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The structural organization of the gene for the human cysteine-proteinase inhibitor cystatin C was studied. Restriction-
endonuclease digests of human genomic DNA hybridized with human cystatin C cDNA and genomic probes produced
patterns consistent with a single cystatin C gene and, also, the presence of six closely related sequences in the human
genome. A 30 kb restriction map covering the genomic region of the cystatin C gene was constructed. The positions of
three polymorphic restriction sites, found at examination of digests of genomic DNA from 79 subjects, were localized in
the flanking regions of the gene. The gene was cloned and the nucleotide sequence of a 7.3 kb genomic segment was
determined, containing the three exons of the cystatin C structural gene as well as 1.0 kb of 5'-flanking and 2.0 kb of 3'-
flanking sequences. Northern-blot experiments revealed that the cystatin C gene is expressed in every human tissue
examined, including kidney, liver, pancreas, intestine, stomach, antrum, lung and placenta. The highest cystatin C
expression was seen in seminal vesicles. The apparently non-tissue-specific expression of this cysteine-proteinase inhibitor
gene is discussed with respect to the structure of its 5'-flanking region, which shares several features with those of
housekeeping genes.

INTRODUCTION

Cystatin C is a cysteine-proteinase inhibitor with widespread
distribution in human biological fluids (Abrahamson et al.,
1986). It is a low-molecular-mass protein consisting of 120 amino
acid residues in a single polypeptide chain (Grubb & L6fberg,
1982) and belongs to Family 2 of the cystatin protein superfamily
(Barrett et al., 1986a). Cystatin C is synthesized as a preprotein
with a signal peptide, indicating that the functions ofthe inhibitor
are mainly extracellular (Abrahamson et al., 1987).
The amino acid sequences for the polypeptide chains of the

three other human Family 2 cystatins known, namely cystatins S,
SN and SA (Isemura et al., 1984, 1986, 1987), show that they are

evolutionarily very closely related, with approx. 90% identical
residues in pairwise comparisons. They also display immuno-
chemical cross-reactivity. Their 121-amino-acid-residue se-

quences demonstrate about 50% identity with that of cystatin C.
Cystatin S-immunoreactive cystatins are mainly found in secre-
tions like saliva, tears and semen, and their extracellular dis-
tribution is thus more restricted than that of cystatin C (Abra-
hamson et al., 1986).
The primary structures of four additional human cystatins are

known. Cystatins A and B (Turk et al., 1983; Ritonja et al., 1985),
both consisting of polypeptide chains of 98 amino acid residues
and with a mainly intracellular distribution, are members of
Family 1. The high-molecular-mass glycoproteins L- and H-
kininogen (Ohkubo et al., 1984; Kitamura et al., 1985) constitute
Family 3 of the cystatin superfamily. In human body'fluids, the
kininogens are mainly found in blood plasma and synovial fluid
(Abrahamson et al., 1986). The eight members of the cystatin
superfamily in humans so far characterized are all tight-binding
inhibitors ofpapain-like cysteine proteinases (reviewed by Barrett
et al., 1986b).

Cystatin C has a key role in the development of brain

haemorrhage in patients suffering from hereditary cystatin C
amyloid angiopathy (HCCAA), in which it is deposited as
amyloid in the walls of the rupturing cerebral arteries (Cohen
et al., 1983; Grubb et al., 1984). We recently described the cloning
of a cDNA for human cystatin C (Abrahamson et al., 1987). The
cDNA detects a restriction-endonuclease-Alul restriction-frag-
ment-length polymorphism (RFLP) in DNA from HCCAA
patients, but not from unaffected relatives or normal control
subjects, which shows that a mutated cystatin C gene causes the
disease (Palsdottir et al., 1988). Using this cDNA in Southern-
blot analysis of DNA from human-rodent cell hybrids, we have
assigned the human cystatin C gene to chromosome 20 (Abra-
hamson et al., 1989). In the present study we have used the
cDNA as a probe in order to characterize the human cystatin C
gene and study its expression in human tissues.

EXPERIMENTAL

Reagents
Oligonucleotides were synthesized with an Applied Biosystems

Nucleotide Synthesizer. They were purified by PAGE in 7 M-

urea, followed by phenol/chloroform extractions and ethanol
precipitation. [y-32P]ATP (3000 Ci/mmol), [a-32P]dCTP
(3000 Ci/mmol) and [La-35S]dATP (600 Ci/mmol) were obtained
from Amersham International. Oligonucleotides were radio-
labelled with [y-32P]ATP and phage-T4 polynucleotide kinase
(Boehringer) to a specific radioactivity greater than
108 c.p.m./,ug. Double-stranded DNA probes were labelled to
high specific radioactivity (> 109 c.p.m./,ug) with [c_-32P]dCTP
by using a commercial random-priming kit (Multiprime; Amer-
sham International). Restriction endonucleases and DNA-
modifying enzymes were purchased from International Bio-
technologies, New Haven, CT, U.S.A., unless otherwise stated.

