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During T cell development in the mammalian thymus, immature T cells are observed that
lack the cell surface markers CD4, CD8, and CD3. A subtracted cDNA library was con-
structed to isolate cDNAs that are specific for these immature T cells. Tissue-specific expres-
sion of 97 individual cDNAs were examined using different cell types by Northern blot
analysis, and six cDNAs were analyzed by reverse transcriptase (RT) polymerase chain
reaction (PCR) detection of RNA. Approximately 50% of the clones could not be detected
on Northern blots, and 40% of the clones were expressed by at least one other cell-type
including monocytes, mature T cells, and B cells. Eight cDNA clones appear to be specific
for the CD4-, CD8-, CD3- T cell line, used to construct the library, as determined by
Northern blot analysis. In addition, 330 cDNA clones were subjected to partial automated
DNA sequence determination. Database searches, with both nucleotide and protein trans-
lations, revealed cDNAs that exhibit interesting similarities to human cell-cycle gene 1,
platelet-derived growth factor receptor, c-fms oncogene (CSF-1) receptor, and members of
the immunogobulin gene superfamily. This approach of employing subtraction coupled
with large scale partial cDNA sequence determination can be useful to identify genes that
may be involved in early T cell growth, cellular recognition or differentiation.

INTRODUCTION

Murine T cell precursors originate in the fetal liver and
bone marrow, then migrate into the thymus where they
develop into mature T cells (Moore et al., 1967; Scollay
et al., 1986; Adkins et al., 1987). The first precursor cells
to colonize the thymus are CD4-, CD8-, CD3- and are
referred to as triple-negatives (TN).1 During develop-
ment in the thymus, TN T cells undergo rapid prolif-
eration and differentiate into double positives (DP) T
cells that express both the CD4 and CD8 proteins. After
a complex program of intrathymic maturation and se-
lection, a small number of DP cells mature into im-
munologically competent T cells that express either the
CD4 protein (helper T cells) or the CD8 protein (cyto-
toxic/suppressor T cells). These mature single positive
(SP) T cells exit the thymus into the peripheral lymphoid
organs and lymph nodes. After birth, the level of TN

' Abbreviations used: TN, triple negative

T cells decreases to 1-3% of the total thymocyte pop-
ulation (Fowlkes and Pardoll, 1989). Currently there
are 11 described phenotypes of thymic CD4-, CD8- T
cells, and the lineage relationships among all the dif-
ferent phenotypes has not been determined (Wilson et
al., 1988). Both fetal and adult TN T cells are clearly
important because they have self-renewal capacity and
precursor potential for the mature single positive T cells
(Fowlkes et al., 1985; Scollay et al., 1988). Thus, while
triple negative T cells constitute the major form of in-
trathymic stem cells, little is known about the molecular
aspects of these cells.

Recent progress in understanding cellular functions
in the later stages of T cell development has arisen from
the analysis of differentially expressed cell surface pro-
teins including the T cell receptor (TCR), CD4, and CD8
(Adkins et al., 1987; Richie et al., 1988). Murine triple-
negative T cells can also be separated into subpopula-
tions depending on the differential expression of cell
surface proteins including the IL-2 receptor, Pgp-l/
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CD44, and heat-stable antigen (HSA) (Scollay et al.,
1988). Although some differentially expressed T cell-
specific proteins have been identified with monoclonal
antibodies, alternate approaches such as differential
hybridization and cDNA subtraction have been suc-
cessful in isolating a number of T cell-specific genes
such as the TCR (Hedrick et al., 1984; Yanagi et al.,
1985), CD4 (Maddon et al., 1985), and CD8 (Kavathas
et al., 1984). Additional cDNAs isolated by subtraction
methods include, CTL-specific cDNAs (Brunet et al.,
1986; Schall et al., 1988), NK-specific cDNAs (Houchins
et al., 1990), and cDNAs that encode proteins that may
be involved in T cell activation (Burd et al., 1987; Jongs-
tra et al., 1987; Zipfel et al., 1989). These hybridization-
based methods have proved useful in isolating cDNAs
encoding proteins that were initially unknown, but
subsequent analysis revealed new insights into the
functions of the cells from which they were isolated.
For example, the identification of CTL-specific serine
proteases lead to new understanding of CTL-induced
lysis (Gershenfeld and Weissman, 1986).
The kinetics of cDNA:RNA hybridizations between

a T cell hybridoma and a B cell line suggest that there
are 200-300 different mRNAs that encode the genes
that are T cell-specific (Hedrick et al., 1984). No kinetic
solution hybridization experiments have been done be-
tween precursor T cells and their more mature progeny
because of the difficulty in isolating sufficient amounts
of homogenous precursor T cells. Indeed the phenotypic
complexity and rarity of immature T cells in the thymus
have hampered conventional cellular analyses. As a new
approach to study the developmental processes that
may be unique to immature T cells, we have employed
a sensitive technique to construct a subtracted immature
but not mature cDNA library. The library contains TN
T cell cDNAs, obtained from an AKR thymoma, minus
sequences shared by mature peripheral T cells. Individ-
ual cDNAs in the subtracted library were tested for dif-
ferential expression and 330 clones were subjected to
limited DNA sequence determination. Results from the
expression analysis and DNA sequence determination
of TN T cell cDNAs will be used to identify the func-
tion(s) of their corresponding gene products and help
elucidate the cellular processes unique to T cell devel-
opment in the thymus.

MATERIALS AND METHODS

Cell Lines and Flow Cytometry
The thymic lymphoma 705 was a gift from Jim Allison (Richie et al.,
1988). For flow cytometry, 3-5 X 105 cells were incubated at 25°C in
phosphate-buffered saline (PBS), 5.0% fetal calf serum (FCS), 0.1%
NaN3, and a dilution of the mAb tested. Cells were washed, and if
necessary, incubated with a second-stage fluorescent reagent. After
washing, cells were resuspended in PBS, 1.0% formaldehyde and
stored in the dark at 4°C before analysis. Flow cytometric analysis
was performed on 10 000 cells with an Ortho System 50H cell sorter
with a 5 W argon laser. Antibodies were obtained from the following

sources: anti-Thy-1, anti-CD3 epsilon (Boehringer Mannheim, Indi-
anapolis, IN); anti-mouse Lyt-2, anti-mouse L3T4 (Becton Dickinson,
Mountain View, CA) and the following antibodies were kind gifts of
Dr. Ellen Rothenberg, IM7.8.1 (anti-Pgp-1) and M1.69 (anti-HSA).

