pattern for ENU was
similar to the pattern for DEN; however, some differences were
observed.

For 4h, ENU-4 h-Network-1 consisted of the same genes and
the same top functions as for DEN-4h-Network-1, and 10 of
these genes showed a dose-dependent increase |Bax, Btg2, Cengl,

Cdknla, Gadd45b, Gdf15, Hist1hlc, Hspb1, Mdm2 and Plk2) (Fig. 4B,
Network-1). Network-1 was the most active network for ENU-
4h. ENU-4 h-Network-2 (DNA replication, recombination, repair,
cell cycle and cell signaling) included a different primary func-
tion from that of DEN-4 h-Network-2 and a few different genes
from those for DEN, and seven genes showed a dose-dependent
increase [Cyp2lal, Cyp4al0, Fabp5, Gdf15, Ppplr3c, Rcanl and
Tubb2c] (Fig. 4B, Network-2). ENU-4 h-Network-3 consisted of the
same genes and the same top functions as those for DEN-4 h-
Network-3, and five genes showed a dose-dependent increase [Fos,
Hmox1, Jun, Myc and Net1] (Fig. 4B, Network-3). ENU-4 h-Network-
4 also consisted of the same genes and the same top functions as
those for DEN, and three genes showed a dose-dependent increase
|Cenf, Isg20!1 and Mbd 1) (Fig. 4B, Network-4). ENU-4 h-Network-5
consisted of the same genes and the same top functions as those for
DEN-4 h-Network-5, but no genes showed a dose-response in this
study (Fig. 4B, Network-5).

Network-1, Network-3 and Network-5 consisted of common
genes and common top functions for both 4h and 28 days and
for both DEN and ENU. For 28 days, three genes in ENU-28d-
Network-1 showed a dose-dependent increase [Caspl, Gdf15 and
Hspb2] (Fig. 4B, Network-1). ENU-28 d-Network-2 included 10
different genes from those for ENU-4 h-Network-2 and had dif-
ferent top functions (cell signaling, molecular transport and small
molecule biochemistry) from those of DEN-4 h-Network-2, DEN-
28 d-Network-2 and ENU-4 h-Network-2, and 2 genes showed a
dose-dependent increase [Gdf15 and Hspalb] (Fig. 4B, Network-
2). Fos and Net1 in ENU-28 d-Network-3 showed a dose-response
(Fig. 4B, Network-3). ENU-28 d-Network-4 (Table 2D) included dif-
ferent primary functions (cellular development, cellular growth,
proliferation and connective tissue development and function) and
10 different genes from ENU-4 h-Network-4; two genes showed a
dose-response [Hspab? and Ung]. ENU-28 d-Network-5 consisted
of the same genes and the same top functions as those of DEN-4 h-
Network-5, while no genes showed a dose-response in this study
(Fig. 4A, Network-5).

4. Discussion

We examined the dose-dependency of gene expression changes
for 51 genes in mouse liver treated with two N-nitroso genotoxic
hepatocarcinogens, DEN and ENU, by gPCR at early times after
administration. We selected 51 candidate genes based on our
previous results of Affymetrix GeneChip Mu74AV2 and original
DNA microarray of samples after treatment with DEN, dimethyl-
nitrosamine, dipropylnitrosamine, ENU, o-aminoazotoluene,
7.12-dimethylbenz[a]anthracene, dibenzo|a,!)pyrene, pheno-
barbital and ethanol in our JEMS/MMS/Toxicogenomics group
collaborative study. Because only a single dose was used for each
chemical in the previous study, we examined dose-dependency
in gene expression changes in this study using two representative
chemicals. We showed distinct dose-dependency of gene expres-
sion changes induced by DEN and ENU; these changes associated
with cancer, cell cycle arrest, DNA replication, recombination,
repair and cell death not only at 4 h, but also, for some, at 28 days
after administration. Similar gene expression changes between
DEN and ENU were characteristic. Twenty-one genes exhibited
a distinct dose-dependent increase at 4h for both carcinogens
[Bax, Big2, Ccngl, Cdknla, Cyp4al0, Cyp21al, Fos, Gadd45b, Gdf15,
Hmox1, Hspb1, Isg20l1, Jun, Mbd1, Mdm2, Myc, Net1, PIk2, Ppp1r3c,
Recan1 and Tubb2c], although the gene expression changed after
ENU was generally weaker relative to that after DEN. The results
were consistent with a previous report that showed more DNA
lesions with DEN than with ENU a few hours after administration
[6]. Only Gdf15 showed a dose-dependent increase at 28 days for
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both carcinogens. An additional seven different genes for DEN
and eight genes for ENU also showed dose-dependency. Ccng2,
Hspb2, igfbp!, Pmm1 and Rad52 showed a dose-dependent increase
and Cypla2 and Glul showed a dose-dependent decrease 4 h after
administration only with DEN, Btg2, Cdknla and Cyp21al showed
a dose-dependent increase 28 days after administration only
with DEN and these genes also showed a dose-response at 4h.
Cenf, Fabp5 and Hist1hic showed a dose-dependent increase 4 h
after administration only with ENU. Caspl, Fos, Gstkl, Hspalb,
Hspb2 and Ung showed a dose-dependent increase 28 days after
administration only with ENU. Cenf in DEN-4 h and Bax and Ephx1
in DEN-28 d showed equivocal changes. We only observed several
dose-dependent decreases in expression of genes [Cypla2, Glul,
Igfbp1 and Ner1] after DEN and ENU in the present experimental
conditions.

In the previous study {10], gene expression changes in number
and degree were observed to peak at 4 h after administration and
were lower at 20 h, 14 and 28 days. In the present study, we investi-
gated the gene expression pattern at two different time points: 4 h,
during production of many DNA lesions, and 28 days, during fixing
of mutations {G]. We expected to observe the earliest and most var-
ied effects in many cells in the liver, including DNA lesions, 4 h after
administration. It was presumed that most of the DNA-damaged
cells would be repaired, that some of the damaged cells would die
and that only a few cells would progress to carcinogenesis. We rea-
soned that it would be useful to examine the earliest various effects
to understand the potential gene-altering ability of carcinogens. The
second time point, 28 days, is the time by which most mutations
are fixed, the remainder of which would be related to carcinogene-
sis. We expected to observe gene expression changes which would
reflect the effects of mutation at 28 days. The role of genes with
altered expression might be different even if expression of the same
gene was changed at 4 h and 28 days.

In addition, we examined gene networks using IPA to clarify
interactions hetween genes with altered expression. IPA identi-
fied five networks of genes regulated at 4h after DEN and ENU
treatment (Table 3 and Fig. 4). As for DEN, 11 dose-dependent
genes [Bax, Btg2, Cengl, Cdknla, Gadd45b, Gdfi5, Hspbl, Hspb2,
Mdm?2, Pik2 and Pmm1} belonged to Network-1 (cancer and cell
cycle) and the other 11 dose-dependent genes [Ccng2, Cypla2,
Cyp4al0, Cyp21al, Gdf15, Glul, Igfbpl1, Ppp1r3c Rad52, Rcanl and
Tubb2c] belonged to Network-2 (cell cycle, cell death, DNA repli-
cation, recombination and repair). In detail, Gdf15 was extracted
in both Network-1 and Network-2. As for ENU, 10 dose-dependent
genes [Bax, Btg2, Ccngl, Cdknla, Gadd45b, Gdfi5, Hist1hlc, Hspbi,
Mdm2 and PIk2] belonged to the same Network-1 and 7 dose-
dependent genes [Cyp21al, Cyp4al0, Fabp5, Gdf15, Ppp1r3c, Reanl
and Tubb2c} belonged to a different Network-2 (DNA replication,
recombination and repair, and cell cycle and cell signaling). Hspb2
and Pmm1 showed dose-responses only in DEN-4 h-Network-1
and HistIhic showed a dose-response only in ENU-4 h-Network-1.
[Cell death] in DEN-4 h-Network-2 was replaced with [Cell signal-
ing] in ENU-4 h-Network-2. Ccng2, Cypla2, Glul, Igfbp! and Rad52
showed dose-responses only in DEN-4h-Network-2 and Fabp5
showed a dose-response only in ENU-4 h-Network-2. This differ-
ence in Network-2 was the most remarkable difference between
the effects of DEN and ENU in the present study. The top functions
of Network-1 and Network-2 were characteristic networks for DEN-
4 and ENU-4 h, being typical of carcinogenic compounds. As for
28 days, IPA also identified five networks of genes, however, only a
few genes showed a dose-response with DEN and ENU. As for DEN,
three dose-dependent genes [Btg2, Cdknila and Gdf!5) belonged
to Network-1 and two genes {Cyp21al and Gdf15] belonged to
Network-2. As for ENU, three dose-dependent genes [Casp!, Gdf15
and Hspb2| belonged to Network-1, {GdfI5 and Hspa1b] belonged to
Network-2, [Fos and Net 1] belonged to Network-3 and [Hspalb and

Ung] belonged to Network-4. The present results suggested simi-
lar functions for N-nitroso carcinogens DEN and ENU, with several
differences. We have examined effects of other genotoxic and non-
genotoxic carcinogens in mouse liver at 4 h and have generated
various networks for various carcinogens (unpublished).