Abbreviations used: nt, nucleotide(s); HCCAA, hereditary cystatin C amyloid angiopathy; RFLP, restriction-fragment-length polymorphism; p.f.u.,
plaque-forming units.

§ To whom correspondence and reprint requests should be sent.
These sequence data will appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under the accession number X52255.
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Genomic Southern blotting and hybridization
Genomic DNA was isolated from human blood cells (Bell

et al., 1981). Digests of genomic DNA (8 Fsg) were separated by
electrophoresis in agarose gels and transferred to nylon filters
(Hybond-N; Amersham International). Hybridization to radio-
labelled human cystatin C cDNA or genomic probes was
accomplished as previously described (Palsdottir et al., 1988).
The cystatin C cDNA probe used (designated C6a) consists of
771 bp flanked by linker sequences with EcoRI sites. The cDNA
contains coding sequence for the entire mature protein and a
putative signal peptide, 74 bp of 5' non-coding sequence and
259 bp of 3' non-coding sequence, including a polyadenylation
signal 11 bp from the 3' end (Abrahamson et al., 1987).

Screening of a human genomic library
A human genomic library in A Charon 4A phage vector was

kindly given by Dr. R. Wydro, Integrated Genetics, Framing-
ham, MA, U.S.A. Approx. 5 x 105 plaque-forming units (p.f.u.)
of the genomic library (with Escherichia coli 803 as host) were
screened for clones carrying the cystatin C gene by plaque
hybridization with the radiolabelled full-length human cystatin C
cDNA as probe. Hybridizing plaque were purified, and phage
DNA was isolated from plate lysates by standard procedures
(Maniatis et al., 1982). Digests of isolated DNA from the clones
were analysed with respect to hybridization to radiolabelled
cDNA and to oligonucleotides oCl and oC2 (see Fig. 2 below),
corresponding to the 5' and 3' ends of the cDNA respectively.
Restriction fragments of phage clone inserts were subcloned in
pUC18 and amplified using E. coli JM109 as host.

Polymerase chain reaction
A sample of extracted A-phages from a plate lysate of clone

AC3 (105 p.f.u./cl) was dialysed overnight against distilled water.
A 50,u portion of the dialysed sample was directly used as
source of template DNA for enzymic amplification in a 100 ,ul
reaction mixture containing 2.5 units of Taq polymerase (Cetus
Corp.) and oligonucleotides Cg5 and CIV (see Fig. 2 below),
both at 1 ,UM final concentration, as primers. In all, 30 cycles of
amplification (each cycle: denaturation, 92 °C for 1 min; primer
annealing, 55 °C for 1 min; extension, 72 °C for 1 min) were
accomplished by using a programmable heating block (Hybaid).
The major amplification product was isolated by preparative
agarose-gel electrophoresis, phosphorylated using phage-T4 poly-
nucleotide kinase (Boehringer) and ligated in the SmaI site of
M13mpl8.

Nucleotide sequence analysis
The 'shotgun' approach (Bankier & Barrell, 1983) was used to

generate a random selection of templates for sequencing of large
gene fragments. Nucleotide sequences were determined by dide-
oxy sequencing with [a-35S]dATP as labelled deoxynucleotide
(Biggin et al., 1983) on subclones in Ml3mpl8 or Ml3mpl9
vectors (Pharmacia), using the M13 universal primer and the
Klenow fragment of E. coli DNA polymerase I (Boehringer) or
a modified phage-T7 DNA polymerase (Sequenase; United States
Biochemical Corp.). The sequence of GC-rich regions resulting
in compressed gel bands were solved by substituting ITP for
GTP in the sequencing reactions, as described by the manu-
facturer of the Sequenase kit.
For a given large DNA fragment, sequence data from ran-

domly generated templates was collected until approx. 85 % of
the nucleotide sequence of the fragment was determined on both
strands. In order to obtain complete double-stranded sequence
for the fragment, two different strategies were followed. In the
first of these, 17-mer oligonucleotides corresponding to sequences

approx. 50 bp upstream of the sequences to be determined, for
subsequent use as primers in sequencing reactions with appro-
priate random subclones in M13, selected from previous
sequence data, were synthesized as templates. Alternatively,
inserts ofpreviously sequenced M I3mpl 8 subclones were cleaved
out with EcoRI/HindIII, isolated and reintroduced in M13mpl9,
thereby allowing sequencing of the other strands of the inserts.

Nucleotide sequences were aligned and analysed by computer
programs described by Staden (1982a,b).

Northern-blot analysis
A human placenta was obtained immediately after delivery.

Other human tissue specimens were collected at autopsy, within
15 h after death. Total cellular RNA from the tissue samples was
isolated according to Chomeczynski & Sacchi (1987). RNA
samples of approx. 10 jug were electrophoresed in I %-agarose/
formamide denaturing gels and subsequently blotted on to
Hybond-N nylon filters (Amersham International). Pre-
hybridization and hybridization to radiolabelled cDNA
(5 x 106 c.p.m./ml) in 50 % formamide was performed at 42 'C.
Filters were washed at a final high stringency in 0.2 x SSC
(1 x SSC = 150 mM-NaCl/15 mM-sodium citrate, pH 7.0)/0.5%
SDS at 68 'C for 30 min.