Construction of the CD4-, CD8-, CD3- T Cell
Subtractive cDNA Library
The oligonucleotide primers used were the following; oligo-dT/Xba
I primer (5' GCAGGTCGACTCTAGATTTTTTTTTT 3), the EcoRI
primer (5' GGGAGACCGGAATTC 3), and the vector multiple cloning
site oligonucleotide (vector-MCS) (5' GAATTCGAGCTCGCCC-
GGGCATCCTCTAGA 3'). Total RNA was isolated by the method of
Chomczynski and Sacchi (1987), and poly(A)+ RNA was isolated by
oligo dT chromatography. The subtracted cDNA library was con-
structed with the lambda GEM-2 vector (Promega Biotec, Madison,
WI), as previously described, (Palazzolo and Meyerowitz, 1987) with
an Amersham cDNA synthesis kit (Amersham, Arlington Heights,
IL). Five micrograms of 705 poly(A)+ RNA was used to synthesize
double-strand cDNA with the oligo-dT/Xba I primer. The cDNA was
methylated with EcoRI methylase, ligated to EcoRI linkers with T4
DNA ligase and digested with EcoRI and Xba I. The cDNA was ligated
into the lambda GEM-2 vector, packaged, and the entire library am-
plified. Lambda DNA from the 705 library was prepared with form-
amide (Davis et al., 1980), digested with Xba I, and T7 RNA polymerase
was used to synthesize sense cRNA (Amersham). Poly(A)+ sense
cRNA was isolated by oligo dT chromatography and used to synthesize
antisense cDNA with the oligo-dT/Xba I primer. Remaining
RNA was removed by hydrolysis with NaOH (0.1 M NaOH, 70°C for
20 min).

Subtractive hybridizations were carried out according to Davis
(1986). The first hybridization contained 180 ng cDNA and 5 ,ug L1OA
(B cell) poly(A)+ RNA in 0.5 M phosphate buffer, 0.25% sodium
dodecyl sulfate (SDS), 1.25 mM EDTA at 68°C to a Cot of 1050 (M
X s). Hybridizations were performed in siliconized sealed capillary
tubes containing two to three glass beads to facilitate the hybridizations
by mixing (Van Ness and Hahn, 1982). The nonhybidizing single-
strand cDNA was separated from double-stranded cDNA-RNA hy-
brids by hydroxylapatite (HAP) chromatography (Bio-Rad, Cambridge,
MA) at 60°C. Single-strand cDNA containing fractions were concen-
trated and phosphates removed by the use of Centricon 30 columns
prespun with 10 ,ug bovine serum albumin (BSA) and 10 Mug tRNA.
The subtractive hybridizations were repeated with the use of a 50-
fold excess of AKR lymph node poly(A)+ RNA to a Cot of 960. For
subtractive hybridizations poly(A)+ RNA was isolated from total
lymph node cells excised from 2- to 3-mo-old mice. After HAP chro-
matography the remaining cDNA was made double-stranded with
the EcoRI primer, DNA polymerase I and cloned into the lambda
GEM-2 vector. The library was packaged with Gigapack gold (Stra-
tagene, La Jolla, CA) and was not amplified.

Screening the Subtractive cDNA Library
For all probes and library construction, poly(A)+ RNA was purified
twice by oligo dT chromatography. 32P-cDNA probes were synthesized
with AMV reverse transcriptase and 250 MCi 32P-dCTP to a specific
activity of >1.0 X 107cpm/Ag (Gerard, 1988). Membrane-bound po-
lysomal RNA was isolated by the method of Mechler and Rabbitts
(1981). One microgram of poly(A)+ RNA was used to synthesize a
single-strand cDNA probe with a specific activity of 2.17 X 107 cpm/
Ag. Hybridizations were carried out overnight in 50% formamide, 5X
SSPE, 10% (wt/vol) dextran sulfate, 5X Denhardt's, 100 Ag/ml salmon
sperm DNA, 1.0% dried nonfat milk, and 0.1% SDS at 370C. Blots
were washed twice in 2X SSC, 0.1% SDS at room temperature and
twice in 0.2X SSC, 0.1% SDS at 650C.

Northern and RNA Analysis
Total RNA was isolated from cell lines or whole tissues, and poly(A)+
RNA was isolated by oligo dT chromatography. For Northern blots,
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3-10 jig of poly(A)+ RNA was separated on 0.66 M formaldehyde
gels as described (Davies et al., 1986). Probes were labeled by random
priming (Feinberg and Vogelstein, 1983) and were added to hybrid-
ization solutions containing 5X SSPE, 5X Denhardt's, 100 ,ug/ml
salmon sperm DNA, 10% dextran sulfate, 0.1% SDS and hybridized
16-24 h at 55°C. Blots were washed once in 2X SSC, 0.1% SDS at
25°C and three to four times in 0.2X SSC, 0.1% SDS at 65°C. Blots
were air-dried and exposed to X-ray film (XAR, Eastman Kodak,
Rochester, NY) for 24 h to 2 wk. Blots were stripped between hy-
bridizations by boiling in 0.01% SSC, 0.1% SDS for 10 min. All blots
were tested by hybridization to murine beta actin. For specific reverse
transcriptase (RT)/polymerase chain reaction (PCR) amplification
(Rupp and Weintraub, 1991), 1 ug poly(A)+ RNA was obtained from
the tissues indicated and cDNA synthesized with random hexamer
primers and AMV reverse transcriptase for 1 h at 42°C. Input cDNA
was diluted and the amount was calibrated with actin primers in a
50-,il reaction containing PCR buffer (10 mM tris(hydroxy-
methyl)aminomethane (Tris)-HCl pH 8.5, 50 mM KCl, 3 mM MgCl2,
0.1 mg/ml gelatin), 0.2 mM of each dNTP, 1 pmol actin primers, and
5 U AmpliTaq DNA polymerase (Perkin Elmer Cetus, Emeryville,
CA). Once the amount of input cDNA was calibrated, PCR reactions
were run as before except for the addition of 25 pmol of primers
specific for each clone. PCR cycles were performed in an automated
DNA thermal cycler (Perkin Elmer Cetus) with the following tem-
perature profile: denaturation at 94°C for 30 s, annealing at 55°C for
45 s and primer extension at 72°C for 1 min for 24-28 cycles. One-
fifth to one-half of each sample was electrophoresed on a 2% agarose,
1% nusieve gels.

