18,

20.

treatment, P = 0.029; F(16,152) = 5.894 for treat-
ment X time, P = 0.0001]. There were no significant
differences between the initial ERSPs or EPSPs 30
min after injection in the three groups shown in Fig.
1C.

BAPTA was injected by diffusion or iontophoresis
(0.5 to | nA, 500 ms at 1 Hz). Similar results were
obtained after 20 to 30 min of iontophoretic injection
or diffusion. BAPTA injected by these methods into
the sensory neuron blocked synaptic transmission,
suggesting that it was effective in buffering the Ca®~+
concentration. In the experiments shown in Fig. 2, A
and B, there were significant differences between
homosynaptic depression (control), PTP, and PTP/
BAPTA [for LFS synapses: F{2,18) = 6.281 for treat-
ment, P = 0.0085; F(16,144) = 2.428 for treat-
ment X time, P = 0.0029; for L7 synapses: F(2,18) =
6.214 for treatment, P = 0.0089; F(16,144) = 7.191
for treatment X time, P = 0.0001]. For LFS syn-
apses, the average amplitudes of the EPSPs on trial
one, 30 min after impalement, were 26.4 = 4.4 mV
(control), 23.3 = 3.7 mV (PTP), and 20.9 = 3.3 mV
(PTP/BAPTA); for L7 synapses, they were 17.3 =
3.1mV, 12.6 =3.2mV, and 16.9 = 3.9 mV, respec-
tively. There were no significant differences among
EPSP amplitudes on trial one for the three groups at
either synapse.

. We manually applied 10 wl of 5-HT (50 pM) with a

50-ul Hamilton syringe to the vicinity of the cells, as
previcusly described (2). Fast green (0.2%), which by
itself did not affect synaptic transmission, was in-
cluded in the 5-HT solution to check the delivery and
location of the puff, The solution was washed out in
less than 60 s by continuous perfusion of the cul-
ture. A two-way ANOVA revealed that 5-HT pro-
duced significant facilitation of EPSPs [overall,
F(2,13) = 8.852 for treatment, P = 0.0037 and
F(16,104) = 5.718 for treatment X time, P =
0.0001], but there was no significant difference be-
tween the 5-HT and 5-HT/BAPTA groups. The aver-
age amplitudes of EPSPs 30 min after impalement
were 25.3 + 5.1 mV (control) and 19.3 = 4.6 mV
(BAPTA) in the experiments shown in Fig. 3B, and
22.7 * 6.4 mV (control), 28.8 = 3.6 mV (5-HT), and
20.1 = 4.2 mV (5-HT/BAPTA) in the experiments
shown in Fig. 3C. There were no significant differenc-
es among EPSP amplitudes on trial one for the dif-
ferent groups.

. V. F. Castellucciand E. R. Kandel, Proc. Natl. Acad.

Sci. U.S.A. 71, 5004 (1974).

. N. Dale and E. R. Kandel, J. Physiol. {London) 421,

203 (1990).

. LFS motor neurons were injected with 2 nA of cur-

rent and L7 motor neurons with 4 nA, which pro-
duced approximately 50 to 100 mV of additional
hyperpolarization below the level at which the motor
neurons were held throughout the rest of the exper-
iment (8), as measured in the soma. However, the
hyperpolarization could have been substantially less
at the synaptic region. Overall, there were significant
differences between control, PTP, and PTP with
hyperpolarization during the tetanus (PTP/HPP) [for
LFS synapses: F(2,14) = 6.771 for treatment, P =
0.0088: F(16,112) = 4.807 for treatment X time,
P = 0.0001; for L7 synapses: F(2,19) = 5.22 for
treatment, P = 0.0156; F(16,152) = 2.951 for
treatment X time, P = 0.0003]. For LFS synapses,
EPSPs 30 min after impalement had amplitudes of
18.3 = 2.5 mV (control), 21.3 = 5.1 mV (PTP), and
22.1 £ 3.8 mV (PTP/HPP); for L7 synapses, they
were 146 2.6 mV, 19.5 * 4.0mV,and 18.1 = 3.2
mV, respectively. There were no significant differenc-
es among EPSP amplitudes on trial one for these
three groups.