We showed that Network-1 was associated with cancer and the
cell cycle. To understand more detailed functions, we examined a
major canonical pathway for each network. A major canonical path-
way in Network-1 was p53 signaling. The increase of Cdkn1la, Ccngl
and Gadd45 demonstrated cell cycle arrest. The expression pattern
(Fig. 4) at 4 h showed that cell cycle arrest would proceed, to then be
released by day 28. Both p53 and Bax were associated with initiation
of apoptosis.

In the same way, a major canonical pathway in Network-2 was
aryl hydrocarbon receptor signaling [ 14}. Furthermore, aryl hydro-
carbon receptor signaling as an adaptive response was manifested
as the induction of xenobiotic metabolizing enzymes; Cypla2,
Cyp21al and Cyp4al0 take part in this pathway. Cyp2!atl also takes
part in biosyntheses of steroid hormones [ 15]. Inflammation of the
liver is controlled at 28 days after administration because steroid
hormones function to suppress inflammation.

Growth/differentiation factor-15 (Gdf15) was the only gene
whose expression increased at 4h and 28 days of both DEN and
ENU and belonged to Network-1 and Network-2 at 4 h and 28 days
of DEN and ENU. GdfI15 is a divergent Tgf-beta family member that
is expressed following liver injury and carcinogen exposure [16].
Gdf15 in liver is rapidly and dramatically up-regulated following
various surgical and chemical treatments that cause acute liver
injury and regeneration [ 17].

A major canonical pathway in Network-3 was platelet-derived
growth factor (Pdgf) signaling. Pdgfb, Kras, jun, Fes and Myc may
be associated with Pdgf signaling. In this canonical pathway, Pdgfb
phosphorylates other proteins and activates the downstream genes
Kras, Jun, Fos and Myc { 18-21|, one reason why Pdgfb expression did
not change significantly (Fig. 3A, Cluster-4).

Our results show that most differentially expressed genes at 4 h
and 28 days exhibited a dose-response. Only a few genes, Dpyd,
Egfr, Lrp1 and Ung for DEN at 4 h; Gyk for ENU at 4h; and Ccng2
for ENU at 28 days showed atypical gene expression changes at
the highest dose. These changes may be toxicity-related. Dpyd is
associated with pyrimidine metabolism. Egfr is associated with cell
proliferation. Lrp plays a clear protective role in atherogenesis. Ung
is associated with DNA repair. Their decrease may show the loss
of cell maintenance because hepatocytes will have received much
lethal damage at the highest dose. Gyk is associated with xenobiotic
metabolism signaling, It has been reported thatglycerol kinase defi-
ciency is involved in lipid metabolism, carbohydrate metabolism,
and insulin signaling [22]. Indeed, it has been reported that type
2 diabetes is caused by ENU but not by DEN [23]. Unlike classical
cyclins that promote cell cycle progression, cyclin G2 blocks cell
cycle entry. The decrease of Ccng2 mRNA may promote cell cycle
progression.

Previously, we reported differential gene expression induced
by two N-nitroso genotoxic hepatocarcinogens, DEN and dipropy-
Initrosamine (DPN) as compared to phenobarbital and ethanol in
mouse liver examined with an original oligonucleotide microar-
ray and qPCR [ 10]. We observed 11 differentially expressed genes
4 h after administration, including 7 tumor suppressor Trp53 target
genes, Bax, Cengl, Cdknla, Hspb2[Hsp27, Jun, Mdm2, and Plk2[Snk;
the other genes were Cenf, Hmox1, Mbd1, and Rad52. Further-
more, some degree of differential gene expression of Cengl, Cdknla
and Pik2/Snk was observed 28 days after administration. In the
present study, we selected 51 candidate genes (Table 1) based on
our original DNA microarray and Affymetrix GeneChip Mu74Av2
data (not published) on seven genotoxic carcinogens, phenobar-
bital and ethanol. The present results show that 28 genes for
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DEN and 29 genes for ENU exhibited dose-dependent differential
expression. Differential gene expression was observed commonly
at least for Bax, Cengl, Cdknla, Hmox1, Jun, Mbd1, Mdm2 and Plk2
with these three N-nitroso carcinogens (DEN, DPN and ENU). As
we expanded qPCR analysis from 14 genes in the previous study
{10] to 51 genes in the present study, we could show complex
gene networks by IPA. Twenty genes, Btg2, Casp1, Ceng2, Cyp4al0,
Cyp21al, Ephx1, Gadd45b, Gdf15, Glul, Gstk1, Hspalb, Hspb1, igfbp1,
Isg2011, Net1,Pmm1, Ppp1r3c, Reanl, Tubb2c and Ung, which showed
dose-responses in the present study, were newly examined.

We examined only pooled materials from five mice in the
present study. However, we already reported that at least five genes
(Gapdh, Jun, Ccngl, Hspb2[Hsp27 and Rad52) exhibited only small
inter-individual mouse gene expression variation [10] with DEN
treatment after 4h and 28 days. Additional study showed that
Bax, Hmox1, Mbd 1, Mdm2 and Plk2 also exhibited only small inter-
individual gene expression variation with DEN treatment at4 h and
28 days (unpublished data).

We will continue further studies on other types of chemicals for
characterizing mutagenic and carcinogenic compounds; these data
will be useful for chemical risk assessment and for furthering our
understanding of the underlying biological processes.
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Local hyperthermia has been widely used as physical therapy for a
number of diseases such as inflammatory osteoarticular disorders,
tendinitis, and muscle injury. Local hyperthermia is clinically applied
to improve blood and lymphatic flow to decrease swelling of tissues
(e.g., skeletdl muscle). As for muscle repair following injury, the
mechanisms underlying the beneficial effects of hyperthermia-in-
duced muscle repair are unknown. In this study, we investigated the
direct effects of continuous heat stress on the differentiation of
cultured mammalian myoblasts. Compared with control cultures
grown at 37°C, incubation at 39°C (continuous mild heat stress;
CMHS) enhanced myotube diameter, whereas myotubes were poorly
formed at 41°C by primary human skeletal muscle culture cells,
human skeletal muscle myoblasts (HSMMs), and C2C12 mouse
myoblasts. In HSMMs and C2C12 cells exposed to CMHS, mRNA
and protein levels of myosin heavy chain (MyHC) type [ were
increased compared with the control cultures. The mRNA level of
MyHC 1x was unaltered in HSMMs and decreased in C2C12 cells,
compured with cells that were not exposed to heat stress. These results
indicated a fast-to-slow fiber-type shift in myoblasts. We also exam-
ined upstream signals that might be responsible for the fast-to-slow
shift of fiber types. CMHS enhanced the mRNA and protein levels of
peroxisome proliferator-activated receptor-y coactivator (PGC)-lict in
HSMMS and C2C12 cells but not the activities of MAPKs (ERK1/2
and p38 MAPK) in HSMMs and C2CI2 cells. These data suggest that
CMHS induces a fast-to-slow fiber-type shift of mammalian myo-
blasts through PGC-la.

fiber-type shift; PGC-la; myosin heavy chain; hormesis

TEMPERATURE STRONGLY INFLUENCES growth processes. The ef-
fects of heat stress on cellular activities depend on the strength
and duration of the applied stress. Hyperthermia has been
widely used as a physical therapy for a number of diseases such
as inflammatory osteoarticular disorders, tendinitis, and muscle
injury, as well as malignant tumor (19, 30, 43, 49). Muscle
injuries represent a major part of sports injuries. Local hyper-
thermia is reported to be a safe and reliable modality for the
treatment of muscle injuries in humans (19, 43). Furthermore,
local hyperthermia facilitates the healing process by producing
blood vessel dilation, thereby enhancing local bloed flow and
decreasing edema (19). In contrast, littlc is known about the
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mechanisms underlying hyperthermia-induced repair of mus-
cle cells following injury.

Several lines of evidence indicate that fever-range elevation
of temperature or mild heat stress may be beneficial to living
cells by positively regulating cell proliferation and differenti-
ation (11, 33, 42). Fever seems to provoke an effective immune
response through the facilitation of T cell proliferation and
activation (11, 33). Furthermore, incubation at 39°C induccs
proliferation and differentiation of osteoprogenitor cells (42).
Howecver, the effects of febrile-range heat stress on myotube
formation have not yet been determined.

Skeletal muscle develops from the initial fusion of singly
nucleated myoblasts to each other to form myotubes. Myogen-
esis is regulated by the sequential expression of myogenic
regulatory factors (MRFs), a group of basic helix-loop-helix
transcription factors that includes MyoD, Myf5, myogenin, and
MRF4 (44). MyoD and Myf5 are the primary MRFs required
for the formation, proliferation, and survival of myoblasts,
whereas myogenin and MRF4 act late during myogenesis and
activate the expression of important muscle-specific genes,
such as myosin heavy chain (MyHC) and creatine kinase (1,
25). Hugh et al. (15) reported that MyoD is prevalent in
fast-twitch muscles and myogenin in slow-twitch muscles.

Muscle fibers are dynamic structures capable of altering
their phenotype. Under certain conditions, changes can be
induced in MyHC isoform expression, shifting either fast to
slow or slow to fast. Incrcased ncuromuscular activity, me-
chanical loading, and hypothyroidism are conditions that in-
duce a fast-to-slow shift, whereas reduced neuromuscular ac-
tivity, mechanical unloading, and hyperthyroidism cause a shift
to the slow-to-fast direction (35). Several signaling pathways
regulate the skeletal muscle fiber-type shift. A fast-to-slow
fiber-type shift includes pathways that involve the peroxisome
proliferator-activated receptor-a coactivator (PGC)-ta (21),
Ras/ERK-1/2 (31), calcineurin (32), and CaMK IV (48). In
contrast, p38 MAPK controls the activity of the MyHC IlIx
promoter in C2C12 mouse myoblasts and primary rabbit skel-
etal myotubes (27).

