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ABSTRACT The chymotrypsin-like family of serine pro-
tease genes includes several members that are expressed ex-
clusively in subsets of hematopoietic cells. For example, human
neutrophil elastase and cathepsin G are expressed only in
myelomonocytic precursors, and cytotoxic-T-cell serine prote-
ases are found only in cytotoxic lymphocytes. We have used a
cathepsin G cDNA probe to clone two cathepsin G-like genes
(designated CGL-1 and CGL-2) from a human genomic li-
brary. We have determined that CGL-1 is identical to a
previously identified gene (known as CCPI, CTLA I, or
cytotoxic serine protease B) that is expressed only in activated
cytotoxic T lymphocytes. We show here that cathepsin G,
CGL-1, and CGL-2 are linked on an =50-kilobase locus found
on human chromosome 14 at band qll.2. This gene cluster
maps to the same chromosomal band as the et and 8 T-cell
receptor genes; this region is involved in most chromosomal
translocations and inversions that are specifically associated
with T-cell malignancies.

During the past several years, a number of investigations
have begun to define a group of highly related hematopoietic
serine protease genes. Although the organization of these
genes suggests that they arose from a single primordial gene
(1), the expression of the various members of this gene family
is usually restricted to a single lineage of hematopoietic cells
at specific times during development. For example, human
cathepsin G and neutrophil elastase are expressed in my-
elomonocytic precursors (2, 3), rat mast-cell proteases I and
II are expressed in mast cells (4, 5), and the murine cytotoxic-
T-cell serine proteases CCPI, CCPII, granzymes D, E, and F,
and Hanukah factor are found only in cytotbxic lymphocytes
(6-8).
We performed the present study to define a family ofgenes

related to human cathepsin G, a neutral serine protease found
in the azurophil granules of myelomonocytic cells (9-11). We
recently described the genomic structure of this gene and
localized it to human chromosome 14 at band q11.2 (12). In
this study, we determined that a cytotoxic-T-cell serine
protease gene and another closely related gene (or pseudo-
gene) are tightly linked to the cathepsin G gene, forming an
hematopoietic serine protease gene cluster.

MATERIALS AND METHODS
Library Screening. A human genomic library in A-Fix

(Stratagene) was screened with a random-primer-labeled
probe derived from cathepsin G cDNA (12). Hybridization
was performed at 42°C in 50% formamide/10% dextran
sulfate/1 M NaCl/1% SDS containing denatured sonicated
salmon sperm DNA at 100 ug/ml. Two washes were per-
formed at 42°C in 2x SSC/0.1% SDS, followed by two

washes with 0.1 x SSC/0.1% SDS at room temperature. (SSC
is 0.15 M NaCI/0.015 M sodium citrate, pH 7.)
A human cosmid library in the vector pCK (13) was

screened with the unique cathepsin G, CGL-1, and CGL-2
probes illustrated in Fig. 4. The cathepsin G probe is a
0.9-kilobase (kb) EcoRI-HindIII fragment, the CGL-1 probe
is a 1.8-kb EcoRI fragment, and the CGL-2 probe is a 1.2-kb
BamHI-Pst I fragment. Hybridization was performed at 42°C
in 50% formamide/12.5% dextran sulfate/5x SSC/10 mM
Tris HCl, pH 8.0/1x Denhardt's solution/0.1% SDS. (Den-
hardt's solution is 0.02% polyvinylpyrrolidone/0.02% Ficoll/
0.02% bovine serum albumin.) Final washes were performed
at 65°C in 0.1x SSC/0.1% SDS.

Southern Blot Analysis. Conventional Southern blot anal-
ysis was performed as described (12). DNA was prepared
from human peripheral blood mononuclear cells, digested
with restriction enzyme, electrophoresed in agarose gel, and
transferred to GeneScreenPlus (New England Nuclear). Hy-
bridization was performed at 42°C in 50% formamide/10%
dextran sulfate/1 M NaCI/1% SDS containing denatured
sonicated salmon sperm DNA at 100 ,ug/ml. Final washes
were performed at 650C in 0.1x SSC/0.1% SDS.
For pulsed-field Southern blot analysis, K562 cell plugs

