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Protein synthesis is regulated in response to environmental
stimuli by covalent modification, phosphorylating the
components of the translational machinery. Phosphoryla-
tion of the o subunit of elF-2 is one of the best-
characterized mechanisms for down-regulating protein
synthesis in higher eukaryotes in response to various stress
conditions. One of mammalian elF-2a kinases is a heme-
regulated inhibitor kinase (HRI), which is activated
by heme deficiency and plays an important role in
translational control. In this work, we have analyzed the
differentially expressed genes between epithelial ovarian
cancer and normal ovary. We have screened a total of
1,408 genes isolated from a human dermal papilla cell
cDNA library by ¢cDNA array hybridization. Among
many differentially expressed genes, eIF2« kinase, a heme
regulated inhibitor was down-regulated in ovarian epithe-
lium cancer. The down-regulation of hHRI was also
confirmed in other ovarian cancer tissues by Northern blot
hybridization. The hHRI gene is 2,887 bp in length and
the amino acid sequence deduced from the cDNA clone
encodes a protein of 630 amino acids with molecular mass
of 73 kDa. It contains all 12 catalytic domains of the
protein kinases with consensus sequences of the protein-
serine/threonine kinases. The expression pattern of hHRI
mRNA showed approximately 3.0 kb bands which were
expressed ubiquitously in all human tissues examined,
which indicates that elF-2a« kinase could play an important
role in the translational regulation of nonerythroid tissues.
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Introduction

The phosphorylation of the o subunit of eukaryotic
initiation factor 2 (eIF2a) is one of the best character-
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ized mechanisms for down-regulating protein synthesis
in mammalian cells in response to various stress
conditions (Hershey, 1991; Samuel, 1993; Wek, 1994).
The phosphorylation of elF2o was first detected
in rabbit reticulocyte lysates deprived of hemin. The
absence of hemin resulted in the activation of a highly
specific elF2a kinase, called the heme-regulated inhib-
itor (HRI) (Chen and London, 1995). Phosphorylation
of elF2a in reticulocyte lysates results in the binding
and sequestration of reversing factor (RF), also desig-
nated as the guanine nucleotide exchange factor or
elF2B, to make an RF - eIF-2a (P) complex. Since RF
is required for the exchange of GTP for GDP in the
recycling of elF-2 and in the formation of the elF-
2 - Met-tRNAMet - GTP ternary complex, its unavail-
ability results in cessation of the initiation of protein
synthesis (Amesz et al., 1979; Matts and London, 1984).

Another mammalian elF2o kinase, the double-
stranded RNA-activated kinase PKR, is constitutively
expressed in reticulocytes and inducible by interferon in
other mammalian cells (Porud, 1995). At present, only
these two distinct mammalian elFa kinases have been
cloned (Chen and London, 1995; Proud, 1995). A third
elF2a kinase, termed GCN2, has been characterized
from Saccharomyces cerevisiae (Hinnebusch, 1997) and
Drosophila melanogaster (Santoyo et al., 1997). It is
activated by uncharged tRNA in response to amino acid
starvation in yeast (Hinnebusch, 1997).

All three kinases phosphorylate elF-2o on serine
residue 51. The amino acid sequence surrounding serine
51 is highly conserved among the elF-2a factors from
human, rat, and yeast, and residues between 41 and
59 are identical (Cigan et al., 1989; Ernst et al., 1987).
Although PKR, HRI, and GCN2 display a similar
specificity with yeast and mammalian elF-2a (Dever
et al., 1992), some differences in specificity with peptide

Abbreviations: GCN2, yeast general amino acid control elF-
2o protein kinase; hHRI, human heme-regulated inhibitor;
PKR, double-stranded RNA-dependent elF-2a protein kinase.
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substrates are observed between the PKR and HRI
enzymes (Proud ef al., 1991).

Activation of HRI in reticulocytes is mediated by
various stimuli in addition to hemin deficiency, including
heat shock, sulfhydryl reagents such as N-ethylmalei-
mide, oxidized glutathione, and heavy metal ions (de
Haroet al., 1983; Matts et al., 1992; Palomo et al., 1985).
Native HRI appears to be a dimer composed of two
90 kDa polypeptides that may in part be disulfide-linked
(Yang et al., 1992). Binding of hemin to HRI promotes
an intersubunit disulfide bond formation that may be
involved in the negative regulation of HRI (Chen et al.,
1992). Heat shock proteins hsp90 and hsp70 also interact
with HRI (Matts et al., 1992). This interaction may be of
regulatory significance. For example, hemin may regulate
elF-o HRI kinase activity by promoting the formation of
an inactive HRI - hsp90 (p87) dimer (Mendez et al.,
1992). The regulation of HRI by its association to heat
shock proteins appears to be similar to regulation of the
steroid hormone receptor (Pratt, 1993).