In the present investigation, we examined the dircct effect of
continuous heat stress on the differentiation of human skeletal
muscle myoblasts (HSMMs) and C2C12 cells under cell cul-
ture conditions. We found that incubation at 39°C increased
myotube diameter, whereas incubation at 41°C resulted in
poorly formed myotubes in both HSMMs and C2C12 cells. To
identify whether heat stress affected the fiber-type shift of
mammalian myoblasts, we investigated changes in the protein
and gene expression levels of MyHC isoforms and PGC-1a, as
well as changes in the activities of MAPKs (ERK1/2 and p38
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MAPK). We report that a mild increase in temperature induced
expression of PGC-la and oxidative MyHC isoforms.

MATERIALS AND METHODS
Materials

C2C12 cells were a generous gift from T. Endo (Chiba University,
Chiba, Japan). For primary culture of human skeletal muscle cells,
muscle samples were obtained surgically from the middle portion of
the vastus lateralis muscle of a 72-yr-old female patient undergoing
orthopedic surgery during spinal anesthesin. The patient had no
previous record of muscular disease, arthritis, autoimmune disease,
heart disease, cancer, or metabolic disorders. The muscle samples
were obtained at the onset of the surgical procedures (hemi-hip
arthroplasty for femoral neck fracture). The sampling site was not
within the primary surgical area. The study was approved by the
cthical committee of the University of Tokyo and conformed to the
stundards set by the Declaration of Helsinki. After the subject had
been fully informed of the goal of the experiments and of the risks
involved in the procedure, written informed consent was obtained
before admission in the study. We also used commercially available
HSMMs of normal human quadriceps muscle oblained from three
males, 13, 16, and 22 yr of age (CC-2580; Lonza Walkersville,
Walkersville, MD).

DMEM was purchased from Nissui (Tokyo, Japan). FBS was
purchased from Sigma-Aldrich (St. Louis, MO). L.-Glutamine, (rypsin-
EDTA, fungizone, horse scrum (HS), and penicillin-streptomycin-
neomycin (PSN) antibiotic mixture were purchased from GIBCO
(Grand Island, NY). Ultroser G (UG) was purchased from Biosepra
(Cergy, France). Collagen type l-coated 60-mm dishes and cover
glasses (25-mm type) were purchased from bwaki (Tokyo, Japan). All
other chemicals and reagents were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan). DMEM was supplemented with 2 mM
L-glutamine, 10 mM HEPES buffer, and 0.25 pg/ml fungizone.

Antibody against heat shock protein (HSP) 70 was purchased from
Stressgen Biotechnologies (San Dicgo, CA). Antibodies against
MyoD (M-318), myogenin (F5D), PGC-lu, p38 MAPK, and phos-
pho-ERK1/2 recognizing p-Tyr-204 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against MyHC (type 1,
clone NOQ7.5.4D; type II, clone MY-32), and B-actin (clone AC-15)
were purchased from Sigma-Aldrich. Antibody against MyHC type
lHa (clone A4.74) was purchased from American Type Culture Col-
lection (Manassas, VA). Antibodies against ERK1/2 and phospho-p38
MAPK recognizing p-Thr-180/Tyr-192 were purchased from Cell
Signaling Technology (Beverly, MA). Rhodamine-conjugated Goat-
anti-mouse IgG was purchased from Chemicon International (Te-
mecula, CA).

Table L. Real-time RT-PCR primers

Primary Culture Of Human Skeletal Muscle Cells

Subjects and muscle samples, Primary culure of human skeletal
muscle cells was cstablished as described by Gaster (10). In bricf,
muscle tissue was minced, washed, and enzymatically dissociated for
45 min with 0.05% trypsin-EDTA. After 10% FBS was added to
inhibit trypsin, the dissociated cells were centrifuged at 1,000 rpm for
5 min. Myoblasts were isolated from contaminating fibroblasts as
follows: the suspended mixed cells were plated on a non-collagen-
coated dish for 20 min, to which fibroblasts rapidly attach, leaving
myablasts suspended in the medium, The auached fibroblasts were
discarded, and suspended myoblasts were plated in a new dish. The
initial growth medium was DMEM supplemented with 10% FBS
incubated at 37°C, 5% CO0a2-95% air. After 24 h, cell debris and
nonadherent cells were removed using DMEM growth medium sup-
plemented with 2% FBS, 2% UG, and 0.1% PSN antibiotic mixture.
When a 70-80% growth confluency was reached, the cells were
switched to differentiation medium containing (% FBS, 1% UG, and
0.1% PSN antibiotic mixture in DMEM.

Culture of HSMMs. HSMMs from three donors were cultured
separately on collagen type I-coated dishes using skeletal muscle
basal medium-2 (SkBM-2) supplemented with the SkBM-2 Single-
Quots kit according to the manufacturer’s protocol (Lonza Walkers-
ville). When the cells reached 70-80% confluency, the medium was
changed to DMEM containing 2% HS.

Culture of C2C12 cells. C2C12 cells were cultured on collagen type
I-coated dishes using DMEM supplemented with 10% heat-inactivated
FBS. When the cells reached 70-80% confluency, the medium was
changed to differentiation medium containing 2% HS in DMEM.,

Heat Stress Exposure

Cells were seeded in the growth medium and incubated at 37°C until
they reached 70-80% confluency. The medium was then changed to the
differentiation medium to induce myotube formation. At the same lime,
the culture temperature was set at 37, 39, and 41°C for 1-72 h (see Fig.
1). The cell culture was incubated in water-jacketed incubators with
humidified air mixed with 566 CO.. The culture temperature was mea-
sured with a thermometer, confirming *0.1°C precision.

Western Blot Analysis

W investigated the expression level of cach protcin in HSMMs or
in C2C12 cells after heat stress. Cells were washed twice with PBS
and lysed with 2X Lacmmli sample buffer. The protein concentrations
were quantificd using the DC protein assay (Bio-Rad Laboratorics,
Hercules, CA) with BSA as standards,

Aliquots containing 10 wg of total prolein were separated using
8-12% SDS polyacrylamide electrophoresis and electrophoretically
transferred to a nitrocellulose membrane (Amersham International, Am-

Genes Forward Primer Reverse Primer
Human
MyHC [ 5'-ACAAGCLICCAGUTARACGTC-Y 5'-TCAACATGTCCCAAACCTAC-3'
MyHC Ita 5'-AAGGATACCCAGATCCACC-3' 5'-CTCAGCATTACGCTTTTGC-3'
MyHC lix 5'-AAGAGCAGGGAGGTTCACAC-3’ S'-TTATCTCCAAAAGTCATAAGTACA-3'
PGC-la 5'-GCTTTCTGGGTGGACTCAAGT-}' 5 -TCTAGTGTCTICTGTGAGGACTG-3'
B-Actin 5'-ACTCTTCCAGCCTTCCTTC-3 5'-ATCTCCTTCTGCATCCTGTC-3’
Mouse
MyHC | 5'-CCTTGGCACCAATCTCCCGGCTC-3' 5'-GAAGCGCAATGCAGAGTCGGTG-3'
MyHC lla 5'-ATGAGCTCCGACGCCGAG-3' 5'-TCTGTTAGCATGAACTCCTAGGCC-3'
MyHC Tix 5'-AAGGAGCAGGACACCAGCGCCCA-3 S*-ATCTCTTTGGTCACTTTCCTGCT-3'
MyHC I1th 5'-GTGATTTCTCCTGTCACCTCTC-3' 5'-GGAGGACCGCAAGAACGTGCTGA-3'
B-Actin 5'-GTGGGCCGCTCTAGGCACCAA-3 5'-CTCTTTGATGTCACGCACGATTTTC-3'

MylIC, myosin heavy chain; PGC-lw, peroxisome proliferator-activated receptor-y coactivator- la,
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Fig. 1. Heat stress protocols. Cells were seéded in growth medium and

incubated at 37°C. When they reached 70-80% confluency, the medium was
changed to the differentiation-induction medium. At the same time, the culture
temperature was set to 37, 39, or 41°C for 24-72 h.

ersham, UK). The membrane was then blocked in PBS containing 3%
skim milk for 1 h and incubated with an appropriately diluted primary
antibody and then for 1 h with a horseradish peroxidase-labeled second-
ary antibody. The immunoreactive bands were detected using an en-
hanced chemiluminescence kit (Amersham International). The chemilu-
minescent signal on the membrane was scanned using ChemiDoc XRS,
Quantity One quantitation software (Bio-Rad). The band intensity was
quantified using NIH Image. The housekeeping protein (3-actin was used
as an internal loading control for Western blot analysis.