Electrical coupling between the sensory neuron and
motor neuron was monitored by impaling both cells
with microelectrodes and applying a hyperpolarizing
pulse (30 to 120 mV) to one cell (cell 1) and measur-
ing the change of membrane potential in the other
(cell 2). The degree of coupling was defined by:
{membrane potential change in cell 2/hyperpolariz-
ing potential applied in cell 1) X 100%. The coupling
measured from soma to soma was 1.02 = 0.49%
(n = 5) from sensory to LFS cell, 0.79 = 0.38% (n =
5) from LFS to sensory cell, 0.32 = 0.17% (n = 8)
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from sensory to L7 cell, and 0.23 = 0.12% (n = 8)
from L7 to sensory cell.
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A Mammalian Telomerase-Associated Protein

Lea Harrington,* Timothy McPhail, Vernon Mar, Wen Zhou,
Rena Oulton, Amgen EST Program, Mike B. Bass,
Isabel Arruda, Murray O. Robinson™

The telomerase ribonucleoprotein catalyzes the addition of new telomeres onto chro-
mosome ends. A gene encoding a mammalian telomerase homolog called TP1 (telo-
merase-associated protein 1) was identified and cloned. TP1 exhibited extensive amino
acid similarity to the Tetrahymena telomerase protein p80 and was shown to interact
specifically with mammalian telomerase RNA. Antiserum to TP1 immunoprecipitated
telomerase activity from cell extracts, suggesting that TP1 is associated with telomerase
in vivo. The identification of TP1 suggests that telomerase-associated proteins are

conserved from ciliates to humans.

T elomerase is an unusual RNA-dependent
DNA polymerase that uses an RNA com-
ponent to specify the addition of telomeric
repeat sequences to chromosome ends (I).
In humans the telomeric repeat is 5'-
TTAGGG-3', and the telomerase RNA
contains a sequence complementary to this
telomeric repeat (2, 3). The telomerase
RNA template is required for telomere re-
peat synthesis in vitro and in vivo (4-6).
Telomerase activity is differentially regulat-
ed in normal and immortalized cells. In
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germline cells telomeres are maintained,
whereas several somatic tissues lack telo-
merase activity and undergo progressive
telomere shortening with increasing age
(I1). In immortalized cells telomere length is
stabilized and telomerase activity is often
reactivated (7-9). Telomerase activity has
also been detected in many cancers (I, 9).

Telomerase activities have been identified
in several organisms, and their RNA compo-
nents have been cloned from mouse, human,
yeast, and several ciliates (). Putative telo-
merase or telomere-associated proteins have
been identified in yeast (10). The ribonucle-
oprotein complex responsible for telomerase
activity, however, has been purified only in
ciliates (11—-13). Purified Tetrahymena telo-
merase contains an RNA and two protein
components, p80 and p95 (4, 13). The p80

component can be specifically cross-linked to
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telomerase RNA, whereas the p95 compo-
nent binds and cross-links to single-stranded,
telomeric DNA (11, 13). Antiserum to Tet-
rahymena p80 is also able to specifically im-
munoprecipitate telomerase activity from Tet-
rahymena cell extracts (13).

A cDNA encoding a Tetrahymena p80 ho-
molog was identified from a murine colonic
crypt expressed sequence tag (EST) database.
Overlapping clones were subsequently identi-
fied from both a colonic crypt library and a
bone marrow stromal cell library. The result-
ant contiguous cDNA sequence was 8160 nu-
cleotides long and contained a single open
reading frame (ORF) of 2629 amino acids. On
the basis of functional criteria described be-
low, the sequence was termed telomerase-as-
sociated protein 1 (TP1). The mouse se-

A R1 R2

quence was used as a probe to identify contig-
uous human cDNA clones from a library pre-
pared from a human colon carcinoma
LIM1863 cell line. The mouse and human
ORFs are 75% identical at the amino acid
level (Fig. 1).