In this study, we have screened the genes differen-
tially expressed in ovarian cancer, using the strategy
of cDNA array. One of the down-regulated genes in
ovarian cancer was homologous to the mouse HRI
(heme regulated inhibitor). We designated human HRI
as hHRI and full-length cloned it for further study.

Materials and Methods

Construction of a cDNA library and sequence analysis A
cDNA library was constructed by using a ZAP cDNA
synthesis kit (Stratagene, La Jolla, USA) with 4 nug of poly
A" RNA obtained from primary cultured human dermal
papilla cells. The phage library was converted into a pBlue-
script phagemid cDNA library by in vivo excision using
the ExAssist/SOLR system (Stratagene). Randomly selected
clones were sequenced from the 5" end of an insert using a T7
sequenase version 2.0 DNA sequencing kit (Amersham
Pharmacia biotech.). Approximately 150 bases for each clone
were compared with nonredundant GenBank data using
BLASTN. Sequences were also translated and used to search
the protein data base using the BLASTX sequence analysis
program (Altschul et al., 1990).

cDNA array preparation A total of 1,408 cDNAs were arrayed
on the positive charged nylon membranes (Amersham Phar-
macia biotech) in a 96-well format. Two identical blots were
produced for each set of cDNA samples. The membrane was
placed into the manifold (Bio-Rad, California, USA) and two
hundred nanograms each of a denatured plasmid DNA sample
per dot was loaded into the manifold. The membranes were
dried in air, and fixed by UV crosslinking at 125 mJ using a
UV Stratalinker 1800 (Stratagene).

Preparation of probe and hybridization Total RNAs were
extracted from Ovarian tumor tissues and corresponding
normal tissues from 13 patients by a modified acid guanidium

thiocyanate/phenol/chloroform extraction method using the
TRI reagent (Molecular Research Center Inc., Cincinnati,
USA). Ten-micrograms of total RNA, which had been treated
with human placental RNase inhibitor (Gibco BRL), were
reverse-transcribed with an oligo-dT primer by using the
SuperScript preamplification system (Gibco BRL). The first-
stranded cDNAs were used for random primed radio-labelling
(Megaprime DNA labelling system, Amersham Pharmacia
biotech) to make the probe.

The DNA dot blots were hybridized with the radioactive
probe using a ExpressHyb hybridization solution (Clontech,
Palo Alto, USA), and washed according to the manufacturer’s
instructions. The membranes were analyzed after autoradiog-
raphy.

Northern blotting analysis Ten micrograms of total RNA
prepared from normal or cancer tissue were subjected to
electrophoresis on a denaturing formaldehyde-agarose gel.
The RNA was capillary transferred to a Hybond-N* mem-
brane, baked for 2 h at 80°C under vacuum, and fixed by UV
crosslink at 120 mJ using UV Stratalinker 1800 (Stratagene).

The purified 2.2 kb of a EcoRI-Xhol fragment of the h-HRI
cDNA was used as a probe. The membranes were hybridized
for 1 hat 68°C in ExpressHyb Solution (Clontech Laboratories
Inc., USA) containing 2 x 10° cpm of radiolabelled probe per
1 ml of solution. After hybridization, the membranes were
washed in 2x SSC/0.05% SDS at room temperature for 40 min
and 0.1x SSC/0.1% SDS at 50°C for 40 min. The wet
membrane was wrapped and exposed to X-ray film at —70°C
for 4 d. Equal loading of mRNA was verified by rehybridizing
the blots with a *?P-labeled beta-actin cDNA probe.

Screening of a human dermal papilla cDNA library To obtain
the full-length sequence of hHRI, the recombinant plaques of
the dermal papilla and human prostate cDNA libraries
(Clontech, Palo Alto, USA) were screened as described by
Sambrook ef al. (1989). Plaques were lifted onto nitrocellulose
filters, and hybridized with 1 x 10° cpm/ml of a **P-labelled
probe prepared by the Megaprime DNA labelling system
(Amersharm, Buckinghamshire, England), in 5x Denhardt’s
solution, 0.1% SDS, and 100 pg/ml of denatured sonicated
salmon sperm DNA, at 42°C overnight. The hybridized filters
were washed at room temperature in 2x SSC (1x SSC; 150 mM
sodium chloride, 15 mM sodium citrate, pH 7.0), 0.5% SDS
for 20 min, and twice at 65°C in 1x SSC, 0.1% SDS for 1 h.
Positive plaques were further purified by replating and hybrid-
ization. The isolated A ZAP phagemid clones were converted
into plasmids by in vivo excision using the ExAssist/SOLR
system (Stratagene), the resulting plasmids pBluescript SK (-)
having the cDNA of interest between the EcoRI and Xhol sites.
Sequence analysis was performed as described previously.