A 37C 39°C
e culture cells

Primary human skeletal muscl
2 for ST Ry 13
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Reverse Transcription-Polymerase Chain Reaction

Total mRNA from HSMM cells was isolated using RNeasy (Qia-
gen, Valencia, CA). After DNase treatment, cDNAs were obtained by
reverse transcription of 2 pg of total RNA (Ready-to-Go T-primed
first-strand kit; Amersham Biosciences, Piscataway, NJ). The primer
sequences are listed in Table 1 (3, 6, 9, 18, 23, 50). The level of
mRNA expression was determined by quantitative real-time reverse
transcription-polymerase chain reaction (RT-PCR) in a fluorescent
temperature cycler (ABI Prism 7000; Applied Biosystems, Darmstadt,
Germany). The housekeeping gene B-actin was used as a control
template for normalizing relative change of each mRNA in RT-PCR.
Samples were incubated in the ABI Prism 7000 for an initial dena-
turation at 95°C for 10 min. Next, 40 PCR cycles were performed
under the following conditions: 95°C for 15 s and 60°C for 1 min.
SYBR green fluorescence (Power SYBR green PCR master mix;
Applied Biosystems) emissions were determined after each cycle, and
the synthesis of each gene mRNA was quantified using the ABI Prism
7000 SDS software (Applied Biosystems). The PCR was performed in
triplicate.

Immunofluorescence

For immunofiuorescent staining, cells incubated in petri dishes
containing collagen type I-coated cover glasses at 37, 39, and 41°C for
24-72 h were washed with warm PBS at 37°C and fixed by incubation
at room temperature in prewarmed (at 37°C) FME (4% formaldehyde,
2 mM MgCl,, and 5 mM EGTA in PBS) for 10 min. Cells were
washed three times with PBS and permeabilized with FME containing
0.3% Triton X-100 (FMET) for 10 min at room temperature. FMET-
fixed cells were washed three times with PBS and kept in PBS
containing 1% BSA and 0.02% sodium azide. Cells were immuno-

41°C B
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o
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Fig. 2. Morphological changes of human and C2C12 myotubes after exposure to heat stress. A: representative images of myotubes in primary human skeletal
muscle culture after 72-h exposure to heat stress, human skeletal muscle myoblasts (HSMM:s) after 48-h exposure to heat stress, and C2C12 myotubes after 72-h
exposure to heat stress. Arrows indicate edges of myotubes. Bars, 80 um. B: changes in myotube diameter formed by C2C12 cells after exposure to heat stress.
Each column shows the mean = SD of 210 myotubes from 3 independent cultures. C: changes of fusion index of C2C12 cells after exposure to heat stress. Each

column shows the mean * SD of 3 independent cultures

: *P < 0.05; **P < 0.01 compared with control (37°C).
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histochemically stained with an appropriately diluted primary anti-
body and then for I h with a fluorescence-conjugated secondary
antibody. The slides were then rinsed with PBS and mounting using
4,6-diamidino-2-phenylindole (DAPI). All photographs were viewed
in a Nikon Eclipse TE 300 inverted microscope (Tokyo, Japan) and
recorded with a digital camera (model 4742-95; Hamamatsu Photon-
ics, Hamamatsu, Japan). Photographs were edited using Photoshop
software (Adobe Photoshop version 7.0).

Measurement of Myotube Diameter and Fusion Index of C2C12 Cells

For each temperature condition, 7 different photomicrograph fields
were randomly chosen from 3 independent cultures, and the width of
the 10 largest myotubes in each field was measured. Mean values
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constituted a measure of 210 myotubes for each condition. The fusion
index was defined as the ratio of the number of DAPI-stained nuclei
in myotubes with three or more nuclei to the total number of
DAPI-stained nuclei in each field. This percentage was determined by
counting 1,000 nuclei per dish on three independent cultures for each
condition.

Statistical Analysis

Data are means = SD. Statistical significance (P < 0.05) between
control cells incubated at 37°C and heat-stressed cells incubated at 39
or 41°C was determined by a one-way ANOVA followed by a
Dunnett post hoc test.
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Fig. 3. Changes of myosin heavy chain (MyHC) isoform expression after heat stress treatment of HSMMs. A: representative fluorescent images of HSMMs after
72-h exposure to heat stress. MyHC types I and II were detected by immunofiuorescence with the use of monoclonal antibodies against MyHC I (clone
NOQ?7.5.4D) and MyHC II (clone MY32) and secondary rhodamine-conjugated antibody. Bars, 80 um. B and C: after exposure of HSMMs to heat stress for
24,48, and 72 h, cells were harvested and subjected to Western blot analysis with antibodies against MyHC I (clone NOQ7.5.4D), 11 (clone MY32), and Ila (clone
A4.74). MyHC II antibody recognized all the MyHC II isoforms. MyHC isoform expression was normalized to that of B-actin. Data show intensities relative
to control (37°C). Data are means = SD from 3 independent experiments with HSMM:s from 3 different donors. D: after exposure of HSMMs to heat stress for
72 h, HSMMs were harvested. Total RNA was extracted and reverse transcribed. cDNA levels of MyHC isoform mRNAs in HSMMs were determined by
RT-PCR and normalized to B-actin cDNA levels. Data show intensities relative to intensities of control (37°C). Data are means + SD from 3 independent
cxperiments with HSMMs from 3 different donors. *P < 0.05; **P < 0.01 compared with control (37°C).
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RESULTS
Heat Stress Affects Myotube Formation

To investigate the direct effccts of heat stress on myotube
formation of cultured mammalian myoblasts, we incubated the
cells at various temperatures in vitro, as shown in Fig. I.
Primary human skeletal muscle culture cells were exposed to
various temperatures for 72 h. Myotubes incubated at 39°C
showed an increased diameter compared with the control cells
incubated at 37°C. The myotubes incubated at 41°C were
poorly formed (Fig. 24). To minimize the effects of contami-
nating fibroblasts in primary human skeletal muscle culture
cells, we investigated whether a similar phcnomenon (myotube
enlargement) was observed in HSMMs. The results were
consistent with that of the primary culture, with increased
diameter when incubated at 39°C (Fig. 2A).

To test whether the phenomenon described above was also
relevant to muscle cells of mice, we used C2CI2 cells, which
are of mice origin. As shown in Fig. 2, A and B, the diameter
of the myotubes increased significantly after exposure to 39°C
compared with the control cultures at 37°C; interestingly, there
was no change in the diameter of the myotubes at 41°C.

Myotubes are formed by the fusion of singly nucleated
myoblasts by differentiation-inducing stimuli. Hence, the en-
largement of myotubes incubated at 39°C could be due to
differences in the fusion process of myoblasts. To test this
possibility, we measured the fusion index of C2CI2 cells
incubated at different temperatures. Compared with the control
culture at 37°C, the fusion index was significantly increased at
39°C after 24 and 48 h of incubation, whereas the fusion index
was significantly decreased at 41°C (Fig. 2C).

To identify temperature-dependent expression of HSPs after
continuous heat stress, we analyzed the protein expression
levels of a representative HSP (HSP70) by Western blot
analysis of HSMMs extracts. In cells exposed to heat stress for
72 h, the protein level of HSP70 increased 2.7-fold at 39°C and
7.3-fold at 41°C comparcd with 37°C control (data not shown).

Heat exposure alters levels of MyHC isoforms in HSMMs
and C2C12 cells

Since the function of skeletal muscle cells is highly linked to
their structure, it is possible that the structural change, i.e.,
increased myotube diameter as described above, is accompa-
nied by some functional changes in skeletal muscle cells. To
test this possibility, we examined possible changes in MyHC
isoforms in cells exposed to heat stress. Figure 3, A and B,
shows representative immunostaining of HSMMs. The MyHC
was targeted by either a primary antibody specific for MyHC I
(NOQ7.5.4D) or an antibody specific for MyHC II (MY-32)
(Fig. 3A). MY-32 recognized all MyHC II isoforms. These
experiments indicated that HSMMs expressed both MyHC 1
and II. After exposure to heat stress for 72 h, HSMM myotubes
expressing MyHC I at 39°C were larger in size compared with
myotubes that were not heat-stressed. In contrast, HSMM myo-
tubes expressing MyHC II at 39°C were of the same size
compared with myotubes exposed to 37°C. The myotubes
incubated at 41°C showed weak staining for both MyHC I
and II.

In adult humans, there are three major MyHC isoforms
(MyHC I and two subtypes of MyHC II, Ila and IIx) (12).