RESULTS AND DISCUSSION

Mapping and cloning of the human cystatin C gene
Single and double digests of genomic DNA with 12 restriction

enzymes were analysed by hybridization after Southern blotting,
at first with cystatin C cDNA and, after cloning of the cystatin
C gene (below), with genomic fragments C3A-C (see the legend
to Fig. 1) as probes. The restriction-digest data were consistent
with a single cystatin C gene and allowed the construction of a
30 kb map of the genomic region covering the gene (Fig. la).
Using the same hybridization probes, we have previously found
three polymorphic restriction sites on examination ofDNA from
79 (34 unrelated) individuals (Palsdottir et al., 1988). Two of
these, for PstI and SacI, were localized to positions within the
30 kb map, both downstream from the structural gene (Fig. 1).
The third polymorphic restriction site, for EcoRI, was mapped to
a position 18 kb downstream from the central EcoRI site in Fig.
1(a).

Five out of approx. 5 x 105 A-phage clones in a human genomic
library exhibited strong hybridization signals to a full-length
human cystatin C cDNA probe (Abrahamson et al., 1987). One
of the clones contained restriction fragments that hybridized
both to an oligonucleotide probe corresponding to a sequence in
the 5' end of the cystatin C cDNA and one in the 3' end (Fig. 2).
The insert of this clone, designated AC3, was cut out with EcoRI.
Due to an internal EcoRI site this resulted in two fragments of
5.0kb (C3E1) and 10.5 kb (C3E2). C3E1 and C3E2 were sub-
cloned in pUC18 and analysed by restriction-endonuclease
cleavage and Southern-blot analyses. The partial maps of the
clones were in full agreement with the genomic map of the
cystatin C gene (Fig. 1). A 3.3 kb XbaI-EcoRI fragment of C3E1
and a 4.0 kb EcoRI-BamHI fragment of C3E2 were sequenced
(Fig. lb). A DNA fragment overlapping the fragments C3E1 and
C3E2 was obtained by oligonucleotide-directed enzymic ampli-
fication using olignucleotides corresponding to sequences in the
3' end of C3E1 and in the 5' end of C3E2 (respectively) as
primers (Fig. 2) and DNA from phage clone AC3 as template.
Both strands of the 421 bp amplification product were sequenced,
showing that no additional EcoRI fragment was present between
the gene fragments C3EI and C3E2. Thereby was the entire
nucleotide sequence of a 7.3 kb genomic segment containing the
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Fig. 1. Structure of the human cystatin C gene

Exons are depicted by solid boxes. (a) Restriction map of a 30 kb region around the cystatin C gene, mapped using genomic DNA and 12
restriction enzymes. The probes used to construct the map were the human cystatin C cDNA, C6a (Abrahamson et al., 1987) and three genomic
fragments from the genomic library clone AC3: A, S kb EcoRI fragment, B, 1.2 kb Hindlll-BamHl fragment and C) 6 kb Hindlll-EcoRI fragment.
Restriction enzymes: K, Kpnl; E, EcoRI; G, BglII; O, Xhol; T, Taql; S, Sacl; B, BamHI; C, Hincll; P, Pstl; D, DraI; X, XbaI; H, HindIII. Pstl
sites are only shown in the flanking DNA, the number of sites within the gene being too many to depict. Two polymorphic restriction sites within
the mapped region are indicated (*). (b) Sequencing strategy. A partial map of the insert of the genomic clone, AC3, is shown. The insert was cut
out with EcoRI and the resulting two fragments of 5.0 kb (C3E) and 10.5 kb (C3E) were subcloned in pUC18. A 3.3 kb Xbal-EcoRI fragment
of C3E1 and a 4.0 kb EcoRI-BamHl fragment of C3E2 were sequenced. The arrows indicate direction and length of gel readings from different
M 13 subclones. The arrows marked with an asterisk represent sequences determined using oligonucleotides corresponding to parts of the cystatin
C gene sequence as primers, either in sequencing reactions or for enzymic amplification.

cystatin C gene determined on both strands, with each nucleotide
determined on average 5.5 times.

Structural analysis of the human cystatin C gene

Comparison of the cystatin C gene sequence with that of the
human cystatin C cDNA (Abrahamson et al., 1987) showed that
the human cystatin C gene is composed of three exons. The gene
has two intron sequences of 2252 and 1254 bp respectively,
resulting in an overall gene size of approx. 4.3 kb (Fig. 2). The
introns are positioned between the nucleotide triplets encoding
amino acid residues 55-56 and 93-94 of the mature protein
(Grubb & L6fberg, 1982) respectively. All intron-exon junctions
are close matches to the consensus sequences proposed for the
donor and acceptor sites of introns (Mount, 1982). The positions
of the introns are exactly identical with the ones in the cystatin
SN and cystatin SA genes (Saitoh et al., 1987). However, the first
intron in the cystatin C gene is considerably larger than the first
introns in the cystatin SN and cystatin SA genes (151 1 bp for the
cystatin SN gene and approx. 1200 bp for the cystatin SA gene).
The introns in the three sequenced Family 2 cystatin genes
occupy positions similar to those occupied by the introns within