DNA Sequence Analysis
DNA sequence determination was performed with Sequenase I and
M13 fluorescent primers (United States Biochemical, Cleveland, OH).
Reactions were run on an ABI 373 automated DNA sequencer (Applied
Biosystems, Foster City, CA). Approximately 400 bp were compared
with the EMBL and GenBank databases (version 69) with both the
FASTA (Pearson and Lipman, 1988) and BLAST (Altschul et al., 1990)
sequence analysis programs run on a VAXstation 3100 M38 at the
Caltech Division of Biology Sequence Analysis Facility. DNA and
protein matches were analyzed with the sequence analysis software
from the Genetics Computer Group (GCG) (Devereux et al., 1984).
The sequences were also translated, searched for possible coding re-
gions (Gribskow et al., 1984; Staden, 1984), and the resulting protein
sequences were also used to search the Protein Information Resource
(PIR) (release 20) and National Biomedical Research Foundation
(NBRF) (release 27) databases.

RESULTS

Characterization of the CD4-, CD8-, CD3- Triple
Negative T Cell Line
The aim of this study was to isolate the genes that are
solely expressed by CD4-, CD8-, CD3- (triple-negative)
T cells. To construct the initial library, we used an AKR
thymic lymphoma (705) previously characterized at the
molecular level and was determined to be negative for
CD4, CD8, and CD3 cell-surface expression (Richie et
al., 1988). The phenotype of this cell line was further
examined by flow cytometry (Figure 1). The 705 cell
line was determined to be CD4-, CD8-, CD3-, Thy-1+,
Pgp-1+, HSA+. In addition, this cell line is H-2Khi and
IL-2 receptor negative. This thymic lymphoma is neg-
ative for expression of the TCR beta genes, however, it

does express the TCR alpha chain transcript that may
represent immature J-Calpha transcripts.

Construction of a CD4-, CD8-, CD3- T Cell Minus
Lymph Node cDNA Library

The strategy used to construct the subtractive cDNA
library is diagrammed in Figure 2 (Palazzolo and Mey-
erowitz, 1987). First a cDNA library was made with
TN T cell cDNA and was directionally cloned into the
lambda GEM-2 vector that contains both the promoters
for the SP6 and T7 RNA polymerases. These promoters
were used to synthesize large quantities of antisense
cDNA used in subtractive hybridizations. The first
subtractive hybridization contained single-strand an-
tisense cDNA prepared from the TN T cell library (705)
that was hybridized to a fivefold excess of B-cell (LiOA)
poly(A)+ mRNA to a Cot of 1050. This initial subtrac-
tion eliminated abundant common lymphocyte se-
quences and sequences shared by growing cell lines.
Another advantage of the initial subtraction is that it
reduced the amount of input TN cDNA and therefore
less lymph node poly(A)+ mRNA was needed to
achieve a high Cot value in the second subtraction.
The second subtractive hybridization was performed
with a 50-fold excess of lymph node poly(A)+ mRNA,
as a source of mature peripheral T cell sequences, to
an estimated Cot of 960. The double-subtracted TN T
cell (minus B cell, minus lymph node) cDNA library
(705-B-LN), contained 10 500 individual cDNA clones.
To assess the effectiveness of the subtractive hybrid-
izations, filters containing cDNAs from both the pri-
mary 705 library and the subtracted 705-B-LN library
were screened with 32P-labeled actin cDNA. Filters
from the unsubtracted 705 library revealed 3% actin
clones, whereas the 705-B-LN library revealed 0.2%
actin clones out of 480 705-B-LN phage tested. There-
fore two rounds of subtraction resulted in >10-fold
depletion of abundant unwanted sequences.

Screening the Triple Negative T Cell-Specific
Library

The strategy used to screen the 705-B-LN subtractive
cDNA library is diagrammed in Figure 3. One-third
(3500) of the 705-B-LN subtractive library was plated
and analyzed by lambda plaque filter hybridizations.
First, to identify clones that contained no cDNA in-
serts (background), filters were screened with the 32p_
end-labeled vector-MCS to identify the multiple
cloning site of the vector. In addition, filters were
screened with a 32P-labeled cDNA probe derived from
L1OA B-cells to identify abundant, common lympho-
cyte sequences that escaped subtraction. Background
estimates revealed that a total of -33% of the cDNAs
corresponded to background vector sequences and 6%
were unsubtracted B-cell sequences. The library was
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Figure 1. Flow cytometry analysis of the 705 cell line. One- and two-color immunofluorescence analysis of the 705 T cell line and normal
AKR thymocytes. (A) 705 cells reacted with FITC-conjugated anti-CD3; anti-Pgp-1, anti-HSA, and anti-Thy-1 and visualized with FITC-
conjugated goat anti-rat. (B) 705 T cell line stained with PE-conjugated anti-CD4 and FITC-conjugated anti-CD8. (C) AKR thymocytes from
an adult mouse stained with PE-conjugated anti-CD4 and FITC-conjugated anti-CD8. (D) Unstained 705 cells.

also subjected to a differential screen to identify those
sequences that are differentially expressed at a high
level by TN T cells. Labeled probe was synthesized
from the 705 T cell line and hybridized to the cDNAs
that were negative with the L10A B cell probe. This
differential screen revealed 106 clones (D-clones) that
were positive with the TN T cell probe. Because the
goal of this study was to isolate rare low-abundance
mRNAs that could not be identified by hybridization
with 32P-labeled cDNA probes of high sequence com-
plexity, 2083 phage were individually picked that
were negative with the vector, 705 and B-cell probes.