MILD HEAT STRESS INDUCES A SHIFT OF MUSCLE FIBER TYPE

Expression of MyHC I and II isoforms in HSMMs was con-
firmed by Western blot analysis and RT-PCR. We used B-actin
as an internal control. There were no significant changes in the
protein and mRNA levels of B-actin after heat stress in
HSMMs (data not shown). To examine the protcin lcvels of
MyHC isoforms in HSMMs, we used MyHC I (NOQ7.5.4D),
11 (MY-32), and Ila (A4.74) (22) antibodies. As shown in Fig.
3, B and C, in HSMMs exposed to heat stress at 39°C, the
protein levels of MyHC I increased after 72 h of incubation
(1.6-fold, P < 0.01), whereas MyHC I protein levels were
unaffected by heat stress at 41°C, compared with the control
culture at 37°C. MyHC II antibody recognized both MyHC II
isoforms. The total protein level of MyHC II did not change at
39°C after heat exposure but decreased at 41°C after 72 h (P <
0.05) compared with the 37°C control. In contrast, in cells
exposed to heat stress at 39°C for 48 and 72 h, 1.8-fold (P <
0.05) and 2.1-fold increases (P < 0.05), respectively, were
found in the levels of MyHC Ila protein compared with the
37°C control. Those results implied that MyHC IIx expression
decreased after exposure to heat stress at 39°C. We also
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Fig. 4. Changes of MyHC isoform expression after heat stress treatment of
C2C12 cells. A: after exposure of C2C12 cells to heat stress for 24, 48, and 72
h, cells were harvested and subjected to Western blot analysis with an antibody
against MyHC type 1. MyHC type I expression was normalized to B-actin.
Data show intensities relative to control (37°C). Data are means * SD from 3
independent cell cultures. B: after exposure of C2C12 cells to heat stress for 72
h, C2C12 cells were harvested. Total RNA was extracted and reverse tran-
scribed. cDNA levels of MyHC isoform mRNAs in C2C12 cells were deter-
mined by RT-PCR and normalized to B-actin ¢cDNA levels. Data show
intensities relative to intensities of control (37°C). Data are means * SD from
3 independent cell cultures. *P < 0.05; **P < 0.01 compared with control
(37°C).
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examined corresponding changes in the mRNA levels of
MyHC isoforms in HSMMs. As shown in Fig. 3D, in HSMMs
exposed to heat stress at 39°C for 72 h, the mRNA levels of
MyHC I increased 2.3-fold compared with cells that were not
heat-stressed (P < 0.05), whereas the mRNA levels of MyHC
Ila tended to increase when cells were exposed to 39°C (P =
0.23). In contrast, the mRNA levels of MyHC IIx in cells
exposed to 41°C decreased 47% compared with cells that were
not heat-stressed (P < 0.05). These data indicated that incu-
bation of cells at 39°C induced differentiation, leading to a
fast-to-slow fiber-type shift in HSMMs.

In small mammals, there are four major MyHC isoforms in
skeletal muscle fibers: MyHC I and three subtypes of MyHC II,
ITa, IIx, and IIb (39). Expression of MyHC I and II isoforms in
C2CI12 cells was confirmed by Western blot analysis and
RT-PCR. We used B-actin as an internal control. There were
no significant changes in the protein and mRNA levels of
B-actin after heat stress in C2C12 cells (data not shown). To
examine the protein expression of MyHC I in C2C12 cells, we
used an antibody targeted against MyHC I (NOQ?7.5.4D). In cells
exposed to 39°C, the protein level of MyHC [ increased after 24
(4.8-fold, P < 0.05) and 72 h (2.4-fold, P < 0.05) of incubation
compared with cells that were not heat-stressed (Fig. 44). We
examined changes in expression of MyHC I and II isoforms in
C2CI2 cells by using RT-PCR. As shown in Fig. 4B, in C2C12
cells exposed to heat stress at 39°C for 72 h, the mRNA levels of
MyHC I increased 2.0-fold compared with cells that were not
heat-stressed (P < 0.05), whereas the mRNA levels of MyHC IIx
in cells exposed to 39°C decreased 45% compared with cells that
were not heat-stressed (P < 0.05). These data indicated that
incubation of cells at 39°C induced differentiation, leading to a
fast-to-slow fiber-type shift in C2C12 cells.

Heat Exposure Alters Levels of MRFs in HSMMs and
C2CI2 Cells

MRFs, which include MyoD and myogenin, are expressed in
skeletal muscle, with each MRF playing a crucial role in

A HSMMs B

C2C12 celis C
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muscle cell specification and differentiation (44). MyoD
mRNA was shown to be most prevalent in fast glycolytic
muscles, whercas myogenin mRNA was shown to be most
prevalent in slow oxidative muscles (15). To test the possible
involvement of MRFs in the myotube enlargement and the
fiber-type shift in heat-stressed cells, we next addressed the
protein levels of MyoD and myogenin in both types of cells
after a 72-h exposure to heat stress. The level of myogenin was
enhanced in the 39°C culture (P < 0.05) relative to that at
37°C, but no significant change in the levels of MyoD was
detected after heat stress in HSMMs (Fig. 5A). We further
tested whether there were any changes in the levels of MyoD
and myogenin in C2C12 cells after heat stress. In cells exposed
to heat stress for 72 h, the protein levels of MyoD decreased at
39 (P < 0.05) and 41°C (P < 0.01), whereas the protein levels
of myogenin increased at 39°C (P < 0.01), compared with
cells that were not exposed to heat stress (Fig. 5B). Figure 5C
shows representative immunostaining for myogenin in C2C12
cells. Large myotubes at 39°C contained more myogenin-
positive nuclei than did myotubes at 37°C. These data sug-
gested that incubation of cells at 39°C induced myogenin
expression, which enhanced myoblast fusion.

Heat Exposure Alters PGC-la Protein Expression in
HSMMs and C2C12 Cells

PGC-la is one of the factors regulating muscle fiber-type
determination (21). To determine any changes in expression of
PGC-1a after exposure of cells to heat stress, we examined the
protein level of PGC-1a in C2C12 cells after heat stress. In
cells exposed to 39°C, the protein level of PGC-la increased
after 48 (P < 0.05) and 72 h (P < 0.01) of incubation
compared with cells that were not heat-stressed (Fig. 6A).
When we examined the protein level of PGC-1a in HSMMs by
Western blot analysis, it could not be detected at any point in
time (24, 48, and 72 h). Thus we determined PGC-1« expres-
sion in HSMMs by RT-PCR. After heat stress for 24 h, the
mRNA level of PGC-la was enhanced in the 39°C culture
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Fig. 6. Changes of the levels of peroxisome proliferator-activated receptor-y
coactivator- la (PGC-1a) after heat stress in C2C12 cells and HSMMs. A: after
exposure of C2C12 cells to heat stress for 48 and 72 h, cells were harvested and
subjected to Western blot analysis with an antibody against PGC-1a. PGC-la
expression was normalized to B-actin. Data express intensities relative to
control (37°C). Data are means * SD from 3 independent cell cultures. B: after
exposure of HSMMs to heat stress for 24, 48, and 72 h, HSMMs were
harvested. Total RNA was extracted and reverse transcribed. cDNA levels of
MyHC isoform mRNAs in HSMMs were determined by RT PCR and nor-
malized to B-actin cDNA levels. Data show intensities relative to control
(37°C). Data are means * SD from 3 independent experiments with HSMMs
from 3 different donors. *P < 0.05; **P < 0.01 compared with each control
(37°C).

(P < 0.05) relative to that at 37°C, but no significant change in
the mRNA levels of PGC-1a was detected after heat stress for
48 and 72 h in HSMMs (Fig. 6B).

Several studies have shown that MAPKSs are involved in the
determination of muscle fiber type phenotypes (27, 31). It is
possible that heat stress affected the phosphorylation of
ERK1/2 or p38 MAPK. ERKI1/2 is activated by short- and
long-term low-frequency electrical stimulation, which in-
volved fast-to-slow fiber-type conversion (2, 31). Thus we next
measured the phosphorylation states of ERKI1/2 and p38
MAPK in HSMMs and C2C12 cells after heat stress for 1, 24,
and 48 h. The relative amounts of phosphorylated forms of
both ERK1/2 and p38 MAPK did not change at any point in
time in either type of cells (data not shown).

DISCUSSION

We defined incubation at 39°C as continuous mild heat
stress (CMHS) and 41°C as continuous severe heat stress
(CSHS). Our analysis revealed that CMHS enhanced myotube
diameter of primary human skeletal muscle culture cells,
HSMMs, and C2CI12 cells. In contrast, during CSHS, myo-
tubes were poorly formed. In HSMMs and C2CI12 cells ex-
posed to CMHS, the mRNA and protein levels of MyHC type
I was increased compared with the control cultures. The
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mRNA level of MyHC I[Ix was unaltered in HSMMs and
decreased in C2CI2 cells compared with cells that were not
exposed to heat stress. These results indicate that CMHS
induced the differentiation of the cells, causing a fast-to-slow
fiber-type shift in C2C12 cells and HSMMs. Our results also
showed upregulated myogenin expression after CMHS. We
next examined upstream signals that might be responsible for
the fiber-type shift. CMHS enhanced mRNA and protein levels
of PGC-1a in HSMMs and C2C12 cells.

The effects of heat stress on cellular function are pleiotropic.
These include denaturation and disaggregation of proteins,
cytoskeletal disruption, cell cycle inhibition, and changes in
membrane permeability (20). Heat stress induces HSP70,
which plays a role in maintaining protein homeostasis, a fine
balance among protein synthesis, protein degradation, and
protein refolding (38, 51). In addition, detection of HSPs is an
indication of the formation of denatured protein and the pres-
ence of thermal damage (20). In our study, the levels of HSP70
were upregulated with increased temperature after heat stress.
Since myogenic differentiation was not inhibited during
CMHS, the amount of protein denaturation may be low. In
contrast, CSHS inhibited myotube formation. CSHS might
increase the amount of denatured and aggregated proteins and
disrupt protein homeostasis, which might in turn lead (o intra-
cellular dysfunction.

The fast-to-slow shift in MyHC isoform expression can be
induced under several conditions. Strength training led to a
shift in MyHC isoform composition from MyHC IIx to Ila in
human triceps brachii (23). Chronic low-frequency electrical
stimulation (CLFS) increases the expression of MyHC I or Ila,
whereas it decreases that of MyHC IIx or IIb in human and rat
tibialis anterior (26, 47). So far, changes of MyHC following
heat stress have not been reported. Our study is the first to
report that CMHS induced differentiation and a fast-to-slow
fiber-type shift of myoblasts in two different species. These
observations might be a general characteristic of mammalian
myoblasts.