Three regions in the NH,-terminal one-
third of TP1 exhibited amino acid similarity
to Tetrahymena p80 (Fig. 1, A and B). Region
2 showed the most homology to p80 with 46%
identity over 90 amino acids (Fig. 1B). Other
common motifs were also identified in the
mouse and human TPl protein. A Procite
search identified an adenosine triphosphate/
guanosine triphosphate (ATP/GTP) binding
motif, beginning at amino acid 1179 of the
mouse sequence (Fig. 1B). A 30—amino acid
repeated sequence at the NH,-terminus of

R3 R4

TP1 (R1 to R4) showed weak homology to a
protein of unknown function in the ononis
yellow mosaic tymovirus {14) (Fig. 1A). The
COOH-terminal third of TP1 contained 16
putative WD40 repeats (Fig. 1A) (15).

To determine the tissue distribution of
the TPI transcripts, we performed Northern
(RNA) blot analysis on RNAs from adult
mouse tissues. An ~8-kilobase pair (kbp)
transcript was detected at varying levels in
multiple tissues with a murine TPI RNA
probe (Fig. 2A). Human tissues also showed
widespread expression of TP mRNA and
often contained two transcripts of 8 and 9.5
kbp (Fig. 2B). Expression of TPI mRNA
was also observed in all human and murine
cell lines examined, including nontrans-
formed primary cells such as human fore-
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EAPSEIESYTENPMILSTHKEYGI FVLQPKDPGVLSFLRQKESGEFEERLNFDINLENPSRTLISITQAKPESESSFLCASSDGI LWNLAKC SPEGEWT TGNMWQKKANTPETQT PGTDPSTCRESDASMDSDASMDSEPTPHLKTRQR 2550
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{1 Hu 267 DPTLAAIFEICRELALLEPEFILKASLYARQOLNVRNVANNILAIAAFLPACRPHLRRYFCAIVQLPSDWIQVAELYQSLAEG
Mu 271 DLTRASILEVCSALASLEPEFILKASLYARQOLNLRDIANTVLAVAALLPACRPHVRRYYSAIVHLPSDWIQVAEFYQSLAEG
Te 63 DERRYIITKALLEVAESDPEFICQLAVYIRNELYIRTTTNYIVAFCVVHKNTQPFIEKYFNKAVLLPNDLLEVCEFAQVLYIFDATEFKNLYLDRILSQODIRKELTFRKCLORCVRSKFSEFNEYQLGKYCTESQRKK 200

2 Hu 440 TLRKLVQRLHIHKPAQHVQALLGYRYPSNLQLFSRSRL
Mu 446 TLRKLVEYLEIHKPAQHVQALLGYRYPATLELFSRSHL

DKNKLVPLPACLRTAMTDKFAQFDEYQLAKYNPRKHRAK 388
DEKKLVSLPACLRAAMTDRFAEFDEYQLAKYNPRKHRSK 392

PGPWDSSRAGRRMKLSRPETWERELSLRGNKASVWEELIENGKLPFMAMLRNLCNLLRV@ISSRHEELILQRLOHGKSVIHSRQFPFRFLNA 569
PGPWESSRAGQRMKLRRPETWERELSLRGNKASVWEELIDNGKLPFMAMLRNLCNLLRTGI SARHHELVLQRLQHEKSVVHSRQFPFRFLNA 575
Te 291 TFRDLIKFCHISEPKERVYKILGKKYPKTEEEYKAAFGDSASAPFNPELAGRRMRIEISKTWENELSAKGNTAEVWDNLISSNQLPYMAMLRNLSNILKAGVSDTTRSIVINKICEPRAVENSKMFPLOFFSA 423

3 Hu 827 NPNDVTLS GCTDAILKFIAEH GASHLLEHVGOMDKIFKI 865
Mu 836 NPNDVTLS GCTDGILKFIAEH GASRLLEHVGQLDKLFKI 874
Te 677 NENNYIKIFGMSDSILKFISAKQGGA NMVEVIKNFALQKI 716