These cDNA clones that failed to hybridize to any
probe, may contain some of the rare single-copy se-
quences (S-clones).
Of the 2083 S-clones, 1300 phage cDNA inserts were

amplified by PCR, separated by gel electrophoresis, and
immobilized on nylon filters. This strategy was em-
ployed to increase the amount of cDNA present on the
filters and thereby increase the signal intensity after hy-
bridizations. These filters were then screened with a
variety of 32P-labeled single-strand cDNA probes. First,
a 32P-labeled first-strand cDNA synthesized from B-cell
mRNA (L1OA) was used to identify and therefore elim-
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Figure 2. Construction of the subtractive
triple-negative T cell cDNA library. To con-
struct the library, 5.0 ytg of 705 poly(A)+
RNA were used to synthesize a direction-
ally-cloned cDNA library with the use of
the oligodT-Xba I primer. Double-stranded
cDNA was methylated, ligated with EcoRI
linkers, restricted with both EcoRI and Xba
I, and directionally cloned into the lambda
GEM-2 vector. The 705 library contained
2.15 X 106 independent cDNA clones. DNA
from this library was digested with Xba I
and used to synthesize 58 ytg of sense-cRNA
with T7 RNA polymerase. The resulting
poly(A)+ cRNA (3.4%) was isolated and
used to synthesize antisense cDNA. After
two rounds of subtractive hybridizations,
60% of the input cDNA remained. Because
neither single-strand cDNA nor unincor--
porated label bind to the HAP column, the
amount of radioactivity in the first fractions
may reflect recovery off the column rather
than enrichment of cDNA sequences.

inate 127 clones that were not detected by the first
lambda plaque screen.
The next screen was utilized to identify cDNA clones

that correspond to mRNAs found on membrane-bound
polysomes and thus enrich for cDNAs representing po-
tential cell-surface proteins (Mechler and Rabbitts,
1981). Membrane-bound polysomal mRNA from the
705 T cell line was isolated and used to synthesize a
32P-labeled cDNA probe. This probe was hybridized to
the PCR amplified inserts and 115 clones were identified
as positive with the membrane-bound polysomal probe
(M-clones). In addition, 12% of the M-clones also cor-
responded to cDNAs previously identified as being ex-

Isolate single-strand cDNA
by HAP chromatography

Base hydrolysis of RNA

I DNA polymerase with
the Eco RI primer

Restrict with Eco RI and Xba

Clone into lambda GEM1-2

DNA Sp6

Triple-negative T cell minus lymph
node T cell subtractive cDNA library
(705-B-LN)

pressed by B cells and may represent common abundant
lymphocyte sequences that escaped subtraction.
Next the complexity of the cDNA clones was deter-

mined by labeling random pools of clones and elimi-
nating clones that were redundant. The first complexity
screens contained 10 random clones that were labeled
and hybridized to the library. The strategy was to con-
tinue these cross-hybridizations until a majority of the
library had been analyzed. After a small number of
complexity screens, it became apparent that some of
the clones cross-hybridized and were abundant among
the M-clones, D-clones, and the S-clones. DNA se-
quence analysis revealed that these over-represented
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Eliminate 9 cDNAs Northern Analysis
positive on all cell types 97 cDNA clones

cDNA clones of interest

Eliminate clones
of unwanted
sequences
1 75 clones

1 9 clones
Future experiments include:
Test expression in normal thymocytes
Complete DNA sequence determination

FUNCTION ?

sequences were endogenous MuLV retroviral se-
quences. The D-clones contained the highest percent-
age of retroviral sequences with 40% of the clones rep-
resenting one of two common retroviral sequences.
Cross-hybridization analysis and limited DNA se-
quence determination of abundant clones also revealed
that some of the clones were Escherichia coli-derived.
These E. coli contaminants were not present in the
subtracted cDNA library and came from the use of
PCR products (cross-hybridizing PCR primers) on fil-
ters and in the subcloning procedure. After eliminating
the retroviral and E. coli contaminants from the com-
plexity analysis, cross-hybridization demonstrated that
19% of the M-clones were unique. Cross hybridization
with pools of S-clones demonstrated that these clones
were the most complex and were determined to be
between 95 and 97% unique. After the complexity
screens and the removal of all retroviral and E. coli

Figure 3. Protocol used to sort the subtracted
triple-negative T cell cDNAs. This figure rep-
resents the screening procedures used to cat-
egorize the 705-B-LN cDNAs. After cross-hy-
bridization analysis, cDNA clones were sub-
jected to expression analysis on Northern blots
and DNA sequence determination. Clones
chosen for DNA sequence determination in-
clude 1 M-clone, 7 D-clones, and 322 S-clones.
Not all clones subjected to DNA sequence de-
termination have been subjected to Northern
blot analysis. Clones chosen for Northern
analysis include 1 M-clone, 28 D-clones, and
68 S-clones. A small number of clones will be
subjected to further analysis to determine their
corresponding cellular functions.

sequences, 65 D-clones, 4 M-clones, and 484 S-clones
remained to be analyzed.