the three repeats in the upstream part of the human kininogen
gene, which encode the three Family 2 cystatin-like N-terminal
domains of L- and H-kininogen (Kitamura et al., 1985).
The only deviation seen when the exon parts of the cystatin C

gene is compared with the cDNA is a guanosine residue at
position 1072 of the gene sequence (Fig. 2), which is not found
in the cDNA. We re-examined the corresponding part of the
cDNA sequence after carrying out sequencing reactions on both
strands with ITP substituted for GTP, which normally solves
sequences in GC-rich regions, but failed to demonstrate an
additional guanosine residue at this position. The observed
deviation is therefore probably due to an artefact at cDNA
synthesis. Alternatively, it could represent a genetic variation.
During the final preparation of this manuscript, a report de-
scribing the sequences of the exon and exon flanking parts of the
human cystatin C gene was published (Levy et al., 1989).
Examination of the sequences of those cystatin C gene segments
revealed 12 smaller differences compared with the sequence given
here (Table 1). Levy et al. (1989) give no details as to the amount
of sequencing supporting their published sequences, but in all
these regions our sequence has been unambiguously determined
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TCAGACCTTGACCAAATGCTCACGGATACTCAGGACCTCCGAAGACTCCGGAAGGCCGAGACCTCTATCTTTCCCT1TTCTGAGGAAATGAAGCTAGGG
Xba I

GGTCGTATGCTTTTAGGGCCCAGGGGGCCTTGACACCTCTCTGGAGGGCAGGGTGACCTMGCTTGGGAGGAGGGACAGGTCTTTGGGAAGAGATGGAGC
* EC

TGAGGGGGTGGAGTGGGTAGAAGGGGGGCATAGGTGTGGAAGGGGTGGGGGAAGAGGGGCCAGGAGTGGGGTGAGAAGAGGGGAAAGAAGAGGATAGGAG
. * Z * GC box

GGACAGGGACAGGGAGAGGCCAGGAATGGGTAGGAAGGGAAGACAGAGGAGGCGGACGAGGGAGGGGCGATGAAGAGGGGCCGAGCTGGGGTGGGGG

CGAAGTGGGAGCAAGGACAGGAGTGGAGGAGGGAGATGAGGGGCATGGGAGGCGGTGTCTGGGGGTTGAAAGGGGAAAGGGACAGAGGAGAAGGAGCCTG

*~ ~* *= -----b-r--3a---2------3a--

AAGAGTGGCGGCATGGAGGGGCCCGAAGTGGGGAGGTGGGAATGGTCGGATGGATGGGGAGGAATGGGGAGGATAGGAGAGGCAGGGGAGGCTGGAAGAC

* * *. * * MetAlaGlyProLeuA
CCTCGGTATCGCAGCGGGTCCTCTCTATCTAGCTCCAGCCTCTCGCCTGCGCCCCACTCCCCGCGTCCCGCGTCCTAGCCGACCATGGCCGGGCCCCTGC