were prepared, digested, and electrophoresed at 160 V (6
V/cm) with an 80-sec constant switch interval for 24 hr (14).
DNA was transferred to nylon-backed nitrocellulose (Nitro
Plus 2000, Micron Separations, Westboro, MA) (15). Sam-
ples were run in duplicate and the membrane was cut in half
after transfer. Both membranes were hybridized consecu-
tively with the cathepsin G, CGL-1, and CGL-2 probes
described above. Hybridization was performed at 42°C in
50% formamide/10% dextran sulfate/4x SSC/0.8x Den-
hardt's solution/7 mM Tris HCI, pH 7.6, containing dena-
tured sonicated salmon sperm DNA at 100 ,g/ml. Final
washes were performed at 65°C in 0.lx SSC/0.1% SDS.
Membranes were stripped between each probe hybridization
and autoradiographed to ensure complete removal of the
previous probe.

Bacteriophage and cosmid clones were digested with ap-
propriate restriction enzymes, electrophoresed, and blotted
as described above. Unique probes from various regions of
the locus were prepared from low-melting-point agarose gels,
labeled by the random-primer method, and hybridized as
described above.
Chromosomal in Situ Hybridization. Human metaphase and

prometaphase preparations from methotrexate-synchronized
peripheral blood lymphocyte cultures were treated with
RNase A for 1 hr at 37°C and denatured in 70% formamide at
70°C for 2 min. The CGL-1 probe was nick-translated with all
four [3H]dNTPs (Amersham) to a specific activity of3.8 x 107
cpm/,ug of DNA. Hybridizations, washes, and counterstain-
ing were performed as described (16).
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RESULTS

Identification of Cathepsin G-Like (CGL) Genes. We previ-
ously showed that a human cathepsin G cDNA probe cross-
hybridizes at moderate stringency with at least two other
genomic DNA fragments (12). We therefore used a cathepsin
G cDNA fragment to clone these related sequences from a

human genomic library in bacteriophage A-Fix. Ten clones
were analyzed and found to correspond to three nonoverlap-
ping loci, including the cathepsin G gene itself. Each locus
contained a single region with cathepsin G homology. The two
cathepsin G-like loci were designated CGL-1 and CGL-2.
DNA probes derived from the 5' ends of the cathepsin G,
CGL-1, and CGL-2 genes (shown as black bars in Fig. 4) were
used to probe Southern blots containing human genomic DNA
cut to completion with BamHI, Bgl II, or EcoRI (Fig. 1). No
cross-hybridization among the three loci was observed with
the unique 5' probes, and no fragment hybridized with more
than one probe. The pattern of hybridization for the CGL-1
probe was identical to the pattern seen with cDNA probes
encoding a cytotoxic-T-cell serine protease known as CSP-B
(17, 18), the product of the human homologue of the murine
CCPI gene (also known as granzyme B or CTLA-I) (6, 19, 20).
mRNA derived from the human CSP-B (CGL-1) gene has

been detected only in peripheral blood lymphocytes stimu-
lated with phytohemagglutinin interleukin 2, or Staphylococ-
cus aureus enterotoxin A (17, 18). To further confirm the
identity of CGL-1, we hybridized the 5' CGL-1 probe (see
Fig. 4) with RNA derived from untreated and phytohemag-
glutinin-stimulated human peripheral blood lymphocytes, the
myelomonocytic cell lines U-937 and PLB-985 (21), HeLa
cells, and K562 erythroleukemia cells in a standard Northern
blot analysis (data not shown). The CGL-1 probe detected a
0.9-kb mRNA only in the sample derived from phytohemag-
glutinin-stimulated peripheral blood mononuclear cells (18)
even though all lanes contained similar amounts of hybrid-
izable,8-actin mRNA (22) (data not shown). Finally, sequenc-
ing of CGL-1 from position -200 to position +111 (with
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respect to the transcription initiation site) revealed identity
with the sequence of CSP-B (23) (data not shown).
The identity of CGL-2 has not been established. The

genomic fragments detected by the 5' CGL-2 probe do not
resemble published patterns for previously cloned serine
proteases. Hybridization and initial sequencing studies sug-
gest that the gene is highly related to both cathepsin G and
CGL-1; further experiments will be required to determine
whether CGL-2 is a pseudogene or yet another functional
serine protease with a restricted pattern of expression.
Chromosomal Localization of CGL-1. We previously dem-