Several signaling pathways regulate skeletal muscle fiber-
type shift. Murgia et al. (31) suggested that the Ras-ERK
pathway was required for reestablishment of the slow fiber
program in a model simulating nerve impulse activity. p38
MAPK has been reported to control MyHC IIx promoter
activity in myotubes (27). Our study demonstrated that CMHS
did not enhance the activity of either ERK1/2 or p38 MAPK.
Another investigator suggested that the ERK1/2 pathway
played an important role in the maintenance of fast-twitch fiber
phenotype (41). So far, the role of MAPK signaling cascades in
modulating muscle fiber type remains unclear.

Transgenic expression of PGC-la in fast-twitch glycolytic
muscles promotes mitochondrial biogenesis and oxidative me-
tabolism and transforms the type IIb muscle fibers into a more
oxidative phenotype (21). Therefore, PGC-la might be the
principal factor regulating muscle fiber-type determination.
AMP-activated protein kinase (AMPK), calcineurin, CaMK,
and p38 MAPK pathways have been implicated in the regula-
tion of PGC-la expression and activity (8). Since the activa-
tion of p38 MAPK did not change, the expression of PGC-la
induced by CMHS in the present study might be attributable to
other pathways. Calcium is thought to be involved in the
upstream signaling of PGC-la for several reasons. Calcium
activates calcineurin and CaMK, which regulate the expression
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of PGC-1a (8, 48). Kubis et al. (17) reported that a modest but
sustained rise in intracellular free Ca?* concentration ([Ca%* 1)
caused by low concentrations of the Ca®* ionophore A-23187
in the culture medium induced fast-lo-slow fiber-lype conver-
sion in rabbit grimary skeletal muscle cells. With regard to heat
stress and Ca®* homeostasis, heat stress is known to increase
[Ca®*); (5, 28). Recent evidence suggests that exposure of
mammalian skeletal muscle to temperatures in the range of
40-43°C for 30 min reduced the ability of the sarcoplasmic
reticulum to accumulate Ca®* (46). Accordingly, CMHS may
induce changes in Ca®* homeostasis, which could lcad to the
fiber-type shift through the PGC-1a pathway in myoblasts.

In the present study, CMHS enhanced the level of expres-
sion of myogenin protein, whereas there was no incrcase in the
level of MyoD. CMHS enhanced myoblast fusion and myotube
diameter of C2C12 cells and HSMMs. Myogenin is required to
initiate terminal differentiation and fusion (1, 25), These results
indicated that myogenin played a role in CMHS-enhanced
myogenic differentiation. It has been reported that MyoD is
prevalent in fast-twitch muscles and myogenin in slow-twitch
muscles (15). Several lines of evidence have implicated myo-
genin in the fast-to-slow fiber-type shift (7, 15, 26, 37, 47). In
cultured myotubes, a moderate increase in [Ca®*]; induced a
fast-to-slow fiber-type shift and enhanced the protein expres-
sion level of myogenin but not other myogenic factors (45). In
the fast-twitch muscle of hypothyroid rats, shifting to a slow
direction by CLFS increased the expression ol myogenin with
unaltered MyoD levels (37). Hughes et al. (14) reported that
the overexpression of myogenin in skeletal muscles of trans-
genic mice influenced the activity of metabolic enzymes,
inducing a shift from glycolytic metabolism to oxidative me-
tabolism. In their study, no change in fiber type-specific MyHC
isoform expression was observed. Furthermore, Schluter and
Fitts (40) reported that oxidative enzyme activity and MyHC
type were independently regulated in rat skeletal muscle. Thus
it appears that myogenin plays a role in metabolic adaptation to
a fast-to-slow fiber-type shift, although no study has demon-
steated the link between myogenin expression and mild
changes in temperature.

The results of this study showed that CMHS increased the
fusion index, myotube diameter, and fast-lo-slow fiber-type
shift, whereas CSHS did not promote myotube formation. The
beneficial effect of low doses of a stresstul agent, which is
otherwise toxic at high doses, is known as hormesis (24).
Although local hyperthermia is used to promote blood flow and
enhance healing after muscle injuries (19), the mechanism by
which this occurs has not been fully elucidated. During hyper-
thermia, temperature in skeletal muscle ranges from 36 to 44°C
(4, 19). On skeletal muscle injury, satellite cells are released
and activated to become myoblasts, which cventually differ-
entiate’ into myotubes and mature muscle fibers (13). We
observed the effects of temperature on the in vitro differenti-
ation of myoblasts and have elucidated a possible mechanism
of heat stress. We postulate that local hyperthermia increases
muscle temperature and thereby promotes myogenic differen-
tiation and fast-to-slow muscle fiber-type shift in vivo.

There is increasing evidence suggesting that mitochondrial
dysfunction in skeletal muscle is involved in insulin resistance
and type 2 diabetes (16). PGC-la promotes mitochondrial
biogenesis and slow fiber formation in skeletal muscle (21).
Two studies have reported that decreases in the amount of
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PGC-1u in skeletal muscle are associated with human type 2
diabetes and an increased risk of developing type 2 diabetes
(29, 34). Taking these findings together, PGC-la appears to
play a role in disorders such as insulin resistance and diabetes.
Also, several lines of evidence demonstrate that both short-
term exercise and endurance training activate PGC- 1o expres-
sion in skeletal muscle (8, 36). Pilegaard et al. (36) reported
that exercise induces a dramatic transient increase in PGC-la
transcription and mRNA content, peaking within 2 h after
exercise in human skeletal muscle. Our observations of
PGC-la mRNA expression in HSMMs were similar to that
reporied by Pilegaard (36). It is possible that a mild increase in
temperature due to exercise causes PGC-1a expression. Fur-
ther studies of CMHS should provide insight into prevention of
diseases involving mitochondrial dysfunction and identify fac-
tors that induce PGC-1a following exercise.
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Certain glycan motifs in glycoproteins are involved in several biological events and diseases. To
understand the roles of these motifs, a method is needed to identify the glycoproteins that carry them.
We previously demonstrated that liquid chromatography—multiple-stage mass spectrometry (LC—MS")
allowed for differentiation of oligosaccharides attached to Lewis-motifs, such as Lewis x {Le¥,
Galf31—-4{Fuca1—-3)GIcNAc) from other glycans. We successfuliy discriminated Le*-conjugated oligosac-
charides from other N-linked oligosaccharides derived from mouse kidney proteins by using Lewis-
motif-distinctive ions, a deoxyhexose {dHex) -+ hexose (Hex) -+ N-acetylhexsosamine {(HexNAc) fragment
{m/z 512), and a Hex -+ HexNAc fragment (m/z 366). In the present study, we demonstrated that this
method could be used to identify the Le*-conjugated glycoproteins. Alt proteins in the mouse kidney
were digested into peptides, and the fucosylated glycopeptides were enriched by lectin-affinity
chromatography. The resulting fucosylated glycopeptides were subjected to two different runs of
LC~MS" using a Fourier- transform ion cyclotron resonance mass spectrometer {FTICR-MS) and an
ion trap-type mass spectrometer. After the first run, we picked out product ion spectra of the expected
Le*-conjugated glycopeptides based on the presence of Lewis-motif-distinctive ions and assigned a
peptide + HexNAc or peptide -+ {dHex)HexNAc fragment in each spectrum. Then the fucosylated
glycopeptides were subjected to a second run in which the peptide-related fragments were set as
precursor ions. We successfully identified y-glutamyl transpeptidase 1 (7-GTP1), low-density lipoprotein
receptor-related protein 2 (LRP2), and a cubilin precursor as Le*-conjugated glycoproteins by sequencing
of 2-5 glycopeptides. In addition, it was deduced that cadherin 16, dipeptidase 1, H-2 class |
histocompatibility antigen, K—K alpha precursor (H2—K(k})), and alanyl {membrane) aminopeptidase
could be Le*-conjugated glycoproteins from the good agreement between the experimental and
theoretical masses and fragment patterns. The results indicated that our method could be applicable
for the identification and screening of glycoproteins carrying target glycan-motifs, such as Lewis
epitopes.

Keywords: liquid chromatography/multiple-stage mass spectrometry s specific detection » database
search analysis « Lewis x-conjugated oligosaccharides

tumors and hepatic discases. ©

Glycomics, the study of all

Glycosylation is one of the most common post-translational
modifications ol proteins.'* Certain glycan motifs on glyco-
proleins are involved in several biological events, including cell
adhesion,* diflfierentiation and devclopment, ‘They are also
known to be closely associated with some diseases, such as
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glycoconjugates in a ccll type or in an organism, is crucial to
understanding the mechanisms of glycan-mediated biological
events and discases.”™ Mass spectrometry (MS) and multiple-
stage mass spectrometry (MS") in combination with several
types of chromatography are known (o be the most powerful
tools of structural glycomices.? ™ 'There are two major ap-
proaches to mass spectrometric glycome analysis, One is mass
spectrometric glycan profiling, which is achiceved by online or
ofl-line liquid chromatography/mass spectrometry (LC—MS)
ol oligosaccharides enzymatically or chemically released from
proteins.'® * This technique has advantages for conducting a
detailed structural analysis and a quantitative analysis of
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oligosaccharides,®*™** but it docs not provide any information
on protein sources that carry the glycans of interest. The other
approach is the mass spectrometric mapping of proteolytic
digests. This method enables us to characterize glycan struc-
tures based on fragment ions,**~*" and ta deduce the peptide
sequence from b- and y-ions that arise from the peptide
backbone.?? In addition o these approaches, glycomics require
more advanced methods that can identify target proteins
carrying a glycan motif of interest; that is to say, a technique
for focused glycomics.