Multiple Tissue Northern blots To examine the tissue-specific
expression of hHRI, the expression of HRI mRNA in different
human tissues was analyzed by Northern blot analysis using
Multiple Tissue Northern (MTN) blots (Clontech). The MTN
blots contained approximately 2 ug of poly A" RNA per lane
from different tissues or cell lines. The blots were probed with
a 3?P-labeled hHRI cDNA probe containing the open reading
frame.
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Results

c¢DNA array cDNA clones expressed in human dermal
papilla were dot-blotted and used for hybridization. **P-
dCTP labelled cDNA probes were prepared from the
RNA samples isolated from normal ovary and ovarian
cancer tissues, respectively. A total of 1,408 cDNA
clones were compared by the cDNA array technique.
Most of the dots exhibited identical intensity for both
normal and ovarian cancer tissue. However, some genes
showed striking differences in the levels of expression as
indicated by the arrows in Fig. 1 and Table 1. One of the
differentially expressed clones (K0631) was homologous
to the heme-regulated inhibitor (HRI) of eIF-2a kinases.

Comparison of HRI expression between normal and
cancerous human ovarian tissues The level of hHRI
mRNA was analyzed in other matched ovarian samples
by Northern blot hybridization to confirm its differential
expression between normal and cancerous human ovar-
ian tissues. hHRI was found to be down regulated in
ovarian cancer tissues (Fig. 2). To check the equal RNA
loading, the same blot was subsequently rehybridized
with a B-actin gene probe after stripping (bottom panel).

Screening and analysis of HRI ¢cDNA Northern data
indicated that hHRI is about 3.0 kb in length but the
clone K0631 which was used in the cDNA array was

only 2.2 kb and contained only a partial open-reading
frame. To obtain the full-length sequence of hHRI, we
decided to screen the cDNA libraries. We screened the
same dermal papilla cDNA library from which K0631
originated and the human prostate cDNA library. The
positive cDNA clones were isolated using the K0631
clone as a probe. A total of 13 positive clones were
isolated, which gave a 2,887 bp overlapping sequence,
containing a full-length open reading frame. The

Table 1. Differentially expressed cDNA genes in normal and
ovarian cancer cells.

EST number Gene name

Elevated cDNA in normal ovarian cells

B0007 Ubiquitin protease
B0191 Laminin-binding protein
K0631 Heme-regulated inhibitor

Elevated cDNA in ovarian cancer cells

B0314 Gastrula-zinc finger protein

B0353 DNA-binding factor

B0606 PTP-IV1b (protein tyrosine phosphatase-IV1b)
B1021 CAP (adenyl cyclase-associated protein)

K0844 FIP-1 (adenovirus E3-14.7K interacting protein 1)
K1408 VBP-1 (VHL binding protein-1)

B1794 Novel

K1092 Novel

K1147 Novel

K1641 Novel

Normal
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Fig. 1. cDNA array in epithelial ovarian cancer and normal ovarian tissue. A total of 1,408 cDNAs were arrayed on the positive
charged nylon membranes and hybridized with *P-dCTP labelled probes. A total of 15 membranes were used in the cDNA array but
only one membrane is shown here. F1, hHRI(K0631); E12, gastrula-zinc finger protein; F9, ubiquitin protease.
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Fig. 2. Northern blot of hHRI shows that its expression is significantly decreased in epithelial ovarian carcinoma tissues, compared with
normal ovarian tissues. N, normal ovary tissue; C, epithelial ovarian carcinoma tissue.

G TTA
GGC TGC

GGG GCT
G A
GAT GIT
D Vv
CAA CTC
Q@ L
GTG TIT
vV F
AGC TCA
S S
GAT CCT
D P
CGT TAC
R Y
AAT AAA
N K
AAG GTC
K Vv
ATA GAA
I E
TCC GAC
S D
GCT GAG
A E
RAG TAC
K Y
TTG GCT
L A
AGT TTC

S F
CTG ATG
L M
GGC CGG
G R
TTG GTA
L v
CTT CAT
L H
ACA GAC
T D
TCA CCC
S P
GAG CIC
E L
CCG GAA
P E
CAG AGA
Q R
CAG ATG
Q M
AAA GGG
K 6
GGA ATG