Expression Analysis of Triple-Negative T
Cell-Specific cDNAs by Northern Blots and
PCR Amplification ofRNA
Inserts of each expression group were subcloned into
M13mpl9 to determine a limited (300-500 bp) DNA
sequence, and the RNA expression of individual clones
was examined by Northern blot analysis. A single-run
DNA sequence determination was used to eliminate any
unwanted cDNA clones such as mitochondrial genes.
The remaining cDNA clones that encoded previously
unidentified DNA sequences were then tested for TN
T cell-specific expression and/or expression in other cell
types, employing RNA isolated from continuous cell
lines on Northern blots. Continuous cell lines were used
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because this initial round of screening required large
amounts of poly(A)+ RNA to identify possible rare
messages. Northern blots contained 3-10 ,ug of poly(A)+
RNA from a minimum of four cell lines. These cell lines
included TN T cells (705), B cells (L10), pro-B cells
(NS70), monocytes (Wehi-3), fibroblasts (L-929), mast
cells (P815), and T cells (EL-4 and YAC-1). Northern
blots revealed widely divergent expression patterns in-
cluding, TN T cell-specific expression (D51, S39), the
expression of multiple transcripts of different sizes
(S183), and transcripts that appear to be expressed at
an increased level by TN T cells (M5 17) (Figure 4). The
major RNA expression patterns observed are repre-
sented in Table 1. Approximately 67% of the S-clones,
i.e., clones that failed to hybridize with any of the la-
beled cDNA probes, were negative on Northern blots
against all of the represented cell types. Over 50% of
the cDNAs in the library, when tested for expression
on Northern blots, failed to identify a transcript. This
suggests that these cDNAs represent very low abun-
dance transcripts. The majority of the S-clones that did
hybridize to poly(A)+ RNA were either expressed only
in the 705 TN T cell line or were widely expressed in
all cell types examined. Approximately 30% of all the
cDNA clones tested on Northern blots were expressed
in other cell types in addition to the 705 T cell used to
construct the library. These clones may have either es-
caped the subtraction procedure (expression pattern 2,
4, 5) or were not expressed by the lymph node T cells
or B cells used for the subtraction (expression pattern

S39D51

oA
_\T

\ S~c
A)
I

NA

Table 1. Expression patterns of immature cDNAs determined by
Northern blot analysis

RNA expression patterna

Cell line RNA/cell type 1 2 3 4 5 6

705/triple negative T cell + + + + + -
L10/B cell - + - - + -
Wehi-3/monocyte - - + - + -

EL-4/T cell - - - + + -

Single copy clones (S clones) 4 1 0 1 3 19
Membrane-bound clones (M clones) 2 1 0 0 0 3
Differential clones (D clones) 2 2 2 2 4 7

Total number/expression pattern 8 4 2 3 7 29

This table presents data from the major expression patterns observed
using Northern blots with 10 ag/lane poly(A)+ RNA from the indi-
cated cell types. Other Northern blots produced contained poly(A)+
RNA from other cell types than those listed here.
a The pattern of expression is read downward with + representing
observed hybridization and - repesenting no hybridization as detected
by Northern blot analysis.

3). Eight cDNAs (4 S-clones, 2 M-clones, and 2 D-
clones) were identified that were expressed solely by
the 705 TN T cell line and not the other cell types tested.
To further examine the expression of individual

cDNA clones, the more sensitive assay of multiplex RT/

S183
A)

77A)>-

S517
A)

(i :~z~)
A>~~J\ p

.-- 7.9 kb

--4.0 kb

.- 4.2 kb

. -.4-2.02kb

Ert-.

Figure 4. Northern analysis of cDNA clones tested upon various cell types. cDNA inserts were isolated from indicated lambda clones and
purified by gel electrophoresis. The insert sizes of the cDNAs ranged from 200 bp to >4 kb, with the average insert size - 1.0 kb. cDNAs were

labeled with 32P by random priming and hybridized as described in METHODS. All blots shown contain 10 ,ug/lane poly(A)+ RNA from the
various cell types indicated. The position of the 28S and 18S rRNA are indicated and amount of RNA loaded is shown by the 18S band.
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PCR amplification was used to reveal the presence of
RNA transcripts in the small amounts of RNA obtain-
able from normal thymocytes. Individual primer pairs
were synthesized for six cDNAs. Four pairs were syn-
thesized for cDNAs that demonstrated TN-specific
expression on Northern blots and two pairs synthesized
for clones with interesting sequence similarities to
known genes. Developmental expression was examined
employing RNA from day 16, fetal thymocytes, new-
born thymocytes, and lymph node cells (Figure 5). One
cDNA chosen for its similarity to known growth factors
(S334), revealed equal expression in all cell types tested
and demonstrated that this technique will be useful for
further testing of Thymocyte-specific expression. TN-
specific cDNA D12 was observed to be expressed in
both day 16 thymocytes and newborn thymocytes, but
not lymph node cells. Two other clones were expressed
only in newborn thymocytes and not by day 16 thy-
mocytes or lymph node cells (S183, D66). This approach
was unsuccessful for two cDNAs that may reflect altered
expression by the 705 thymic lymphoma as a result of
transformation or incorrect synthesis of primers due to
single-run DNA sequence determination.

S183

Limited DNA Sequence Determination of
Triple-Negative T Cell-Specific cDNAs
Partial nucleotide sequence was obtained from the 5'
end of 330 random cDNA clones > 2 kb. Limited se-
quence determination produced an average of 452
± 114 (mean ± SD) bases, which were analyzed with
the FASTA and BLAST sequence analysis programs.
Moreover, sequences were translated in all six reading
frames and subjected to analysis to determine putative
coding regions. Peptide sequences generated from large
open reading frames or stretches of 20 or more amino
acids from the coding analysis data were also used to
search the GenBank and protein databases. Sequence
determination indicated that the library contained 10-
20% random yeast sequences. This contaminant may
have been a consequence of continuous use of tissue
culture cells for the initial cDNA library. If any yeast
sequences were cloned in the initial library, they would
not have been eliminated by the subtractive hybridiza-
tions with normal lymph node tissues. Of the 330 cDNA
clones sequenced, 175 were unwanted sequences, in-
cluding E. coli genes (subcloning artifacts) (32%), yeast
genes (7%), and known genes such as viral genes, mi-