-10 1 10

GGCGAGGAGACTGCTCCGCTAGGCATCCTGGCGCGTGAGGCCCQCGGGAGCGGGAGCCCCGCAGGGCTCAGTCCGGGGAGGAGCCGCGCGCCGGTGGGAGGGCCC

20 30 40

50 55
LeuGlnValValArgAaArgLysGln* * * *

CGCGAGGTGGTCGCGCCCGCAAGCAGGTGCGTGCCGCCCCCCGCAGGGTCCGAAGCCCCGGCCCCGCCGTCcCCAGCCTCCCCCGCGCTGCTCCCGGAC

CCCGTGCTGCTCCTCTCCGGCGCCTGGGCTTCTCACCCGGACCCTGTCCCGCGCCCTCGCTGTCACCCCCGATCCCTTGGCGGGCGTGTCCGCCAATGCC

CTGCAGTCTGGCCTCCTCTGGACCGCACGGACACGTCAGGTCCGCGCCCGGCGCCTAAGATCAGCTTCCAGGAGCCAGCTCGAGCTGCGCCGCAGCGCGG

GAGGCAGGCACAGGCGTCCCAGGAGGAGCTCTGTCCCGACCGTGCACTGGGACTTGCTGTGGCTCGGGTGCAACTGTAAGCCGCAGACGAAGGAAAACQQGCCGGCCG

CTCATCTGGCTGCCTCCGTTCTCCACCAAATAATTCCTAAGCACTTCTGAAGTTATCCCG TAATCTTCAGACTTACAGAGCAGC

TGCAAAATAGCACAGGGCATICCTGTAGATCTTTCACCCAGATCCCTCAGATGTTAGCACAGATGTTAACATTTGCCCTGTTTGTTCCCCCACTCA~C

GGCCTTCGTGCCCTAGGACGCTCCTGGGCCATGAGTGCATCAGTTCAGCCCTGTCCTGTCCCCTCGGCCTCTGTTAACCTGCAGCAGCAGCTGGGTCTGT

GCTCAGTCCTGCCTGGCCTGGAATCTCCGQCAGGGACACGTCACGTCGAGCCTGGCACCTTGATCCGAAGTCQGGAGCQGCCTCCGCAGCTGCACCCGQCGCTGGG

CACAGTCCCCTAGGACTAGCGGCCTTACCCCGCCCCGGCTGACCC CTCCCTACATCCCAGGGCGCTGA GTCCCTGCTGGGGGAGAT ACC

CTGCCTCTATCAGCTGATGCAGAGTTAGACCTCAGCCAGATGAAGACACCCAGCAGACCGGAGTAGGGGGTCGGATCGCGAGGGAGCTTCAGTAGGGCTA

CCAGGCCCAGCTTGACCTGCATCCCATGGCAGAGCAGCGAACAGTGACACAGACTI'rTTAGAGCTCCACCTTCTCTTGGACTTAGAGGAGTCCAGAC

CAGCCGCGTTTTCCGCAGCCGTCAGCTGGGGCCCTCTCCCTGCACAGGAGGGCCATTCCCTGGTGTAGGGTCCCCGCTGGCCTGCACCTCTCTCTCAC

TGGGAGTGAAGCATGGGGCATTGTAGATCGTTGGGCCCTGGAGCCTATTTTACAGGGQAGCAGACTGACACCAGAGGGATCACACTGTCCTGCTGTGCTT

CTACAGGACTTGTGTGTGGTTCCACAGGGCAAGGTCTAGCACCCTGGTCCCAGGGTCCCTCATCCCATGCTTCTCCACAGTTCTGACAAGTCATGTT¶rrL,G

GGGCGGCACTGTGCAGGGAAAGCATTCAGTTCTCTTCTGAAGTTGCAACCCTAAGAATCACAGGTGTGTGACTCACTTTAGAAATATTGCCTTGAAAATC

ACACCTGGAATGGAAGCACGTGGGAAGCAATGTTTATTGGCCTAAAACATCAATGTATGTGAGCATCTCATCTCCTAGTGACAAATGAGGAAAAATACCT
*T* * * *A* * * * A

GCCACGAGCCGTGCCATTCCCAGGGTCATTAGQGGTGTGGATGGAGACTATGCATTCGACTCTGGGGCATTGATCTGCTCGAGCTGAGGACTAGGCQTG

EcoR I

CCCTGCCAGCTGGCAGGAGGAGGTGGCTTG;TGTGCCTTGCAGGTGACAATGTGGGCAGCTCATGAAGGTAGGCTTGAAGCCCCAGGCAAGCCCAGTGACC
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56 a
IleValAlaGlyValAsnTyr

CGGTCACAGTGAAGTGCCTGTGTGTGTAAGAAACTGACAGAACGTGCTGTCCCTGCCTCCTGCTCTTTCACATGTGTAGATCGTAGCTGGGGTGAACTAC
70 80 90 93

PheLeuAspValGluLeuGlyArgThrThrCysThrLysThrGlnProAsnLeuAspAsnCysProPheHisAspGlnProHisLeuLysArg
TTCTTGGACGTGGAGCTGGGCCGAACCACGTGTACCAAGACCCAGCCCAACTTGGACAACTGCCCCTTCCATGACCAGCCACATCTGAAAAGGGTATGTG

CCTTATATGGGTCCAGGGCAGTCTACACTGCGAGGGGTGTGTGwTGTGTGTGTGTGTGTGTGATGCACATGTTCTGAGGGTACGTGTGCATGTGCCT

GAGTGTGTGTACACGTGGAGATGCATATGTGTTTCCAAGTATAGGTTGTGTGGGGAAGTGCACGTGAGTGTGTGCAAGTGGGTGTGTGGATGTGTTGGG

GAAGTGTGGGGGTTTATGCATGGATAGGTGTGGGTGTGTGAGTATATGTGTGTGCACATATGTGTGGGGGTGTCTGTGCACATACQTTCACATACATGGG

GGTTTCTGTGAACATACATGCTGTATTATGAGGAATTACCTGCCCTGTGTGTGTGTGTG
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;AGAGGGATGGAGCAGTCACTGCCCAGTCCAGC

GTGGATTCF

AATTTGAT'

CAGGGCTG(
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rLeuSerLysSerThrCysGlnAspAla***
CTTGTCGAAATCCACCTGTCAGGACG,CCTAGGGGTCTGTACCGGGCTGGCCTGTGCCTATCACCTCTTATGCACACCTCCCACCCCCTGTATTCCCACCC

CTGGACTGGTGGCCCCTGCCTTGGGGAAGGTCTCCCCATGTGCCTGCACCAGGAGACAGACAGAGAAGGCAGGCGGCCTTTGTTGCTCAGCAAGGGG
>)>M>oC2>>M>,>>>>>DA *-l