CTT CCG GGT CGG ACG GCG
GGC CGC BCG CGG CCG GCG

GGG GCT GIG GCT GCG CGC
G A V A A R
CCA GCA GAA ATC CAG GTG
P A E I Q V
TTG CTG GTT TCT TIG CTG
L L v 8 L L
AAG CTA CTT TGC CAG ACG
K L L C Q@ T
TTG AGA CTA CAT CAC ARC
L R L H H N
TGT GAG GAT ATT TCT CGT
c E D I S R
TTA AAT GRA TTT GAA GRA
L N E F E E
TTA GAT GGT CAG TAT TAT
L D 6 Q@ Y Y
CTA CGG GRAA GTG AAG GTG
L R E V K V
CAT GTT CAT GTG ATT CAG
H V. H V I Q
CAG GAA GAG GAC AGA GAG
Q E E D R E
CCC ACC CCA GAA AAA GRA
pP T P E K E
ACC ACC AAT TTA GIC ATA
T T N L V I
GGT TTG TCT GCC AGT TCA
G L S A S S8
ACA TCC ACC GAA GAA TCT
T 8§ T E E S
CTG CAC ATC CAG ATG CAG
L H I Q@ M Q
GAG TAT GTG GAC GAG TCT
E Y vV D E S
GAA GGT GTG TTT TAC ATA
E 6 V F Y I
GGC CCT GAT CAG CAA GTA
G P D Q Q V
TGG ACC AAC AGA AAC GGG
W T N R N G
GAA CAG TTG GAA GGA TCT
E Q@ L E G 8
TTT CAG CCG TTT GGA ACA
F Q@ P F 6 T
TCC CTC CGT AAA AGG TGT
s L R K ‘RiC
CCA TCT GCC ATT CAG CTG
P S A I Q L
AAG ATA ATA GAG CAA GAA
K I I E Q@ E
GTG AGG GAT GAC GGA AAG
vV R D D 6 K
TAA ATT TTT AAT CTT TAT

AGA CTT GTT AAA GAT GTC Al
GAA TTT CCT ACC TAR ATA T
TTT CTC CIT TCA ACT CIG T

GA
TA
TG

GTG
ACC
ACC

GCT CCC TGC CCT CGT CAC TGC CCA

CCA GTC TIC CTG CCC CIT T

CA

CAC

GGC TCC AAA CCT TCT GCT GCC TCT
CTT TTT ATC TGT TCT CTC CAC CTT
GCA CCC CAG ATG ATC TCC AGG CAG
TCC TTT ATT GTA GCA CTC AGC TCC
TTT GAA TCC CAG AAA GGG TCT GCC
TTA AAT AAA ATG AAA ACC ATA AAT
TCT GAC TCT AAA AAA AAA AAA AAA

CTA
ATG
M
ecics
R
TTA
L
GAG
E
TIT
F
AGA
R
ATC
I
CTT
L
GCA

CTG

AAA
X
GAT
D
TAG
cce
ATA
CIC
AGC
T6C
AAG
CAG
CTC
CCA
ATG
TAC
AAA

GCT GCA
CAG GGG
Q G
CAT CGA
H R
AAA GAA
K E
CAC TTG
H L
ATC ARA
I K
GCT ATT
A I
CAG ARA
Q K
GCC ATC
A I
ATA ARA
I X
GCA GGT
A G
CGA GCA
R A
TGT GGT
cC 6
CGC TTIT
R F
GAA TCT
E 8
GTG GAA
vV E
GAR GAA

CAG AGT

GAA ATT
E I
GGG GGC
G G
GGT ATA
CAA GCT
TGC CTA
TGT CTG
CCG GGC
AGC TGA
ATA AAA
TTT AGC
AGA TCT
GCC AAT
GAG TTG
ATG ATG
AAA AAA

GCA TCG GAG TGT GGC AGT GCT GGG

GGC
G
CTT
L
cce
P
AGC
S
ATG
M
ACT
T
ATC
I
TTA
L
ARA
K
CTT
L
GAC

D
GTT
v
GGA

AAC TCC
N S
TCC CGC
S R
CTA CAA
L Q
CAC GTG
H V
GGG CTG
G L
CAC TTA
H L
AGA TCA
R S
GGA ARA
G K
ATC CTG
I L
CAG CAC
Q H
AGA GCT
R A
ARA AAT
X N
GAA TCT
E S
GAA CTT