Lectin and immunological-based approaches have been
widely used for the specific detection of target glycans and
glycoproteins.®>~* There have been numerous reports on the
use of MS in combination with affinity chromatography and
Western blotting with lectins or glyco-epitope-specific anti-
bodies.** ¥ [n a previous study, we demonstrated that LC-MS?
is also uscful.for the analysis of target glycans in a complex
mixture.* Several glycan moltifs often yield motif-specific ions
by MS", along with common glycan-related ions such as the
N-acetylhexosamine (HexNAc) fragment (m/z 204) and hexose
{Hex) + HexNAc fragment (m/z 366).**! For example, Lewis-
molils that consist of fucose (Fuc), galactose (Gal) and N-
acetylglucosamine (GleNAc) yield a distinctive ion al m/z 512
that corresponds to the B-type ion of deoxyhexose (dHex) +
Hex -+ HexNAc, This B-lype ion subscquently provides the
product ion al m/z 366 ((Hex + HexNAc|*) by MS/MS/MS.
Using these Lewis-molif-distinctive ions, we successlully dil-
ferentiated the oligosaccharides bearing the Lewis-motifs from
many other oligosaccharides in mouse kidneys.* This method
could be used to differentiate the Lewis-conjugated glycopep-
tides from a proteolytic digestion of proteins. Furthermore, the
protein sources of the Lewis-motif-conjugated glycopeptides
could be identified by further MS" of peptide-related ions.

In this study we demonstrated a method for the identifica-
tion of Lewis x (Le¥, Galfl—-4(Fucal—~3)GlcNAc)-conjugated
glycoproteins in tissue by LC~MS". Our method consists of two
different runs of LC—MS" using a Fouricr-transform ion
cyclotron resonance mass spectrometer (FTICR—-MS) and ion
trap-type mass spectrometer (IT-MS). After the first run, we
sorted out the product ion spectra of expected Let-conjugated
glycopeptides based on the presence of Lewis-motif-distinctive
ions and assigned a peptide + HexNAc or peptide + (dHex-
YHexNAc fragment in each spectrum. Then the fucosylated
glycopeptides were subjected to a second run in which the
peptide-related fragments were set as precursor ions (Figure
1). As a model tissue, we used a mouse kidney in which we
previouslyconfirmed the presenceoftheGalfil —4(Fucal —3)GlcNAc
motif (Lewis x and y) as wecll as the absence of the
Galp1-3(Fucal—4)GlcNAc molif (Lewis a and b) and
Fucal-2GalB1—-3/4GlcNAc matif (blood group H).*

Experimental Section

Materials. Trypsin (Trypsin Gold, mass spectrometry grade),
Aleuria aurantia lectin (AAL)-immobilized agarose column and
Peptide-N-glycosidase F (PNGase F) were purchased from
Promega (Madison, WI), Honen (Tokyo, lapan) and Roche
(Mannheim, Germany), respectively. Murine kidneys (MRL/
Mpj-Ipr/lpr) were purchased from Japan SLC Inc. (Hamamatsu,
Japan).

Sample Preparation. Murine kidney cells were filtrated by a
cell strainer (70 um; BD Biosciencces, San Jose, CA) and solubilized
in lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, and 30 mM
Tris-HCl) containing a protease inhibitor mixture (Wako, Tokyo,

3416 Journal of Proteome Research « Vol. 8, No. 7, 2008
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Japan) by vortexing at 4 °C. After quantifying the proteins, cold
acetone (final concentration, 80%(v/v)) was added (o the protein
solution (500 ug protein). The precipitated protein was dissolved
again in 100 L of 0.5 M Tris-HCI, pH 7.0, and precipitated with
an 8-fold volume of acetone. The precipitated prolein was
dissolved in 810 uL of 0.5 M Tris-HCI (pH 8.6) containing 8 M
guanidine-HCl and 5 mM EDTA, and the mixture was incubated
with 6.0 «L of 2-mercaptocthanol at room temperature lor 2 h,
Freshly prepared 0.6 M sodium monoiodoacetate (135 ul) was
added to the solution, and the mixture was incubated al room
temperature for 2 h in the dark. The reaction mixture was desalted
with a PD10 column (GE Healthcare Bio-Sciences, Uppsala,
Sweden), and the solution conlaining proteins was freeze-dried.
The carboxymethylated proteins were dissolved in 500 ul. of
bicarbonate buffer (pH 8.5) and incubated with 2 ug ol rypsin at
37 °C for 16 h. After deactivation of trypsin by boiling for 3 min,
a 10-fold volume of phosphate buffered saline (PBS) was added
to the reaction mixture,

Lectin Affinity Chromatography. The sample solution was
applied (o the AAL-immobilized agarose column {1.45 mg of
lectin, 1.5 x 1.0 cm) and washed with 2.5 mL of cold PBS at 4
°C (approximately one drop/s). The absorbed glycopeplides
were cluted with PBS containing 0.2 M [ucose (2.5 mL), and
the fraction was desalted with a C18 castridge (Micro Trap, 8.0
x 1.0 mm; Michrom BioResources, Auburn, CA). The absorbed
glycopeptides in the cartridge were eluted with 2 mL of 0.1%
trifluoroacetic acid containing 45% acetonitrile, and the fraction
was dried, resuspended in 0.1% formic acid, and then analyzed
by LC~MS",

PNGase F Treatment. Fucosylated glycopeptides enriched
by lectin affinity chromatography were treated with 10 units
of PNGase F in 50 nl of 50 mM phosphate buffer (pH 8.0) at
37 °C for 48 h o release N-linked oligosaccharides. Alfter
terminating the reaction by boiling, the reaction mixture was
evaporated to dryness, resuspended in 0.1% formic acid, and
then analyzed by LC—MS/MS.

Online Liquid Chromatography/Mass Spectrometry
(LC—MS). Chromatographic separation of the fucosylated glyco-
peptide was performed using the Paradigm MS4 HPLC system
(Michrom BioResources). The [ucosylated glycopeptides were
dissolved in 25 uL of 0.1% formic acid, and 2 uL of the sample
solution was injected into 2 uL capillary loop. The analytical
column was a reversed-phase capillary column (Magic C18, 50 x
0.2 mm, 5 ym; Michrom BioResources). The mobile phase was
0.1% formic acid containing 2% acetonitrile (A buffer) and 0.1%
formic acid containing 90% acetonitrile (B buller). The fucosylated
glycopeptides were eluted at a flow rate of 2 uL/min with a
gradient of 5-~65% of B bulfer in 90 min.

Mass spectrometric analysis of fucosylated glycopeptides was
performed using a FTICR/IT-MS (LTQ-FT; Thermo Fisher
Scientific, Waltham, MA) equipped with a nanoclectrospray ion
source (AMR, Tokyo, Japan). The conditions for FIICR~MS and
IT-MS were as follows: an electrospray vollage of 2.0 kV in
positive ion made, a capillary temperature of 200 °C, a tube
lens olfset of 140 V, a collision energy of 35% for the MS"
experiment, maximum injection times (FTICR—MS and IT—MS)
of 1250 and 50 ms, respectively, a resolution of FTICR—MS of
50 000, a scan time of approximately 0.2 s, dynamic exclusion
ol 18 s, and an isolation width of 3.0 u (range ol precuisor ion
+1.5).

First Run. The mass spectrometric mapping of fucosylated
glycopeptides was performed by a sequential scan: full mass
scan using FTICR—MS (m/z 1000—-2000), data-dependent
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Figure 1. Strategy for the identification of Le*-conjugated glycopeptides by LC—-MS. The fucosylated glycopeptides were subjected to
two different runs. In the first run, fucosylated glycopeptides were analyzed by (a) a full mass scan using the FTICR-MS, (b) data-
dependent MS/MS, (c) MS/MS/MS of the Le*-motif-distinctive ion (m/z 512), and (d) data-dependent MS/MS/MS. (e, f) On the basis of
the presence of the product ion at m/z 512, which subsequently yielded the ion at m/z 366 by the MS/MS/MS, MS/MS and MS/MS/MS
spectra of Le*-conjugated glycopeptides were picked out from all the acquisition data. (g) Peptide-related ions were ascertained in the
MS/MS/MS spectra. (h) The peptide-related ions were listed as precursor ions. In the second run, the fucosylated glycopeptides were
identified by a full MS scan using the (i) FTICR-MS, (j) data-dependent MS/MS, (k) MS/MS/MS of the peptide-related ions listed as
precursor ions, (l) data-dependent MS/MS/MS, (m) MS/MS/MS/MS of the peptide-related ions, and (n) data-dependent MS/MS/MS/
MS. (o) Product ion spectra were submitted to database search analysis with a static modification of Cys with carboxymethy! (58.0 u)
and possible modification of Asn with HexNAc (203.1 u) and dHex + HexNAc (349.1 u). MS?, MS/MS; MS?, MS/MS/MS; MS*, MS/MS/
MS/MS. (p) Carbohydrate structures were deduced from the oligosaccharide-related ions in the MS/MS and MS/MS/MS spectra.