CTCTGCCCTCCCTCCTTCCTTCTTGCTTCTCATAGCCCCGGTGTGCGGTGCATACACCCCCACCTCCTGCA&TAAAATAGTAGCATCGGCTCCCTCTGAG

TTCTTGGCTGTCTGGGGATGTGCCACAQGGCAGGGTTTCLCGCAGTTCCTTTATGAAGCCTCCTTGTCCTGCTG,GTGTGAAGATGAGAGGAGTACCTGGGA

GCTGACGCGGCCACAGCAAGGCCATCAGGCAAGCTGCTGCTATAGGAGTCCTGAGTCTCAGAGCAGGGAGAGCQGCCAGGGGCTGGGAAACAAGGCGTTG

AGCCACAGCAGCCCCTGGTGAGGGGGTCAGGGAGAGGAGGGGCCCAAGCTGCTGCCCCCAGAAGCTGGGCTGGTGATITGGTCTGAGCTGCTGGTCAGAC

CAGGAGGAGGGAGCTGGCTGTGTCCATAGACAGGGGCCAGGCCTCGGTGGAGCTCGCCAGGTCATAGATTCCATCTGTGCTTGCAGAGTTGAGCAGACCC

CAGGGACTGAGCTGCTCTCATCAAATCCCCTAGACCTAAATAGTGATCAATGCGTGCTTCTTTC;CAAGAGACTTAGGCCCCTACGTGGAAACAAAGTCC

AAAAAGCCTTCTGTGTAACTGAGCAGGAGAAATGCCAGCCAGACCAGAGACCGCAAAGTCCAGAGAAAGTGGCACCTGCTGTCATCCATCCTGGGAG

GCTGTGTCCTCCCAGAGTTTTACAGGCTCATAGCCACCGCCCTTTCTCTGGACTTGGATTAAAACAAGTTGTTAGTCCAGCTTCATGGTAGGGATGAA

GTTAAAGCACAAATGAGACCGACAATGCAGTGGACTCTTCTTTTTrCCAAGGAGGATTAAGAGAGAACATTCCCTTCATGTCAGCATTATCCTATAGlAATA

GTGGATCTTTGTGCCACAAGCAGGAGGCTACAGTCCTAAGACACGCCCACCCTGCACAGTCCTTCCCTTTGCCATTTTAGGACAGGGG'TGCAGCCCTTA

CAGCCAGTGCTGCTGGGGCAGGCCTCCCAGGTACCTTCCAACCTCGGAGCTGCACTGACCCCCTCTTTGGCTGCTGCCATGAACACTGAAGGTGAAATG

ATGAAGGAAAATCCACCCCAGTAGCGCCAAGGCCAGCACCCCACATGCTGTCCCTGCAAAGTCAGAGCAGGGGACACGGCAGGGAGAGTGGGGAGCGTCT

GCTTCCTTTTCCTCTCCACCCTGACTTGCTTTAACAGGGTCTTTGGGGTGAGGGAAGTGTAGCACCCCCTAGGATGCCQTGAGCTGAGGAGATTTGAGTC

TGGGCCTCACCCTGCTGGGGGTGGGTGGTCTTAGTCACTCAGTTTTCTGTGGGGGGTTGGGGGATAGAAGTGGTGGTTGTGGTCAGTGGTAAAGGGTCCC

TGCAGGGAGGTGCTCCTGG CTACCTCGGTGAAGGATCTTTGACACAGGCAACCTCCATCCAGGCACCCAGTGGAAACGGACAGCTGACCATATAGC
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TCTGCAAGAGTTACTTTTACAmTATTTTAAATGTTGATTTAAGTATATACTTCATCTACAGTTATCCATATAAATAGATTCATTACAGGGCCTGGCTCT

GAATAAACACAGTAAGTTGGAGAGGCTTCATTGATCTGGTTCTACACTGGTGGCTTTATAACATAGTGCTTTGACACCTCTTGCATTGTGTTGCTGG

7100

7200

7292
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Fig. 2. Complete nucleotide sequence of the human cystatin C structural gene and flanking regions

The deduced amino acid sequence is shown above the coding parts of the three exons, numbered according to the amino acid sequence of native
cystatin C (Grubb & L6fberg, 1982), with negative numbers for residues in the putative signal peptide. The restriction sites at the ends of the two
sequenced segments of the gene and the 5' and 3' ends of the cystatin C cDNA (Abrahamson et al., 1987) are marked. The positions and directions
of oligonucleotides used as primers for enzymic amplification (Cg5 and CIV) or as hybridization probes (oCI and oC2) are indicated. A putative
TATA-box in the 5'-flanking region and a polyadenylation signal in the 3'-flanking region are underlined. The core sequences of two binding sites
for transcription factor Spl (GC box) and a proposed enhancer core-like sequence (EC) are marked. Three long repeats in the 5'-flanking region
(1, 2 and 3a-b-a) and an inverted repeat sequence in the first exon (arrows) are indicated. A 900 bp GC-rich region in the 5' part of the gene is
depicted by G+C percentage values and the ratio CpG/GpC dinucleotides (in parentheses) to the right of the actual sequence lines.