CAG CTG

CIT TCC TGC
CTG TAC ATC
GCA GTC ATC
CTT TTA TTG
AAA AAA

GGG GTC CGC AAG CGC
G V R K R
CGA 6GC CCG GAC CCC
R 6 P D P
CAG CCA ACC TTC CCT
Q p T F P
CAT GAA CCA AAC CCA
H E P N P
CTG TCT TCT TTC ACT
L § s F T
ATG AGG TCT GCT AAA
M R S A K
AGG GAA GTA GCC TTG
R E V A L
GGT GGA TAC GGA AGA
6 6 Y 6 R
ATT AAG GGT GCA ACT
I X 6 A T
CCC AAT ATT GTT GGC
P N I V G
GCC ATT GAG TTG CCA
A I E L P
GAT GAA AGT AGC AGC
D E S S S
GAC ACT GAA AAT CAG
D T E N Q
GAG TCG ACC CTG GAG
E 8§ T L E
CCA CTC AGG CGT AAT
P L R R N
TTT TTG GGT CAG ACA

L 6 Q@ T

TGG GAT TGG ATA GTC
I Vv

GCC AAT GTT GCA ACA
A N V A T
CAC CGA GAT CTG AAG
L K

CTG GCC TGC ACA GAC

T D
ACG TCC AGA GIG GGT
T

S R V G
GAT ATG TAC AGC TTG
D M Y S L

GTT CTA ACA GGT TTA
vV L T 6 L
ATC CAG CAC TTA ACG
I @ H L T
CAA AAT TCT GGA AAT
@ N S G N
AAG AAG CAG CTA AAC

K Q@ L N

K
AAG TGG ACT TAA CTT TTA

ATG CTT CGT TGT ATT
TCC CTT CCT GCC CCA
ACT AAA AAC TTG GAC
TAG AAG GTT CTA CCG
CTC ACT GGA CTG TTC
CCT GAA GGA CGC CTC
CTT AAC AGT GTA CAG
AAA CCA CAC CCT TGC
CTT TGC CCT GCA CTG
CCT CAG AGG CAG CGA
ACG GTA GAT GGC GTA
ACA CTT GAC AAC TGG

CTG
GAA

E
GAA
TIT
CTT
TGT

C
GAG
GAA
GTA
AAA
TAT
TCT

S
TCA

S
AAT
CTC
TCC

GGT

AGA
R
AGA
R
GTT
\
CIC
L

TAG
CAA
CTC
CAG
CAG
ATC
TGT
AAR
TTC
TCT
TGA
CCT

GCC GGC
GAG GAG
E E
TAT GAC
Yy D
GCA GIT
AV
CGT TCA
R S
AGT GAC
S D
AGA GTT
R V
GCA CRA
A Q
TAC AAG
v X
ACA GTT
TV
CAC ACC
H T
CTG GAA
L E
TCC ATT
S I
AAC AAG
N K
CAG GAA
Q E
CAC CTA

H L
GCA CAG
A

AGA AAC
R N
ATT TTT
I F
AGA AAT
R N
CTA CAG
L Q
TGT CTG
¢ L
GTG GTC
v v
ACT GGT
T G
AGG AAC
R N
AAC CTC
N L
CTT TCT

L S
AGG TAG

TAA GCC
GCT CCT
ATC CTC
AAA TTG
TTT TGA
ATT TCA
GCA ACT
GCT TTG
CCC GGT
GAT GRA
TIT TGC
AAA TAA

GGG
GGC

G
GAA
E
GCA
A
AGA
GAG
C6T
ACT
GTC
TGC
GCG
GTG
ATC
TCG
AAT
GAG
E
TAC
Y
ARG
X
CAA
Q
ATT
I
AAG
K
TAC
Y
CTG
L
CAG
Q
TCA
S
ACC
T
CAA

Q
TTA

TTT
TIT
AAT
ATG
CAG
TTC
TCC
TAC
ACT
TTG
TGA
AAA

CIG: 70
GAC 142

TCT 214
AAC 286
N

CAG 358
TIT 430
AGG 502
TCA 574
AGG 646
ATG 718
TGG 790
CTC 862
TIT 934
GTG 1006
66C 1078
G

GAG 1150
E

CAC 1222
H

CGG 1294
GAA 1366
TTT 1438

F
AAC 1510
N 472
GCT 1582
A 49
CTA 1654
L 520
TTG 1726
L 54
TCG 1798
S 568
CTA 1870
L 592
GAC 1942
D 616
ACT 2014
629
ACA 2086
CCT 2158
TAT 2230
TGT 2302
CTG 2374
CIT 2446
AAC 2518
TCC 2590
TCC 2662
GTT 2734
ATT 2806
GAC 2878
2887