Fig. 1. (A) Amino acid sequence of human TP1. Four NH,-terminal repeats of
unknown significance are indicated by solid lines over the sequence (R1 to
R4). Boxed regions show homology to Tetrahymena p80. Amino acids cor-
responding to the WD40 consensus sequence of the putative WD40 repeats
are indicated as follows: Conserved “WD motif” amino acid pairs are in bold-
face and underlined; conserved D residues are boxed; conserved “GH motif’
residues are overlined. Abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr. The complete human and murine TP1 sequences have been depos-
ited with GenBank (accession numbers U86136 and U86137, respectively).
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(B) (Top) The TP1 amino acid seqguence is depicted schematically, with
boxed regions as follows: NH,-terminal repeats 1 to 4 (R1-R4); gray boxes (1
to 3) show regions of homology between TP1 and Tetrahymena p80; and 16
putative WD40 repeats are boxed. (Bottom) Human (Hu) and murine (Mu)
TP1 amino acid sequences were aligned to Tetrahymena p80 by means of a
PAM250 matrix and then adjusted manually; Tetrahymena (Te) sequences
identical to either human or mouse at each position are shown in boldface.
The underlined, 90-amino acid segment in region 2 contains 46% identity
between p80 and human TP1. Seventy amino acids of human TP1 (amino
acids 484 to 554) also show 18% identity to the human Ro/SS ribonuclec-
protein (the corresponding p80 sequence shows 29% identity) (37).
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skin fibroblasts (16).

To determine whether TP1 interacts with
telomerase RNA, we used a three-hybrid
screen, a version of the two-hybrid screen in
which an RNA fusion to the hairpin se-
quence of phage MS2 is used to activate
transcription through an interaction with
the MS2 coat protein (17). The NH,-termi-
nus of murine TP1, which contained the
region with Tetrahymena p80 homology, was
tested for interaction with mouse telomerase
RNA (mTR) (Fig. 3). Coexpression of TP1
and mTR resulted in strong activation of the
reporter genes HIS3 and lacZ and allowed
growth on 3-aminotriazole (3-AT) medium
and detection of B-galactosidase (B-Gal) ac-
tivity (Fig. 3, A and B). TP1 also interacted
with a mutant mTR, mTR-1, but not with
several control RNAs such as yeast U2, U4,
and U6 small nuclear RNAs (snRNAs), the
yeast telomerase RNA TLCI, and antisense
mTR (“RTm”) (Fig. 3, A and B). Another
negative control, in which the MS2 tag was
placed in an antisense direction relative to
mTR (“2SM”), also did not allow growth on
3-AT medium (Fig. 3). Coexpression of TP1
and the iron response element, IRE, resulted
in growth on 3-AT medium (18); however,
B-Gal expression was not significantly above
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Fig. 2. Expression of murine and human TP7
mMRNA in tissues and cell lines. (A) Northern blots
from the indicated murine tissues (Clontech, San
Diego, California) were probed with 32P-labeled
murine TP7 RNA probe (top) and with random-
primed B-actin probe (bottom). (B) Northern blot
of the indicated human RNA samples (Clontech),
probed with human TP7 RNA probe as in (A). (C)
Northern blot of mMRNA from immortalized human
and mouse cell lines. (Left) RNA from the indicated
immortalized human cell lines (Clontech) was
probed with human 7P7 and B-actin as in (B);
(right) RNA from the indicated murine cell lines
was probed with murine TP7 as in (A). Molecular
sizes are indicated on the left (in kilobase pairs).
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background levels (Fig. 3B). Only mTR and
TP1 together resulted in the strong activa-
tion of both reporter genes in the three-
hybrid assay, suggesting that TP1 is not a
general RNA binding protein, but specifical-
ly binds telomerase RNA.