D12 D66

ACTIN --z

RI' RT
-+-. +-

RT
Figure 5. Reverse transcriptase (RT)/PCR-assisted amplification of RNA. RNA was isolated from day 16 AKR thymocytes, newborn thymocytes,
and lymph node cells. cDNA was synthesized with random hexamer primers and AMV reverse transcriptase. The amount of input cDNA was
then diluted and calibrated in PCR reactions containing the 1 pmol of the primers for beta-actin as an internal control. Specific primers were
synthesized for individual cDNA clones and tested in multiplex RT/PCR reactions with variable cycle numbers to determine exponential
amplification. Bands were identified by size in comparison to 123 bp markers. Arrows indicated the band produce by each set of specific primers.
PCR primers used: murine beta-actin, 5'-CTGAAGTACCCCATTGAACATGGC-3' (bA-1), 5'-AAGCTGTAGCCACGCTCGGTCAGG-3' (bA-
3); D66; 5'-TCCTCTGTGCTGGACAG-3' (d66A), 5'-TGACAGCTTTGGCTAGGAGA-3' (d66B); 5'-GGATTTTGACTAGACCAC-3' (183A), 5'-
ATTTGGAACACAGGATTT-3' (183B); 5'-AGGTGTGCTGCTTCCTCT-3' (D12A), 5'-GACTGGGTGCCAATCCTT-3' (D12B).
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tochondrial genes, murine repeats, and vector sequences
(14%).
Of the remaining 155 cDNA clones, 27 exhibited lim-

ited DNA or protein similarities with the BLAST and
FASTA sequence analysis programs (Table 2). Se-
quences corresponding to repeat regions were easily
identified by the large number of significant DNA se-

quence matches that were found by the BLAST pro-

gram. Protein similarity searches revealed the majority
of contaminants, including a E. coli protein identified

only by its protein sequence (97% identity/71 amino
acids). A potentially significant and interesting nucleic
acid similarity is that of TN-specific S19 to the rat cal-
cium binding protein calbindin D28 (68%/274n.t.).
Similarities to the translated protein sequences include
the similarity of cDNA clone S596 to human cell cycle
gene 1 (CCG1) (20%/i 16a.a.) and the similarity of TN-
specific D66 to the fibroblast growth factor (FGF) re-

ceptor precursor (70%/54a.a.). The most interesting
cDNAs are those that both sequence analysis programs

Table 2. Preliminary nucleic acid and protein similarities determined with the FASTA and BLAST sequence analysis programs

Database search programs

BLAST FASTA
Clone Accession
number number Description p(N)a Similaritiesb Similarities

M517 M94290 h. lambda Ig 64%/50n.t.
m. T-cell receptor alpha chain 87%/23a.a.

S19 M94291 r. calbindin D28 6.3e-20 68%/158n.t. 68%/274n.t.
S20 M94292 h. PDGF receptor precursor 0.76 74%/27a.a.
S65 M94293 m. leuk. common Ag (LCA) (T200) 86%/22a.a.
S160 M94294 h. stem cell factor 1.0 65%/23a.a. 83%/23a.a.
S183 M94295 m. N-ras protein 0.23 68%/60n.t.
S191 M94296 m. LCA-related phosphatase 0.49 75%/44n.t.

transposase 7.le-10 69%/43a.a. 86%/44a.a.
S267 M94297 r. profilaggrin 0.27 68%/58n.t.

m. astrocyte glial fib. acidic prot. 0.0064 60%/35a.a.
S334 M94298 m. eosinophil differentiation factor 0.96 86%/30n.t.

m. epidermal growth factor 70%/94n.t.
S510 M94299 h. flt receptor-rel. tyrosine kinase 0.39 64%/67n.t.
S553 M94300 r. nucleolar protein B23 0.00026 75%/48n.t.

r. nucleolar phosphoprotein 0.75 94%/17a.a. 16%/97a.a.
S596 M94301 h. cell cycle gene 1 (CCG1) 0.45 76%/21a.a. 20%/116a.a.
S618 M94302 h. growth hormone 0.026 54%/125n.t.
S711 M94303 h. erythrocyte ankyrin 0.77 73%/26a.a.
S843 M94304 m. C3 gene, 5' end 67%/58a.a.
S949 M94289 h. c-fms oncogene (CSF-1) receptor 0.011 66%/74n.t.

h. furin 78%/32a.a.
S1006 M94305 dros. shaggy gene protein 0.085 57%/33a.a. 69%/49a.a.
S1014 M94306 electric eel sodium channel prot. 0.0035 91%/12a.a.

r. secretin receptor 70%/40a.a.
S1059 M94307 von Willebrand factor precursor 0.44 64%/31a.a.
S1165 M94308 IMP dehydrogenase 0.74 75%/16a.a.

m. c.f. transmem. conductance reg. 80%/49a.a.
D43 M94379 h. leukocyte adhesion alpha-chain 0.58 76%/17a.a.
D51 M94309 h. Na,K-ATPase 57%/205n.t.

T-cell surface glycoprot. CD1.1 89%/18a.a.
D66 M94310 h. T-cell receptor beta-chain 60%/73n.t.

T-cell receptor alpha-chain 0.85 61%/31a.a.
FGF-receptor precursor 0.85 73%/19a.a. 70%/54a.a.

D90 M94311 beta-adrenergic receptor 0.23 66%/27a.a.

cDNA clones chosen for sequence analysis contained inserts >2 kb to avoid sequencing any cDNAs that may correspond to 3' untranslated
regions. For BLAST analysis, DNA analysis includes significant primate sequences p(N) < 0.50 and all amino acid similarities (identical plus
conservative substitutions) p(N) < 1.0. For FASTA analysis, arbitrary clones with the best scores to primate sequences were chosen. Abbreviations
used: n.t., nucleotide; a.a., amino acids; c.f. cystic fibrosis; h., human; r., rat, and m., mouse.

a The P-value is the probability of a score occurring by chance, given the size of the sequence searched and the database size using the BLAST
program.
b Similarities include identical plus related substitutions.
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(FASTA and BLAST) revealed like similarities between
both the nucleic acid sequence and the protein trans-
lation. For example, M517 revealed nucleic acid simi-
larities to human immunoglobulin (64%/50n.t.) and
protein similarities to another member of the immu-
noglobulin gene superfamily, mouse T cell receptor al-
pha chain (87%/23a.a.). Of the remaining TN-specific
cDNAs, no significant similarities were observed; how-
ever, intriguing similarities include D51 to CD1.1 (89%/
18a.a.) and S39 to seven rodent Ig superfamily genes
(59%/75n.t.). The remaining 80% of the cDNAs se-
quenced showed no significant similarities to known
primate or murine genes and therefore represent un-
known genes.