Fig. 3. The nucleotide sequence and deduced amino acid sequence of the hHRI gene. Amino acids are numbered from the initiating
methionine. The stop codon is indicated by an asterisk. A polyadenylation signal is underlined. The two heme regulatory motifs
(HRM1, HRM2) are shaded. The sequence has been deposited in GenBank (accession number AF 255050).
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- I i 11 } 111 : v
h-HRI FEELATLGKG GYGRUSYKVR NKLDGQYYAI KKILIKGATK TVCMK---VL REVKVSLAGL QHPNIVGYHT AWTEHVH---
m-HRI FEELATLOKG GYBRU-YKVR NKLDGQHYAI KKILIKSATK TDCMK---VL REVKV-TAGL QHPNIVGYHT AWIEHVH---
rat-HRI FEELAILGKI YKVR NKEDGQHYAT KKILIKSATK TDOMK---VL REVKV-LAGL QHPNIVGYHT AWIEHVH---
rabbit-HRT FEELSILGKE GYGRV-YKVR NKLDGQYYAI KKILIKGATK TDCMK---VL REVKV-LAGL QHPNIVGYHT AWIEHVH---
PKR FKEIELIGSG GFEQY-FKAK HRIDGKTYVI K
GON2 IKRLHFSGAG AFGOY-VKAR NALDTRYYAT K
CIK2 FQKVEKIGEG TYGVV-YKAR NKETGEVVAL KKIRDTE-TE GVPST---AT REISL-IKEL NHPNIVKLLD VIHTENK---
ERK2 YINLSYIGEG AYGMU-CSAY DNENKVRVAI KKISPFE-HQ TYCQR---TL REIKI-LLRF RHENIIGIND IIRAPTIEQM
CaMPK YOLFEELGKG AFSVY-RRCV KVEAGQEYAA KIINTKKLSA RDHQK---LE REARI-CRLL KHPNIVRLHD SISEE-----

v 1 Vla |
h-HRT VIQPRA (140) ~—-LHIGMAL CELSLWDWIV ESRNKRGREY VDESACPYVM ANVATKIFQE LVEGVFYTSH NVGTVHRDL
m-HRI YVQPQ- (134) ---LHIQMOL CELSLWDWIT E-RNKRSREY VDEAACPYWM ASVATKIFQE LVEGVFYI-H NMGIVHI
rat-HRI VIQPQ- (134) ---LHIQMOL CELSLWDWIA E-RNKRSRKC VDEAACPYVM ASVATKIFQE LVEGVFYI-H NMGI
rabbit-HRI VHV-QA (128) ---LHIQMQL CELSLWDWIA E-RNRRSREC VDESACPYVM VSVATKIFQE LVEGVFYI-H NMGIVHELI
PKR FDYDPE (23)
GCN2 (112)
CIK2 ~ mmmmmeemme
ERK2 ~ —mmmemeeo KD
CaMPK --GHHYLIFDL

Vib f VI : VIII . IX —
h-HRI SUTFLHGPD 0--QVKIGEE GLACTDISLQ KNTDWINRNG KRTPTH-TSR VHICLY-ASP EQLEGSSEYD AKSDMYSLGV
n-HRI PRNIFLHGPD Q--QUKIG CADI-IQ -NADWTNRNG KGTRTH-TSR VGICLY-ASP EQLEG-SQYD AKSEMYSLGV
rat-HRI ‘ ASP HQLEG-SEYD AKSIMYSLGV
rabbit-HRI PRNIFIHGPD Q--QVKIG CADI-1Q KNAARTSRNG ERAPTH-TSR VGTCLY-ASP EQLEG-SEYD AKSDMYSVGV
PKR BSNIFLVDTK F GLVISL---- —-—--m==n= KNDGKR-TRS KGILRY-MSP EQISS-QDYG KEVBLYALGL
GCN2 PKNIFIDESR AKNVHRSL DILKLDSONL PGSSDNLTSA IGIAMYVATE VLDGT-GHYN EKIBMYSLGI
CIK2 ONLLINTEG ARAF---- —---=--- G VPVRTY-THE VVILWYRAPE ILLGC-KYYS TAVBIWSLGC
ERK2 SSNLLINTTC J LTEY VATRWYRAPE IMLNS-KGYT KSIDIWSVGC
CaMPK OF, IEV---- =mmmmmmmem EGEQOAWFGF AGIPGY-LSP EVLRK-DPYG KPVDLWACGY