To determine whether TP1 associated
with telomerase RNA and telomerase activity
in vivo, we transfected a murine TP1 cDNA
containing two copies of an NH,- terminal
Myc-epitope tag into murine neuroblastoma
(N2A) cells. We then examined the cell ly-
sates for immunoprecipitation of TP1 and te-
lomerase activity using a monoclonal anti-
body to the Myc epitope (anti-Myc) (Fig. 4, A
and B). Immunoblot analysis of the immuno-
precipitates with anti-Myc confirmed that
tagged TP1 was expressed in the transfected
N2A cells (Fig. 4A). Telomerase activity was
immunoprecipitated from Myc-TP1-trans-
fected cells, but not from mock-transfected
lysates, or Myc-TP1 lysates incubated with
excess Myc peptide (Fig. 4B). Addition of a
nonspecific peptide did not compete for the
ability of anti-Myc to immunoprecipitate TP1
and telomerase activity (Fig. 4A, lane 6, and
Fig. 4B, lane 11). We also examined whether
anti-peptide antibodies against murine TP1
could immunoprecipitate telomerase activity
from untransfected, immortalized mouse fi-
broblast (NIH 3T3) cell lysates (Fig. 4C).
Telomerase activity was immunoprecipitated
with an antipeptide antibody to the COOH-
terminus of TP1 (Fig. 4C, lane 8) but was not
immunoprecipitated by protein A resin alone
or by preimmune serum (Fig. 4C, lanes 6 and
7). The immunoprecipitation of telomerase
activity was specifically competed by incuba-
tion of the antipeptide antiserum with excess
peptide to which the antibodies were raised

Fig. 3. Three-hybrid analysis of the mTP1 and mTR interaction. g
(A) Various MS2-tagged RNAs as indicated were cotransformed
with TP1 into the three-hybrid yeast strain L40-coat and patched
on synthetic drop-out plates lacking uracil and leucine (—AT)
and the same plates also lacking histidine and containing 5 mM
3-aminotriazole (+AT) (77). An interaction between the tagged
RNA and TP1 allows growth on 3-AT. mTR is wild-type mouse
telomerase RNA (79); RTm indicates the mTR sequence cloned
in the antisense direction relative to the MS2 hairpins; 2SM refers
to the full-length mTR in the sense direction and the MS2 hair-
pins in the antisense direction; mMTR-1 is a mutant containing
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(P3), but was not competed by another TP1
peptide, P1 (Fig. 4C, lanes 9 and 10). Reverse
transcription and polymerase chain reaction
(RT-PCR) analysis was used to establish that
mTR was present when TP1, and telomerase
activity, were immunoprecipitated (Fig. 4D).

These experiments demonstrate that
TP1 interacts with telomerase RNA and
that TP1 is associated with telomerase ac-
tivity in vivo. Further biochemical analysis
is required to determine whether TP1 is
essential for telomerase function. The NH,-
terminus of TP1, which shows the most
homology to Tetrahymena p80, is sufficient
to bind telomerase RNA in vivo. These
results support the suggestion that although
the telomerase RNAs of ciliates and mam-
mals differ considerably in sequence (3, 4,
19), they may share sufficient secondary
structure to be recognized by a conserved
RNA-binding motif (20).

The TP1 sequence has features distinct
from that of p80. Unlike p80, TP1 does
not contain a putative zinc finger (13).
The significance of the potential ATP/
GTP-binding domain is unknown, because
ATP is apparently not required for human
or mouse telomerase activity (2, 21). An
intriguing feature of the TP1 sequence is
the WD40 repeats in the COOH-termi-
nus. The B subunit of the heterotrimeric
GTP-binding protein is composed of seven
WDA40 repeats that form a structure resem-
bling a seven-bladed propeller (22). Sim-
ilar WD40 repeats are present in a number
of proteins that form multiprotein com-
plexes (15). TP1 may form one or more
propeller structures that mediate interac-
tions with other telomerase or telomere-
binding proteins, such as the telomeric
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[relative to the transcription start site (79)]; U2, U4, and U6 are
yeast snRNAs (U6 is not MS2-tagged) (32); and TLCT7 is the |
full-length yeast telomerase RNA (76). (B) B-Galactosidase as-
says on transformants shown in (A). Liquid B-Gal assays were
performed in triplicate and quantified as in (29), with 1073 stan-
dard B-Gal units (420 nm) shown on the y axis. Error bars
indicate standard deviation for each sample average. Another
control RNA, the iron response element hairpin IRE (77), is
shown for comparison to mTR and mTR-1. Although cotrans-
formation of TP1 and IRE resulted in growth on 3-AT medium,
B-Gal levels were not significantly above those of other negative
controls (78). A positive control for the three-hybrid interaction,
consisting of IRE and its binding protein IRP (RE/IRP) (717), is
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Fig. 4. Telomerase ac- p