MS/MS, MS/MS/MS ol the Le*-motif-distinctive ion (m/z m/z 366 by the MS/MS/MS, the MS/MS and MS/MS/MS

512) generated in data-dependent MS/MS, and MS/MS/MS
ol the most intense ions generated in data-dependent MS/
MS by MS" using IT-MS. Based on the presence of the
product ion at m/z 512 that subsequently yielded the ion at

spectra of expected Le'-conjugated glycopeptides were
picked out from all the acquisition data. Peptide-related ions
were ascertained in the MS/MS/MS spectra, and were listed
as precursor ions for the second run.
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Second Run. Peptide sequencing was performed in a se-
quential scan: a full mass scan using FTICR-MS (mn/z
1000~-2000), data-dependent MS/MS, MS/MS/MS of the pep-
tide-related ions listed as precursor ions, data-dependent MS/
MS/MS, MS/MS/MS/MS of the peptide-related ions, and data-
dependent MS/MS/MS/MS using I'T~MS,

Protein Identification by Database Search Analysis. The
spectra data obtained by the data-dependent collision-induced
dissociation (CID)s and predominant CIDs of peptide-rclated
ions were subjecied to database search analysis with (he
TurboSEQUEST algorithm (BioWorks 3.1; Thermo Fisher Sci-
entific) by using the NCBInr database (Mus musculus, 28—11-06).
The slatic modification of carboxymethylation (58.0 u) at Cys,
and the possible modification of HexNAc (203.1 u) and dHex
+ HexNAc (349.1 u) at Asn were used as the modified
parameters of database scarch analysis. The SEQUEST criteria,
known as cross correlation (Xcorr) scores, were set to 1.5/2.0/
2.5 (charge states of +1/+2/+3) for the protein identifications,
DTA files were generated for spectra with a threshold of 10 ions
and a TIC of 100. Precursor and fragment ion mass tolerance
in the MS" spectra for dalabase scarch analysis were set to 2.0 u
and 1.0 u, respectively.

Results

Sorting out the Product lon Spectra of the Le*-Con-
jugated Glycopeptides by the First LC—-MS/MS/MS Run.
Proteins from mouse kidney cells were carboxymethylated and

digested with trypsin. [n the mass spectrometric mapping of

the proteolytic digest, we often lail to acquire glycopeptide ions
due o their lower ionization cfficacy compared to coeluted
unmodified peptides. To prevent intevference by peptides in
the ionization of glycopeptides, fucosylated glycopeptides
including Lewis-motif-conjugated glycopeptides were enriched
by affinity chromatography with an AAL-immobilized agarose
column, The fucosylated glycopeptides were desalted by a C18
cartridge and injected into an LC~-MS system equipped with
FTICR—MS for a MS scan (1n/z 1000~2000). The most intense
ions on the MS scan were subjected to data-dependent MS/
MS and MS/MS/MS, and an additional MS/MS/MS was
performed when a dHex + Hex + HexNAc [ragment (m/z512)
was detected on the MS/MS scan (Figure 1, first run). Figure
2A, B and C show the total ion chromatograms (TIC) obtained
by the FTICR—MS scan of the fucosylated glycopeplides, the
extracted ion chromatogram (EIC) of the dHex + Hex + HexNAc
fragment acquired on the data-dependent MS/MS scan, and the
EIC of the Hex + HexNAc fragment (im/z 366) that arose from
the fragment at m/z 512 by the MS/MS/MS, respectively. We
presumed that the Le*-conjugated glycopeptides had been eluted
around the peaks appearing in Figure 2C.

Assignments of the Peptide-Related lons Derived from
the Expected Le*-Conjugated Glycopeptides. We picked out
dozens of produclt ion spectra, and 22 precursors were deter-
mined to be the Le*-conjugated glycopeptide-derived mass
spectra based on the presence of Let-motif-distinctive ions. The
clution positions ol the glycopeptides are indicated in Figure
2C. [n our previous report, most of the N-glycosylated peptides
yiclded peptide-related ions, such as [peptide + HexNAc +
nH]"" and [peptide + (dHex}HexNAc + nH]"*, which provided
peptide fragment b- and y-ions by further CID, and subsequent
databasc scarch analysis successfully revealed the peplide
sequences of the glycopeptides.®” [n the present study, there-
fore, we examined the peptide-related ions in the product ion
spectra of the glycopeptides 1-22 for peptide sequencing.
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Figure 2. LC-MS" of fucosylated glycopeptides. (A) Total ion
chromatogram (TIC, m/z 1000—2000) of fucosylated glycopep-
tides. {B) Extracted ion chromatogram (EIC) of the ion at m/z512
produced by data-dependent MS/MS. (C) EIC of the product ions
at m/z 366 produced from the product ion at m/z512 by MS/MS/
MS. Expected Le*-conjugated glycopeptides were designated as
glycopeptides 1—22.

Figure 3A shows the integraied mass spectrum of the
expected Let-glycopeptides eluted at 41-43 min. On the basis
of an m/z spacing pattern that included ni/z 67.69 (HexNAc™),
miz 54.02 (Hex"*) and 48.69 (dHex™), intense ions at miz
1067.105, 1134.803, 1189.505, and 1237.508 were assigned (o
triply charged ions of glycopeptides differing in glycosylation,
Two intense ions, glycopepltides 12 (m/z 1237.508) and 13 (m/z
1134.803), were further subjected to MS/MS and MS/MS/MS,
and yiclded identical peptide-related ions at m/z 1650 (Figure
3B, C). This resull indicates that glycopeptides 12 and 13 are
glycoforms containing Le*-molifs, and implies that the carbo-
hydrate heterogeneity of a peptide of interest could be deduced
from the integrated mass spectra,

Figure 4A indicales the MS/MS spectrum of glycopeptide 8.
The presence of a dHex + Hex + HexNAc fragment (m/z 512)
suggests that this glycopeptide is one ol the Le¥-conjugated
glycopeptides. The most intense fragment (in/z 1681.0) was
further subjected to MS/MS/MS and provided a scrics of doubly
charged Y-ions with an n/z spacing paltern, including m/z 101
(HexNAc!") and mi/z 81 (Hex*'). It was revealed that the
fragment at m/z 906.2 was our desired product ion, [peptide
+ HexNAc + 2H]*Y (Figure 4B).

Figure 5A and B show the MS/MS and MS/MS/MS spectra of
glycopeplide 15, respectively. The triply charged ion (mi/z 1414.4)
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Figure 3. Integrated mass spectrum and MS/MS/MS spectra of glycopeptides 12 and 13. (A) Integrated mass spectrum of the expected
Le*-glycopeptides eluted at 41-43 min. (B) MS/MS/MS spectrum acquired from the most intense ion (m/z 1673.4) detected in the
MS/MS spectrum of glycopeptide 12 (m/z 1237.8). (C) MS/MS/MS spectrum acquired from the most intense ion (m/z 1601.0) detected

in the MS/MS spectrum of glycopeptide 13 (m/z 1135.4).

on the MS/MS scan was further subjected to MS/MS/MS and
yielded a Y-ion series that included (peptide + 2HexNAc + 3Hex
+ dHex + 2H)*" (m/z 1764.3) [peptide + 2HexNAc + 2Hex +
dHex+ 2HJ** (m/z 1683.5) [peptide + 2HexNAc + dHex + 2HJ*
(m/z1520.2) and [peptide + 2HexNAc + 2H|*" (m/z 1447.0) The
fragment detected at m/z 1346.3 was assigned 10 our target ion,
[peptide + HexNAc + 2H|".

Alternative MS/MS and MS/MS/MS spectra of a Le'-
conjugated glycopeptide (glycopeptide 17) are shown in
Figure 6A and B, respectively. The fragment at m/z 1515.4
on the MS/MS scan vyielded Y-ion series that included
[peptide + 2HexNAc + 3Hex + 2H|* (m/z 1659.6) [peptide
+ 2HexNAc + 2Hex + 2H|*" (m/z 1578.3) and [peptide +

2HexNAc + 2H|*" (m/z 1416.5) on the MS/MS/MS scan We
deduced that the f[ragment at 1315.0 on the MS/MS/MS scan
could be [peptide + HexNAc + 2H|*".

Finally we assigned out peptide + HexNAc, peptide +
(dHex)HexNAc, and the peptide fragment from the product
ion spectra ol Le*-conjugated glycopeptides 1-22 (Table 1).
I'hese peptide-related ions were listed as precursor ions in
the second run, in which the listed ions were predominantly
submitted to CID (Figure 1, second run).

Peptide Sequencing of the Expected Le*-Conjugated
Glycopeptides by the Second LC-MS/MS/MS/MS Run and
Database Search Analysis. In the second run and subsequent
database scarch analysis with modified parameters, including
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Figure 4. Identification of glycopeptide 8. (A) MS/MS spectrum acquired from the molecular ion [M + 3H]** (m/z 1291.9) of glycopeptide
8in Figure 2A. (B) MS/MS/MS spectrum acquired from the most intense ion (m/z 1681.0) in the MS/MS. (C) MS/MS/MS/MS spectrum
acquired from the product ion (m/z906.2) in the MS/MS/MS of glycopeptide 8, and amino acid sequence deduced from the results of
database search analysis. (D) Deduced oligosaccharide structure. dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine:
white circle, galactose; gray circle, mannose; black square, N-acetylglucosamine; gray triangle, fucose.
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