DISCUSSION

Phenotype of the 705 Thymic Lymphoma
The major aim of this study was to isolate cDNA clones
encoding immature T cell-specific mRNAs. As a source
of the TN T cell cDNA, the AKR thymic lymphoma 705
was used in subtractive hybridizations against lymph
node mRNA. Flow cytometric analysis of the 705 thymic
lymphoma reveals that this cell line is CD4-, CD8-,
CD3-, Thy-1+, HSA+, Pgp-1+. The phenotype of this
cell line is unusual in that Pgp-1 and HSA expression
are generally considered to be mutually exclusive.
However, minor populations of Pgp-1+ and HSA+ TN
cells have been observed and may represent a transi-
tional stage from precursor Pgp-1+ cells to HSA+ cells.
Although the phenotypes of TN T cell populations are
complex, CD4-, CD8-, CD3-, Pgp-1+ thymocytes have
demonstrated progenitor activity in irradiated animals
after intravenous injection of donor cells (Lesley, 1985),
and CD4-, CD8-, CD3-, HSA+ thymocytes have also
shown progenitor activity after intrathymic (it) injection
(Crispe and Bevan, 1987). Indeed, all observed sub-
populations of CD4-, CD8-, CD3- thymocytes have
demonstrated progenitor activity in thymic reconstitu-
tion experiments and vary only by the kinetics and phe-
notypic stage achieved by their progeny (Scollay et al.,
1988; Petrie et al., 1990). Although the exact stage or
lineage of T cell the 705 thymic lymphoma represents
is speculative, this lymphoma may represent adult pro-
thymocytes because of Pgp-1 expression. The Pgp-1
antigen is normally found on most bone marrow cells
and precursor T cells, but very little is found on mature
lymph node T cells (Trowbridge et al., 1982; Miyake et
al., 1990).

Subtractive Strategies used to Obtain Immature T
Cell-Specific cDNAs
A subtractive cDNA library was constructed to identify
cDNAs encoding new proteins differentially expressed
by TN T cells. Various methods to isolate differentially
expressed proteins include the use of monoclonal an-

tibodies, oligonucleotide probes based on partial amino
acid sequence, and hybridization-based methods. Of
the hybridization-based methods, the most popular are
differential hybridization and subtractive hybridization.
The limiting factor in these approaches is the sensitivity
or the level of RNA that can be detected. Differential
hybridization, or "plus-minus" screening, is based on
the synthesis of complex labeled cDNA probes and their
use to screen cDNA libraries. This technique is limited
by the complexity of the cDNA probes and can only
identify sequences present at 0.1-0.5% of the total
mRNA population (Sargent, 1987). RNA-cDNA reas-
sociation experiments suggest that the majority of T cell-
specific mRNAs are present at levels lower than 0.1%
(Hedrick et al., 1984). Therefore, we chose to construct
a subtractive cDNA library with a modification of a
strategy that has proven successful in isolating differ-
entially expressed genes present at 0.002% of themRNA
population (Palazzolo et al., 1989). There are three ad-
vantages to the use of this cloning strategy and the
lambda GEM (lambda SWAJ) vectors. First, the con-
struction of the primary library enables the use of T7
RNA polymerase to synthesize antisense cDNA used in
subtractive hybridizations. This in vitro generation of
large amounts of antisense cDNA is helpful in situations,
where the starting cells or tissue of interest can only be
obtained in small amounts. Second, using the restriction
sites to prime the synthesis of the subtracted cDNA fa-
cilitates the final cloning and recovery of the small
amounts of cDNA remaining after subtraction. Finally,
after the unsubtracted and contaminating clones were
removed by the screening procedures, all of the re-
maining clones were considered for expression analysis
and DNA sequence determination. Therefore the suc-
cess of this strategy is based on choosing clones that
fail to hybridize to labeled cDNA probes of high se-
quence complexity, thus retaining low abundance T cell-
specific clones. The drawbacks of this cloning strategy
are the complicated enzymatic reactions necessary to
generate antisense cDNA and the use of oligo dT in
library construction leads to a bias of 3' untranslated
sequences. An additional drawback is the obligate sub-
cloning of the inserts into M13 before automated DNA
sequence determination. In the future, cDNA subtrac-
tion coupled with large-scale cDNA sequencing will be
a powerful tool in the isolation of tissue-specific or de-
velopmentally regulated genes.

Analysis of the Subtracted cDNAs
After construction of the library, the cDNAs were an-
alyzed by differential hybridization to identify cDNAs
corresponding to abundant differentially expressed
RNAs (D-clones). Over 100 differentially expressed
cDNAs were isolated by this method, however, cross-
hybridization studies revealed that approximately one-
half of these cDNAs were MuLV retroviral sequences.

Molecular Biology of the Cell770



Isolation of Immature T Cell cDNAs

These retroviral sequences are a result of using an AKR
thymic lymphoma as the source of TN T cells. Although
unwanted, their presence in the library is expected and
can be used as a gross estimation of the success of the
subtraction procedures. Lymphotrophic MuLV have
been shown to infect and replicate in immature cortical
lymphocytes in the thymus (Cloyd, 1983; Owen et al.,
1986) and therefore may not be expressed at levels in
mature T cells sufficient enough to eliminate them from
the library.
What is the estimated diversity and complexity of the