f f XI
h-HRT VLLELFQPFG TEMERAEVLT GLRSTGQL-- ~-P------= ====-----E SLRK---=-- --- RCPVQAK YIQHLTRRNS
p-HRI ILLELFQPFG TEMERATVLT GVR-TGRI-- --~RCPVOAK YIQLLTGRNV
rat-HRI TLLELFQPFG TEMERATVLT GVR-TGRI-- --P------- ====----~E SLSK------ --- RCPVQAK YIQLLTGRNA
rabbit-HRI I1LLELFQPFG TEMERAEVLT GVR-AGRI-- =-P------- -------=-D SLSK------ --- RCPAQAK YVQLLTRRNA
PKR ILAELLHVCD TAFETSKFFT DLR-DGIIS- ----=--=== ====--=--= =D[--mmmm --- FDKKEKT LLOKLLSKKP
GON2 IFFEMIYPFS TGMERVNILK KLR-SVSI-E FPP------- -===----- D FDDN------ --- KMKVOKK TTRLLIDHDP
CIK2 IFAEMVTRRA LFPGDSEIDQ LFRIFRTLGT PDEVVWPGVT SMPDYKPSFP KWARQDFSKV VPPLDEDGRS LLSQMLHYDP
ERK2 ILAEMLSNRP [FPGKHYLDQ LNHILGILGS PSQEDLNCII NLKARNUYLL HKNKVPWNRL FPNADSKALD LLDKMLTENP
CaMPK ILYILLVGYP PFSDEDQHRL YQQIKAGAYD FPS------n —==---=== P EWDT------ -—- VIPEAKD LINKMLTINP

_—
h-HRI SQRPSAIQLS LQSELF
n-HRI SQRPSALQL- LQSELF
rat-HRI AGRPSALOL- LQSELF
rabbit-HRI SORPSALOL- LQSELF

PKR EDRPNTSEI- LRTLTV

GCN2 NKRPGARTL- LNSGWL
CDK2 NKRISAKAA- LAHPFF
ERK2 HKRIEVEQA- LAHPYL
CaMPK SKRITAAEA- LKHPWI

Fig. 4. Alignment of the conserved catalytic domains of hHRI with other serine/threonine protein kinases. The conserved catalytic
domains are indicated by the Roman numerals (I — XI). The catalytic domains and subdomains of several kinases were aligned by
using the DIALIGN2 program. There is an insertion of about 140 amino acids in HRI between domains IV and V as indicated. The

consensus sequences are shaded.

nucleotide sequence analysis revealed that it has 94
nucleotides preceding the first ATG codon and then an
open reading frame of 1,890 bp (nucleotides 95-1,981),
followed by 803 bp of a 3’-noncoding region. The
cDNA sequence was predicted to encode a protein
of 630 amino acids (Fig. 3) with a molecular mass of
73 kDa. The amino acid sequence deduced from hHRI
contains 12 conserved catalytic subdomains of Ser/Thr
protein kinases (Fig. 4) and it posseses two conserved
heme regulatory motifs (Fig. 3). Comparison of the
amino acid sequences of hHRI with those of mouse
liver, rat brain and rabbit reticulocyte HRIs displayed
85% overall amino acid sequence identities, respectively.

It is notable that the greatest variation is concentrated
in the unique insertion sequence of about 140 amino
acids located between catalytic subdomains IV and V
(Fig. 4). All these data indicated that the hHRI cDNA
encodes a novel HRI family member. The motif analysis
by the Prosite database showed that hHRI has several
potential casein kinase-II phosphorylation sites, protein
kinase C phosphorylation sites, and cAMP- and cGMP-
dependent protein kinase phosphorylation sites.

Tissue distribution of hHRI To examine the tissue
distribution and the level of expression of hHRI we
performed Northern blot hybridization. Of the various
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Fig. 5. Expression pattern of hHRI in normal human tissues and cancer cell lines. The blots with 2 pug of mRNA from several selected
adult human tissues (A) and cancer cell lines (B) were hybridized with **P-dCTP-labelled hHRI cDNA. The positions of the RNA size

markers are indicated in kilobases.

human tissues analyzed (Fig. 5A), hHRI transcripts
were detected as a 3.0 kb single band. hHRI was
ubiquitously expressed in a variety of human tissues and
the level of transcription was relatively high in heart,
testis, and pancreas and relatively low in lung, and
skeletal muscle. In the cancer cell lines, the hHRI was
found to be more abundantly expressed in chronic
myelogenous leukemia K-562, and colorectal adenocar-
cinoma SW480 (Fig. 5B).