onstrated that the human cathepsin G gene is found on
chromosome 14 at band q11.2 (12). To determine whether
CGL-1 is located at the same site, we radiolabeled the
specific CGL-1 probe (shown in Fig. 4) and performed
chromosomal in situ hybridization. One hundred two pro-
and mid-metaphase chromosomes were informatively la-
beled; 48 of 176 evaluable grains were localized on chromo-
some 14. Twenty-nine grains clustered at band qll.2 (Fig. 2).
These data are consistent with a previous study (24) that
localized CTLA-1 (CGL-1) to human chromosome 14 at
bands q11-q12. This is also the chromosomal location of the
genes encoding the a and 8 chains of the T-cell antigen
receptor (25, 26).
Linkage of the Cathepsin G, CGL-1, and CGL-2 Genes. We

next assessed the linkage among cathepsin G, CGL-1, and
CGL-2 by hybridizing the same unique, non-cross-hybridizing
probes shown in Fig. 4 with large genomic DNA fragments
resolved by pulsed-field gel electrophoresis. All three probes
hybridized with identically sized Not I, Sal I, and BssHII DNA
fragments derived from K562 cells (Fig. 3). Hybridization of
each of these unique probes with a 200-kb BssHII fragment
suggested that the three genes are closely linked.
To complete the physical linkage studies of the cathepsin

G, CGL-1, and CGL-2 genes, we screened a human cosmid
library with probes for all three genes. Four hybridizing
cosmids were identified and characterized. As shown in Fig.
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FIG. 1. Southern blot analysis of genomic human DNA with
cathepsin G, CGL-1, and CGL-2 probes derived from the 5' regions
ofeach gene (black boxes beneath each gene in Fig. 4). The cathepsin
G (CG) probe is a 0.9-kb HindlII-EcoRl fragment, the CGL-1 probe
is a 1.8-kb EcoRI fragment, and the CGL-2 probe is a 1.2-kb
BamHI-Pst I fragment. Size markers (kb) are shown at left. Note that
each probe is unique in the human genome and that each hybridizes
with a different set of DNA fragments. Two bands are seen with
EcoRI-cleaved DNA hybridized with the cathepsin G probe; this
represents an allelic polymorphism that was not detected in other
human DNA samples (data not shown).

FIG. 2. Chromosomal localization of the CGL-1 gene. (A) Three
representative pairs of photographs of chromosome 14 with different
degrees of retraction. The left member of each pair is a photograph
of the in situ hybridization; a single silver grain is seen on the long
arm near the centromere. The right member of each pair is the same
chromosome photographed after G-banding. Left pair,
prometaphase; middle pair, early metaphase; right pair, mid-
metaphase. (B) Distribution of autoradiograph silver grains on chro-
mosome 14; the largest accumulation of grains is on band qll.2.
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FIG. 3. Pulsed-field Southern blot analysis with the cathepsin G

(CG), CGL-1, and CGL-2 probes. High molecular weight K562 cell
DNA was digested with the indicated enzymes, separated by pulsed-
field gel electrophoresis (clamped homogeneous electric field), and
blotted onto nitrocellulose. Probes are described in Fig. 1. Size
markers (kb) are shown at left. Note that all three probes hybridize
with identical Not I, Sal I, and BssHII fragments, suggesting that
these three fragments are -200 kb apart in the human genome. The
presence of two hybridizing bands with Sal I and BssHII digests
probably represents partially digested DNA, perhaps due to partial
methylation of DNA in one of the recognition sites.

4, two cosmids, C2.10 and C3.23, contain all or part of both
CGL-1 and CGL-2. C6.32 contains CGL-2 and the first exon
of the cathepsin G gene, and C5.18 overlaps the 3' end of
C6.32 and extends downstream from the cathepsin G gene.
C0L-1 and CGL-2 are separated by about 21 kb, and the
cathepsin G gene is about 31 kb downstream of CGL-2. All
three genes are in the same 5'-* 3' orientation (the orienta-
tiqn of CGL-2 was predicted by hybridization with exon-
specific probes generated from the cathepsin G gene).