Table 1. Ambiguous sequence positions in the human cystatin C gene

Differences between the sequences of Fig. 2 and that published by
Levy et al. (1989) are listed. The nucleotide numbering refers to
Fig. 2.

The present Levy et al. Comments on the
Position paper (1989) Fig. 2 sequence*

728 G - DS, compr
928 G - DS, compr
1347-1349 GGG GG- DS, compr
1474-1476 CCC CC- DS, compr
1544-1546 GCG - DS, compr
3393 C - DS (4)
3416-3417 GG G- DS (4)
3462-3463 AT TA DS (4)
4713-4714 GG G- DS (5)
5141 T TT DS (8)
5206-5208 CCC C- - DS, compr, CCC in cDNA
5511 G GA DS, compr

* Abbreviations: DS, the sequence was determined on both strands
(number of independent gel readings in parentheses); compr, the region
is GC-rich, resulting in compressed gel bands; the sequence was solved
by substituting ITP for GTP in the sequencing reactions.

on both strands. Another major difference is seen in the 3' end
of the segment covering exon 2 in Levy et al. (1989). The last
99 nt of this segment, which should correspond to nt 3736-3834
in our sequence, deviates totally from it. Examination of this part
of the Levy et al. (1989) sequence revealed that it is very similar
to a part of the phage M13 sequence and must represent an
overlooked read-through at sequencing.

Flanking regions of the cystatin C gene
The first and last positions of the 771 bp sequence of the

cystatin C cDNA are indicated in Fig. 2. The cystatin C gene
sequence shows that the polyadenylation signal, AATAAA,
present 11 nucleotides upstream of the 3' end of the cDNA (Fig.
2, nt 5271-5276) is the only such signal present in the 2 kb
sequence downstream of the structural gene. Addition of a
normal-sized 100-200 bp polyadenylated tail at an mRNA pos-
ition corresponding to the 3' end of the cDNA would thus result
in a cystatin C mRNA with a size of approx. 900 nt, provided
that the cDNA is full-length. Northern-blot analysis of RNA
from human placenta with the cDNA as probe revealed the
presence of a single mRNA species of 800-900 nt (Fig. 3a), i.e. it
confirms that the cDNA is essentially full-length and hence
indicates that the 5' end of the cDNA is at a position close to the
start site for transcription of the cystatin C gene.
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Fig. 3. Northern-blot analysis of RNA from human tissues

Samples of total RNA were hybridized to radiolabelled cystatin
cDNA after electrophoretic separation and blotting on to nylon
filters. (a) A 50 Fg portion of RNA isolated from a placenta, taken
immediately after delivery. HindIII-cleaved A-phage DNA, end-
labelled using [a-35S]dATP and the Klenow fragment of E. coli
DNA polymerase I, served as size marker ('A x HindIII', left). (b)
RNA samples (10 jug) from human post-mortem tissues (Sem. ves.,
seminal vesicle), isolated within 15 h after death. The positions of
28 S- and 18 S-rRNA bands are shown to the left.

The 5'-flanking region of the gene has a TATA-box-like
pyrimidine sequence, ATAAAA, 45-50 nucleotides upstream
from the position of the 5' end of the cDNA, i.e. at the expected
distance if the 5' end of the cDNA indeed is close to the mRNA
cap site (Breathnach & Chambon, 1981). ATAAA sequences are
found at comparable positions in the cystatin SN and SA genes
(Saitoh et al., 1987). The suggested possible CAAT-box sequence
present 34 nucleotides further upstream in the cystatin SN and
SA 5'-flanking regions, CAT, however, is absent in the cystatin
C gene flanking region.
The 5'-flanking region of the cystatin C gene has a notably

high GC content, with > 70% G +C in the 400 bp sequence
upstream from the translation start site (Fig. 2). This GC-rich
'island' also includes the coding part of exon 1 and the 5' part of
the first intron, totally giving a 900 bp region with aG+ C content
of 73 %. A large number of CpG dinucleotides are found in this
region, resulting in a ratio of CpG/GpC dinucleotides close to
unity (Fig. 2). This region thus has the properties of an 'HTF
island', where CpG dinucleotides are non-methylated in contrast
with most of the CpG dinucleotides found, at much lower
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frequency, elsewhere in the genome (Bird, 1986). The pre-
dominant number ofpreviously located HTF islands are found in
promoter regions of housekeeping genes, i.e. genes that are
constantly transcribed in most tissues (Bird, 1986).
Two sequences which agree with ' GC-boxes ' with a core

consensus GGGCGG, or its inverse, which has been shown to be
present in several housekeeping genes and to bind transcription
factor SpI (Dynan, 1986) are present in the I kb 5'-flanking
region of the cystatin C gene (Fig. 2). An enhancer core-like
sequence (Sassone-Corsi & Borrelli, 1986) is also found in this
region (Fig. 2). Sequences normally associated with the promoter
regions of tightly controlled genes, such as hormone-responsive
elements (Berg, 1989), however, are absent.
The I kb 5'-flanking region of the cystatin C gene is highly