Discussion

We have cloned and sequenced a human homologue of
HRI from a human dermal papilla cell. The molecular

cloning of hHRI reveals an open reading frame that
contains conserved catalytic domains of protein kinases
and the consensus sequences of serine/threonine protein
kinase (Fig. 4). hHRI cDNA contains all 12 catalytic
domains with invariant amino acid residues. The
consensus ATP-binding sequence Gly-Xaa-Gly-Xaa-
Xaa-Gly and the invariant valine residue located two
positions downstream from the Gly-Xaa-Gly-Xaa-Xaa-
Gly are conserved in hHRI domain I. In domain II, the
invariant lysine residue has been shown to be indis-
pensable and to be involved in the phosphotransferase
activity of protein kinases (Hanks and Hunter, 1995).
In hHRI this invariant residue is Lys-196. Domain VI
contains the consensus sequence that specifies either
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serine/threonine protein kinase or tyrosine protein
kinase. hHRI possesses Asp-Leu-Lys-Pro-Arg-Asn in
domain VI, which is characteristic of the serine/threo-
nine protein kinases. Asp-Phe-Gly located in domain
VII is the most conserved short stretch in the catalytic
domains of protein kinases and is probably involved
in ATP binding. This motif is also found in hHRI as
Asp-Phe-Gly in domain VII. In domain VIII the Ala/
Ser-Pro-Glu consensus sequence essential for catalytic
activity of the protein kinases is also found in HRI.
Domain VIII of HRI contains the other consensus
sequence for the serine/threonine protein kinases,
Gly-Thr-Cys-Leu-Tyr, where underlined residues are
conserved amino acids. The conserved amino acids in
domain IX, also found in HRI, are likely to be involved
in elF-2 binding. This suggests that HRI cDNA encodes
a serine/threonine protein kinase. HRI cDNA contains
a unique insertional sequence of about 140 amino acids
between catalytic domains IV and V. PKR and GCN2
also possess such inserts in subdomain V, but they are
shorter than the HRI.

Hemin may inhibit the binding of ATP to HRI by
inducing a conformational change in HRI that brings
the essential sulfhydryl groups into close proximity and
consequently promotes disulfide-bond formation. For-
mation of a disulfide-linked dimer is not unique to HRI,
and has been reported for two receptor tyrosine kinases
(RTKs), the colony-stimulating factor-1 (CSF-1) recep-
tor and the platelet-derived growth factor (PDGF)
receptor. Activation of all RTKs appears to involve
receptor dimerization. The binding of CSF-1 (Li and
Stanley et al., 1991) and PDGF (Li and Schlessinger
et al., 1991) to their respective receptors stimulates both
noncovalent dimerization and disulfide-linked dimeriza-
tion of the receptors. The disulfide-linked dimerization
of the CSF-1 receptor is thought to be involved in
ligand-induced receptor internalization (Li and Stanley
et al., 1991), but the exact role remains to be determined
for both PDGF and CSF-1 RTKs. It is interesting to
note that HRI and these two RTKs possess kinase
insertion sequences that separate the conserved kinase
domains. The kinase insertion sequences may be
involved in dimerization.

In our study for the screening of differentially
expressed genes in ovarian cancer using a cDNA array,
we identified 13 differentially expressed genes (Table 1).
Among them, only two genes, laminin-binding protein
(van den Brule ef al., 1994) and PTP family members
(Warabi et al., 2000; Wiener et al., 1996), were previ-
ously reported that were up- or down-regulated in
ovarian cancers. The remaining 11 genes need to be
investigated.

We have provided evidence that the mRNA encoding
hHRI is expressed in all human tissues examined by
Northern analysis and revealed a broad range of
expression levels of hHRI mRNA in many of the

tissues investigated. The general abundance of hHRI
mRNA in human nonerythroid tissues may indicate
that HRI plays an additional role in mammalian cells. It
will be important to establish alternative mechanisms of
regulation of HRI in those cells that do not produce
significant levels of hemin.

Overexpression of the dominant-negative PKR
mutants (Lengyel, 1993) or of the 58 kDa cellular
inhibitor of PKR (Barber et al., 1994) in NIH 3T3
cells has been shown to cause oncogenic transforma-
tion. Thus, elF-2a kinases may be considered as tumor
suppressors. The down regulation of hHRI in epithe-
lial ovarian cancer also suggested that it may work as
an important regulator of tumor cell metabolism. So
far, eIF-2a is the only known physiological substrate
of HRI, but it has been reported that HRI and PKR
can phosphorylate the inhibitor of a ubiquitous
nuclear transcriptional factor, NF-xB (Ghosh and
Baltimore, 1990; Kumar et al., 1994). Thus, our
finding that hHRI, like PKR, is an ubiquitous
mammalian elF2a kinase suggests that these proteins
may also play a role in the growth and differentiation
of nonerythroid cells.
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