DISCUSSION
We have cloned and identified two genes that are highly
related to cathepsin G. We localized one of these genes,
CGL-1, to chromosome 14, band q11.2, the same chromo-
somal location as the cathepsin G gene and the a/3 T-cell
receptor locus (12, 25, 26). We have used pulsed-field gel
electrophoresis and cosmid cloning to establish physical
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linkage of the cathepsin G, CGL-1, and CGL-2 genes. These
three genes are contained in an hematopoietic serine protease
gene cluster encompassing -50 kb of DNA. We have deter-
mined with restriction mapping, sequencing, and expression
analysis that CGL-1 is identical to a previously described
serine protease gene that is expressed only in cytotoxic T
lymphocytes.
The murine homologue of CGL-1 has been mapped to

mouse chromosome 14, band D (20), also the location of the
murine a and 8 T-cell receptor genes. The conservation ofthe
linkage between the a/8 T-cell receptor locus and the he-
matopoietic serine protease gene cluster of the mouse and
human genomes may indicate regulatory interactions be-
tween these two loci. Since the a/8 T-cell receptor locus is
large and complex, we have not yet been able to link this
locus and the hematopoietic serine protease gene cluster. A
recent study of the inv(14)(qll;q32) chromosomal inversion
present in SUP-T1 cells suggested that the CTLA-I/CGL-1
gene is telomeric to the a/5 T-cell receptor locus (24); linkage
of the CTLA-I and a/3 T-cell receptor loci could not be
established by pulsed-field gel analysis of 50- to 700-kb DNA
fragments (24).

Since CGL-1/CSP-B is expressed only in activated cyto-
toxic lymphocytes (6, 17-20), cathepsin G is expressed only
during the promyelocyte/promonocyte stage ofdevelopment
(2, 9, 27), and the a/3 T-cell receptor genes first become
active during early T-cell ontogeny (25, 26, 28, 29), this region
of the genome could be coordinately organized during very
early stages of hematopoietic development. A potentially
similar system has been described for the human P-globin
gene cluster (30-34). A locus activating region (LAR) 5' to the
cluster of embryonic, fetal, and adult ,B-globin-like genes (a
region that spans -100 kb of DNA) appears to mediate
organization of the locus into a transcriptionally accessible
domain in erythroid cells at all stages ofdevelopment (30-34).
The LAR functions in combination with globin gene promot-
ers and enhancers to direct high-level, tissue-specific expres-
sion of the different globin genes at different times of eryth-
roid development. It is possible that a related leukocyte LAR
element may exist near the serine protease gene cluster or the
a/5 T-cell receptor locus.
The a/8 T-cell receptor locus, also found at band qll of

chromosome 14, undergoes recombination during T-cell mat-
uration (24, 25). This region of chromosome 14 is nonran-
domly involved in rearrangements that occur in tumor cells
derived from patients with T-cell leukemias or lymphomas,
including inv(14)(qll;q32), t(8:14)(q24;q11), t(11;14)(p13;
qll), and t(10;14)(q24;qll) (34-36). Although many 14q11
translocation and inversion breakpoints occur within the a/5
T-cell receptor genes (35-37), some may occur outside of this
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FIG. 4. Map of the serine protease gene cluster. The cathepsin G (CG), CGL-1, and CGL-2 genes are shown as hatched boxes with arrows

indicating the transcriptional orientation of each gene. The locations of probes used in this study are indicated by the black bars below each
gene. The positions of BamHI and EcoRl restriction sites are shown. Relative positions of the A-Fix clones (ACGL 4B, 6B, 7, 8, and 11) and
cosmid clones (C2.10, C3.23, C5.18, and C6.32) are shown. The predicted orientation of CGL-2 was determined by cross-hybridization with
genomic fragments containing exon 1, exons 2-4, or exon 5 of the cathepsin G gene.
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locus. For example, a protooncogene translocated into the
serine protease gene cluster could potentially be disregulated
by a serine protease gene regulatory element. Conversely,
disruption of the T-cell receptor locus could disregulate
serine protease gene expression and possibly alter normal cell
growth. One recent study has demonstrated that a cDNA
fragment derived from the murine cytotoxic-T-cell serine
protease granzyme A encodes a secreted protein that has
mitogenic activity (38). Furthermore, we have detected low
levels of cathepsin G mRNA in the 8402 T-cell leukemia cell
line, which contains a t(11;14)(p13;qll) translocation that has
been shown to break within the 8 T-cell receptor gene (36)
(data not shown). Detailed analysis of the structure and
function of the cathepsin G, CGL-1, and CGL-2 genes in
additional cell lines containing chromosomes with break-
points at 14q11 may provide further clues regarding the
regulation of this locus and its possible involvement in T-cell
malignancies.
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