tivity in TP1 immunopre-

cipitates. (A) Immuno- -

blot developed with an =

antibody to Myc. S100

lysates (lanes 1 and 2) i

and immunoprecipitates 1 . g

(lanes 3 to 6) of N2A cells = =
-
-
2

No Ab

transfected with a Myc-
epitope fusion gene con-
taining the entire murine
TP1 coding sequence
(TP1;lanes 2, and 4to0 6)
and mock-transfected D
cells (lanes 1 and 3) were

resolved by SDS-poly-

acrylamide gel electro-

phoresis, transferred to

nylon membrane, and

probed with anti-Myc ™ W& = & = =

(33). TheMyc-TP1inthe 123 4567 89101112

TP1 cell lysate and in the

TP1 immunoprecipitate can be detected above the 220-kD protein marker indicated at right. Lanes 5 and 6:
10 pg of Myc peptide [sequence: 408-AEEQKLISEEDLLRKRREQLKHKLEQLRNSCA] (lane 5), or the non-
specific peptide P3 (lane 6, see also below) were incubated with anti-Myc before the immunoprecipitation to
demonstrate the antibody specificity. No TP1 degradation products were detected below the region shown.
(B) Telomerase activity in cells transfected with Myc-TP1 and mock-transfected cells as in (A). Protein G beads
were assayed for telomerase activity through use of the telomere repeat amplification protocol ( TRAP) (30), in
the absence (odd-numbered lanes) and presence (even-numbered lanes) of 5 pg of ribonuclease A (RNase)
(Sigma). Lanes 9 and 11: Myc peptide and P3 peptide (10 ng each) were added as competitor to the
immunoprecipitation of Myc-TP1 lysates in lane 7. (C) immunoprecipitation of telomerase activity by antipep-
tide antibodies against murine TP1. DEAE-purified NIH 3T3 S100 cell lysates were precipitated onto protein
A-Sepharose beads adsorbed with the following: no antibody (lanes 1 and 6); normal rabbit preimmune sera
(lanes 2 and 7); rabbit antisera raised against a COOH-terminal TP1 peptide, P3 [sequence: 1536-DPDAS-
GTFRSCPPEALKDL] (lanes 3 and 8); antibodies to P3 peptide in the presence of 60 pg of P3 peptide (anes
4 and 9); and antibodies to P3 peptide plus 60 png of an NH,-terminal TP1 peptide, P1 [sequence: 390-
RSKRRSRQPPRPQKTERPFSERGK] (lanes 5 and 10) (33). Both the supernatants after incubation with 3T3
S$100 lysate (Sup; lanes 1 to 5) and the washed beads (IP; lanes 6 to 10) were assayed by TRAP and resolved
ona 10% acrylamide nondenaturing gel. Lane 11: RNase treatment of the immunoprecipitate in lane 8. Similar
results were obtained with both Myc-TP1-transfected N2A cell lysates and NIH 3T3 cell lysates (7 = 6). (D)
Analysis of mTR in the TP1 immunoprecipitates. Approximately 5 wl of protein A beads were phenol-extracted
and subjected to RT-PCR with mTR-specific primers as in (79). Lanes 1 and 2: positive control lysate (NIH 3T3)
and “no RNA" negative controls; lanes 3 to 6: no antibody, preimmune, immune, and immune plus P3 peptide
[as in (C)).
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At 24 hours before transfection, mouse neuroblastoma
(N2A) cells were seeded at 7 X 10° cells per 100-mm
dish in 15 ml of Dulbecco’s modified Eagle’s medium
plus 10% (v/v) fetal calf serum (FCS). For the lipofection,
cells were incubated in 6 ml of Optimem | reduced
serum medium (Gibco-BRL), 174 ng of Pfx-6 (Invitro-
gen, San Diego, CA), and 29 pg of full-length, tagged
TP1 plasmid DNA (PCR3Myctagg3) for 4 hours. The me-
dium was replaced with fresh media containing 10%
(v/V) FCS, and the cells were harvested 24 hours later as
in (7). Protein lysates were subjected to electrophoresis
on 6% (w/v) SDS—polyacrylamide gels and transferred
to a nylon membrane. The membrane was incubated
with an antibody to Myc (Oncogene Science, San Di-
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ego, CA) followed by a horseradish peroxidase—conju-
gated secondary antibody (Amersham, Arlington
Heights, IL) and visualized with the use of an Amersham
ECL kit (Amersham). Diethylaminoethyl (DEAE) agarose
(Bio-Rad, Hercules, CA) column chromatography was
performed as in (27). Approximately 0.5 pg of antibody
to human Myc (Oncogene Science) was incubated with
100 to 200 pg of N2A 8100 lysate from celis expressing
either the Myc-tagged, full-length TP1 (TP1), or with no
plasmid (N2A), for 1 hour, followed by incubation with 5
to 10 wl of protein G-Sepharose beads at 4°Cfor 110 3
hours. For the Myc peptide competition, 10 png of Myc