repetitive. A striking pentanucleotide repeat, GGAGG, which
previously has been observed to be present in ten copies in the
1.4 kb 5'-flanking region of the human leucocyte elastase gene
(Takahashi et al., 1988) is repeated 35 times. This pentanucleotide
sequence is included in three longer direct repeats of 17 nt (three
copies), 15 nt (two copies) and 31 nt (two overlapping copies).
The copies of the three longer repeats are all found within
400 bp upstream of the proposed TATA box (Fig. 2) and could
therefore represent elements of importance for transcription of
the cystatin C gene. A 16 nt sequence starting 17 residues
downstream of the proposed TATA box, i.e. around the expected
start position for transcription of the cystatin C gene, is found in
an inverted copy 57-72 nt downstream from the translational
start site (Fig. 2). This inverted repeat would probably be of
importance for the secondary structure of the cystatin C mRNA.

Expression of the human cystatin C gene
RNA was isolated from human autopsy tissue specimens in

order to study the expression of the cystatin C gene. The cystatin
C cDNA detected mRNA species in kidney, liver, pancreas,
intestine, stomach, antrum, lung, seminal vesicles and placenta,
i.e. in all tissues examined (Fig. 3b). The strongest signal was seen
for seminal-vesicle RNA. The Northern-blot results thus cor-
relate well with the results of a previous study, which has shown
that cystatin C is present in all major human biological fluids
and, also, that seminal plasma has the highest cystatin C content
of these (Abrahamson et al., 1986).
The apparently non-tissue specific expression of the cystatin C

gene could be related to the structure of its 5'-flanking region,
which shares some properties with the promoter region of
'housekeeping genes', i.e. lacks typical CAAT-box, is notably
GC-rich and contains binding sites for transcription factor Spl
(Dynan, 1986). The gene for the Family 3 cystatin, kininogen, is
predominantly expressed in liver and has a promoter region with
lower GC content, typical CAAT and TATA boxes and lack
Spl-binding sites (Kitamura et al., 1985). The expression of the
genes for Family 2 cystatins, cystatin SN and cystatin SA, seems
to be more restricted than that of the cystatin C gene, with
expression products mainly found in secretions like saliva, tears
and semen (Abrahamson et al., 1986). The 340 bp sequence
upstream of the translation start site in the cystatin SN gene and
the corresponding 135 bp upstream sequence of the cystatin SA
gene have been determined (Saitoh et al., 1987). These sequences
are similar to the corresponding part of the 5'-flanking region of
the cystatin C gene with respect to high GC content (61 and 64%
respectively), but they differ in having a significantly lower CpG
content (ratio CpG/GpC of 1/9 and 1/16 respectively) and in
having a proposed CAAT box, which is not found in the 5'-
flanking region of the cystatin C gene. Also, the proposed Spl-
binding 'GC box' sequence closest upstream from the mRNA
cap site in the cystatin C gene is absent from the cystatin SN and
SA genes.
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Fig. 4. Genomic sequences related to the sequence of the human cystatin C
gene

Scal digests of genomic DNA, hybridized to (1) cystatin C cDNA
and (2) probe C3C (6 kb HindIII-EcoRI genomic fragment from
clone AC3, see Fig. 1). Asterisks (*) show weak bands which did not
hybridize to the 3'-flanking DNA probe, C3C. The positions of
Hindlll-cut A-phage DNA size-marker bands are indicated. The
blot was washed four times at 68 °C in 2 x SSC/0.1 % SDS and
finally for 10 min in 0.2 x SSC at 68 'C.

Size of the Family 2 cystatin gene family
Protein-sequence data for cystatins C, S, SN and SA have

shown that they belong to the same protein family as defined by
Dayhoff et al. (1979). The similarities in structure for the cystatin
C, SN and SA genes, e.g. with respect to identical positions of
intron sequences, reflects this grouping at the DNA level. At
hybridization with the cystatin C cDNA to restriction-endo-
nuclease digests of genomic DNA, we obtained results consistent
with at least seven cross-reacting sequences in the genome. For
example, the cystatin C cDNA hybridized weakly to six large
Scal restriction fragments in addition to the fragment harbouring
the cystatin C gene. The cystatin C flanking gene probe, C3C,
hybridized only to the cystatin C gene fragment, however (Fig.
4). Our results thus corroborate the estimate of approximately
seven Family 2 cystatin genes (or pseudogenes) previously made
after hybridizations of a cystatin SN genomic probe or a cystatin
S cDNA probe to human DNA (Saitoh et al., 1987; Al-Hashimi
et al., 1988). The entire nucleotide sequences of three of these are
now known: the cystatin C gene, the cystatin SN gene, called
CSTI and one cystatin pseudogene called CSTP1 (Saitoh et al.,
1987). The sequences of the exon parts of the cystatin SA gene,
called CST2, are also known (Saitoh et al., 1987). By analogy to
the nomenclature used by Saitoh et al. (1987), we propose to
call the cystatin C gene 'CST3'.
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