subtracted TN minus lymph node cDNA library? After
two rounds of subtraction, the library contained 10 500
cDNA clones. With estimated percentages derived from
the screening of the cDNAs, once 40% (4200) vector/
unsubtracted B cell sequences and 10% (1500) MuLV
sequences were removed, the library should contain
4 800 cDNA clones. DNA sequence analysis revealed
that 230% (1400) of the remaining cDNAs correspon-
ded to 3' untranslated, yeast or mitochondrial sequences.
Therefore a rough estimate of 3400 cDNAs should be
present in the final library. Kinetic analysis by solution
hybridization has revealed -13 000 different mRNAs
expressed by liver cells (Hastie and Bishop, 1976) and
T hybridomas (Hedrick et al., 1984). With 13 000 total
mRNAs as an approximation for TN T cells, our results
indicate that 26% (3 400/13 000) of the mRNA popu-
lation is different between immature T cells and mature
T cells. This result is higher than the 2% difference ob-
served between T hybridomas and B cells and close to
the 25% difference observed between lymphocytes and
fibroblasts as suggested by solution hybridization ex-
periments (Crampton et al., 1980). Some of this differ-
ence may be explained by nuclear sequences or a pos-
sible redundancy once a larger number of clones are
subjected to DNA sequence analysis. The rough estimate
obtained may also reflect empirical differences between
a clone by clone analysis versus solution hybridization
experiments. Overall, if the lineage relationships be-
tween two cell types can be estimated by the percent
difference in their expressed mRNAs, our results suggest
that immature TN T cells may express a greater diversity
ofmRNAs than their more mature progeny (greater than
the mRNA diversity previously observed between T cells
and B cells).

After hybridizations to screen and sort the cDNA
clones, 97 random cDNAs were tested for tissue-specific
expression by Northern blot analysis with RNA from
various lymphoid and nonlymphoid cell types. The re-
sults from the Northern analysis indicated that in >50%
of the cDNAs tested, no hybridization could be ob-
served. Moreover, the majority of the cDNA clones that
were expressed in a TN T cell-specific expression pattern
were S-clones or the clones that failed to hybridize to
any of the probes used to screen the library. This data
suggest that the S-clones may contain the TN T cell-
specific low abundance genes we set out to isolate.

Nevertheless, all of the known surface proteins ex-
pressed by TN T cells (e.g., Pgp-1, HSA) are also found
on a variety of other cell types. Therefore cDNA clones
that are additionally expressed on the other cell types
tested, such as monocytes and pro-B cells, are also of
interest. Although only a small number of cDNAs were
used to identify RNA transcripts by RT/PCR detection,
the results suggest that many of the sequences may be
expressed by adult rather than fetal (day 16) TN T cells.
This implies that fetal and adult populations of TN T
cells may be different at the level of gene expression.
Overall, a combination of RNA expression pattern and
DNA sequence similarities will be used to determine
which clones will be subjected to further study.

DNA Sequence Analysis of Subtracted cDNAs
Three hundred thirty cDNA clones representing all of
the observed expression patterns were subject to single-
run automated DNA sequence determination and anal-
ysis. Both BLAST and FASTA sequence analysis pro-
grams were used to combine the advantages of each
program and to benefit from the use of different algo-
rithms to assess the significance of the DNA and protein
sequences generated. Comparisons between these pro-
grams revealed some interesting features and limitations
of each program. The advantages of the BLAST program
were its speed (usually 10-20 s), its ability to find short
stretches of similarity to known genes, and the esti-
mation of a Poisson p-value for each match. However,
the inability of the BLAST program to introduce gaps
to improve the alignment made it practical for primarily
finding matches to genes already in the databases. Thus
the BLAST program was used to identify the 175 un-
wanted sequences, and FASTA was used to analyzed
the remaining 155 unknown sequences. Overall, the
FASTA program was more useful because of its ability
to introduce gaps and find partial similarities over large
stretches of sequences (e.g., S596). None of the cDNAs
sequenced were similar to known TN T cell genes such
as Pgp-1/CD44, TdT, or RAG-1 genes. Failure to iden-
tify these genes may be due to the statistical limitations
of sequencing 155 clones, or they may be expressed at
some level in the mature lymph node lymphocytes used
for subtraction and would thus have been removed.
Several cDNA sequences had potentially significant
DNA similarities to various genes including, calbindin
D28 (S19), epidermal growth factor (S334), and Na,K-
ATPase (D5 1). Interestingly many of the observed sim-
ilarities were to genes expressed in the brain (S19, S267,
S1165, D90). This confirms other observed similarities
between the nervous system and the immune system
at the level of gene expression and in the use of common
motifs for cell-cell recognition (Gilbert and Payan, 1991;
Grenningloh; et al., 1991). Overall, the significance of
the similarities presented in Table 2 are unknown and
will require further sequence information to confirm the
relationships to other genes.
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Because protein sequence database searches are more
sensitive than DNA searches, cDNA clones chosen for
further analysis will be clones with significant protein
similarities. Interesting protein similarities include, T-
cell receptor alpha chain (M517 and D66), PDGF re-
ceptor precursor (S20), stem cell factor (S160), and the
Drosophila shaggy gene (S1006). The isolation of a
cDNA with similarity to the Drosophila shaggy gene is
potentially interesting because the product of shaggy is
a serine/threonine protein kinase that functions in a
signal transduction pathway necessary for cell-cell
communication (Bourouis et al., 1990). In addition, all
of the cDNAs with partial similarities to members of
the immunoglobulin superfamily will be tested by fur-
ther DNA sequence determination. This large family
contains many diverse members with important roles
in cell-cell recognition, and the identification of a new
member expressed by immature T cells may lead to new
insights into the processes of cellular recognition during
T cell development (Hood et al., 1985; Williams and
Barclay, 1988).

In this study, a combination of subtraction strategies
and differential hybridizations were employed to enrich
for cDNA clones that may be expressed during T cell
development in the thymus. Eight cDNA clones were
identified that are expressed by TN T cells on Northern
blots and -11 cDNAs have interesting similarities to
known genes. Further experiments include complete
DNA sequence determination and further RNA expres-
sion analysis to determine the kinetic parameters and
tissue distribution of each clone. In addition, these
cDNAs along with the production of antibody reagents
will be used to explore the cellular locations of their
corresponding proteins. Antibody reagents will also be
employed to further delineate subpopulations of CD4-,
CD8-, CD3- T cells. Thus DNA sequence data and cel-
lular distribution data may suggest further experiments
to determine their functional roles during T cell devel-
opment and differentiation in the thymus.
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