peptide (Oncogene Science) was added before incuba-
tion with anti-Myc. The supernatant was removed, and
the beads were washed twice with 1 mf of 2.3X hy-
pobuffer (7) containing 10% (v/v) glycerol and 0.1 M
NaCl. The lysates (lysate) and immunoprecipitates (IP)
were assayed by the telomerase repeat amplification
protocol (TRAP) (30). For the anti-peptide immunopre-
cipitations, sera was adsorbed to 10 wl of protein
A-Sepharose beads (Pierce, Rockford, IL), washed with
hypobuffer, and incubated with DEAE-purified S100 ly-
sates of NIH 3T3 cells. For peptide competition, 60 ng
of each peptide was incubated with the washed protein

Immunoglobulin E Production in the Absence of
Interleukin-4-Secreting CD1-Dependent Cells

Stephen T. Smiley, Mark H. Kaplan, Michael J. Grusby*

A lymphocyte population that expresses surface markers found on T cells and natural
killer (NK) cells secretes large amounts of interleukin-4 (IL-4) immediately after T cell
receptor ligation. These NK-like T cells are thus thought to be important for the initiation
of type 2 T helper cell (T,2) responses. CD1-deficient mice were found to lack this
lymphocyte subset, but they could nevertheless mount a protypical T, 2 response; after
immunization with antibody to immunoglobulin D (IgD), CD1-deficient mice produced
IgE. Thus, although dependent on CD1 for their development, IL-4-secreting NK-like T

cells are not required for T2 responses.

Interleukin-4 is critical for the differentia-
tion of naive T cells into T2 cells. Perhaps
the most compelling evidence for this are
studies showing that knockout mice harbor-
ing gene disruptions for either IL-4 (1) or
STATSG, the signaling molecule activated
by IL-4 (2, 3), fail to generate Ty,2 cells and
the IgE responses they promote. Despite the
importance of this cytokine, the identity of
the cell type that produces the I1.-4 needed
for the development of Ty,2 cells remains
controversial. In addition to T2 cells
themselves, mast cells (4), CD8% T cells
(5), ¥8* T cells (6), and a subset of ap ™ T
cells expressing NK cell markers (7) are all
capable of producing I11.-4.

NK-like T cells are notable in that they
promptly secrete large amounts of IL-4 after
in vivo administration of a monoclonal an-
tibody (mAb) to CD3 (8). Certain mouse
strains, such as SJL and B,-microglobulin
(B,M)—deficient mice, lack NK-like T cells
and do not produce high titers of 11.-4 after
primary stimulation of their T cell receptors
(TCRs) in vivo (9, 10). These animals are
also impaired in their ability to produce IgE
after immunization with the polyclonal
stimulus antibody to IgD (anti-IgD) (9, 10).
The correlation between this inability to
produce IgE in response to anti-IgD and an
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absence of IL-4—producing NK-like T cells
has led to the suggestion that IL-4 produc-
tion by NK-like T cells is important for the
initiation of Ty;2 responses.

Several lines of evidence suggest that NK-
like T cells are restricted by the nonpolymor-
phic major histocompatibility complex
(MHC) class I-like molecule CDI. First,
NKI1.1* T cells, including those that are
CD47, are easily identified in MHC class
[I-deficient mice (11-13), whereas disruption
of the gene encoding $,M, which impairs the
expression of CD1, results in the loss of these
cells (13, 14). Second, NK1.1* T cells express
a limited repertoire of TCRs comprising an
invariant « chain, V_14],281, usually paired
with a VB8’ VB7’ or VBZ chain (15, 16),
which suggests that they are restricted by
a monomorphic ligand. Finally, NK1.1" T
cells can be activated by CDI1-expressing cells
(12, 17).

To confirm that NK-like T cells require
CDI1 for their development and to assess the
role of CD1-dependent cells in the genera-
tion of T2 responses, we used gene target-
ing in embryonic stem (ES) cells to produce
CD1-deficient mice. The murine CD1 locus
is composed of two closely linked genes,
CDI.1 and CDI.2, arranged in opposite
transcriptional orientations and spaced ap-
proximately 9 kb apart (18). We used a
gene-targeting construct that deleted almost
all of the coding regions of both CDI.1 and
CD1.2 while maintaining the intergenic se-
quence (Fig. 1A). Correctly targeted ES cells
of strain 129 mice were identified at a fre-
quency of 1 in 75 drug-resistant clones and

A beads before the addition of lysate.
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injected into BALB/c embryos to generate
germline chimeras. Southern (DNA) blot
analysis confirmed transmission of the tar-
geted allele and deletion of coding sequences
from both CD1 genes (Fig. 1B). Homozygous
mice were generated at the expected Men-
delian frequency and were grossly normal in
appearance. To determine whether homozy-
gous mice lacked CDI1 expression, thymo-
cytes were analyzed by flow cytometry with
the CD1-specific mAb 1B1 (Fig. 1C). CD1
expression was detected on thymocytes from
wild-type littermates but was reduced on
cells from heterozygous mice and was absent
on cells from homozygous mice. Moreover,
the CDl-restricted hybridoma DN32.D3
(16) could not be activated by thymocytes
from homozygous mice (Fig. 1D). Thus, ho-
mozygous mice were phenotypically and
functionally deficient for CDI expression.

Several studies have suggested that
NK-like T cells may be dependent on CD1
for their maturation (13, 14). In the thy-
mus, NK-like T cells are phenotypically
characterized as heat-stable antigen
(HSA)~/'o%, NK1.17, TCR™, CD44high
and CD122% (19). In addition, their TCR
expression is greatly biased toward V_14
and VBS (15, 16). To determine whether
NK-like T cells require CD1 for their de-
velopment, thymocytes from control and
CDI-deficient mice were analyzed by flow
cytometry (Fig. 2A). Approximately 10%
of the HSA™¥ thymocytes from
C57BL/6 mice were VBS"“ NK1.1%, and
these cells could also be defined as V8™
CD44Meh or V8™ CD1227% (20) (Fig.
2A). As was consistent with previous
observations (13, 14), this population was
greatly diminished in f,M-deficient
C57BL/6 mice. When CD1-deficient mice
were analyzed for the presence of
HSA /low Vg8 CD44hieb thymocytes
(the NK1.1 marker is not expressed in the
129 and BALB/c genetic backgrounds of
the CD1-deficient mice), this population
was similarly decreased in number (Fig.
2A). Thus, CD1 is the B,M-dependent
molecule required for the development of
this thymocyte subset.

Unlike mature peripheral T cells,
HSA ™% thymocytes secrete large amounts
of both 11.-4 and interferon-y (IFN-y) after
stimulation through their TCRs (7, 21). In
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