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Analysis of T-cell Receptor Gene Rearrangement and 
Expression in Human Natural Killer Clones 

Abstract. A series of clones of human natural killer (NK) cells was characterized 
with respect to expression of the Ti a and Ti p genes of the T-cell receptor. TI l+T3+ 
NK clones contained Ti a and Ti p RNA transcripts and expressed disu@de-linked 
heterodimers, demonstrating the presence of a functional T-cell receptor. In 
contrast, TI l+T3- NK clones expressed only 1 .O-kilobase truncated Ti p transcripts, 
without a Ti a transcript and no detectable surface Tiprotein. Since previous studies 
demonstrated that Ti p gene activation precedes Ti a gene activation in thymic 
ontogeny, the T11+T3- NK cells appear to be derived from T-lineage precursors. 

Natural killer (NK) cells have been 
operationally defined as a population of 
cells capable of mediating direct cytotox- 
icity against various types of target cells 
without apparent prior immunization (1). 
Primarily because the cytotoxic specific- 
ity of NK cells is not restricted by or 
associated with expression of major his- 
tocompatibility complex (MHC) antigens 
on their target cells, NK cells have been 
thought to be functionally distinct from 
cytotoxic T lymphocytes. In peripheral 
blood, NK cells appear to be a morpho- 
logically homogeneous population of 
large gr$nular lymphocytes (LGL) that 
can be distinguished and separated from 
conventional T cells by their differing 
physical characteristics (2). Neverthe- 
less, the lineage of NK cells has not been 
established since they express both T 

lymphocyte and myeloid-associated 
cell surface antigens. Moreover, the 
structural basis by which these cells ex- 
ert their cytotoxic function has not been 
defined for most of the NK active cells. 

In order to analyze NK cell function 
and heterogeneity, we and others have 
developed and characterized monoclonal 
NK cell lines from normal peripheral 
blood (3). This is possible because NK 
cells proliferate in response to nonspecif- 
ic stimulation, and this proliferation can 
be maintained by interleukin-2. Using 
these techniques, we were able to select 
a series of NK clones solely on the basis 
of their ability to mediate cytotoxicity 
against various types of target cells with- 
out prior sensitization. Previous charac- 
terization of these NK clones has shown 
that they can maintain a stable pheno- 

Fig. l .  Two-dimensional SDS-PAGE of NK Wonreduced - 
clones labeled at surface membranes with 
'"I. (A) JT9 cells. (B) JT3 cells. Lymphoid 
cells were externally labeled with '2SI-labeled "' - I 
lactoperoxidase, and total cell lysates from 
5 x 106 to 10 x lo6 cells were analyzed by 46- 
modification of the procedure described by 
Goding and Hanis (10, 11). Lysates were first - 
resolved under nonreducing conditions in a 10 A 
percent acrylamide Laemmli tube gel. When "\ B k 
the bromophenol blue marker reached the bottom of the tube, the gel was removed and 
equilibrated for 1 hour at 25OC in sample buffer containing 10 percent 2-mercaptoethanol and 100 
mM dithiothreitol. Samples were then subjected to electrophoresis in the second dimension 
under reducing conditions in a 10 percent acrylamide Laemmli slab gel. Gels were fixed and 
autoradiographed with intensifying screens and Kodak X-R5 film at -70°C for 48 hours. The 
m w  in (A) indicates the position of the disulfide-linked heterodimer. A similar spot is not 
detectable in (B). 
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type and cytotoxic function after pro- 
longed periods of culture in vitro. More- 
over, these NK clones appear to reflect 
accurately the phenotypic and functional 
diversity of NK cells in unstimulated 
peripheral blood. In the present experi- 
ments, we used DNA probes for the Ti a 
(4) and Ti p (5) genes of the T-cell 
receptor to analyze various NK clones 
for the presence of specific T-cell lineage 
rearrangements as well as expression of 
T-cell receptor gene products. These 
studies were undertaken to further char- 
acterize the derivation of NK cells and to 
analyze the structural basis for the cyto- 
toxic function of these cells. 

The phenotype of the NK clones used 
in our studies is summarized in Table 1. 
Clones JT3 and JTd8 represent the phe- 
notype of most of the NK cells in periph- 
eral blood (6). These cells express T111E 
rosette antigen and NKHl, a pan-NK 
cell antigen, but do not express T3, T4, 
or T8 antigens. Although these two 
clones have a similar phenotype, they 
were derived from different individuals, 
and only JT3 cells express NKH2 anti- 
gen--another marker associated with 
LGL in peripheral blood (6). Clones JT3, 
JT9, and JTlO were derived at separate 
times from the same individual, but JT9 
and JT10, in contrast to JT3, have a 
mature T-cell phenotype (T3+, T8+, 
T11'). Unlike most T lymphocytes, 
however, these cells express NKHl anti- 
gen and kill a wide variety of target cells 
including K562. Cytotoxicity of JT9 and 
JT10 cells is not MHC-restricted and 
cannot be blocked by monoclonal anti- 
bodies specific for T8 structures or for 
histocompatibility antigen class I or class 
I1 products (7). Clones JT9 and JTlO 
demonstrate an identical target specific- 
ity to each other, and both express a 
90-kilodalton (kD) clonotypic disulfide- 
linked hetemdimeric receptor (NKTa) 
that is linked to surface T3 antigen and 
appears to be the product of functional 
T-cell receptor genes (8). Cytotoxicity of 
JT9 and JTlO cells can be blocked at the 
effector cell level by monoclonal anti- 
bodies specific for NKTa or T3 antigens 
and at the target cell level by monoclonal 
antibodies specific to TNKTAR, a 140-kD 
glycoprotein that is widely expressed 
on normal lymphoid and hematopoi- 
etic cells after cell activation (9). Clone 
CNK3 was derived from a different indi- 
vidual and also has a mature T-cell phe- 
notype (T3+,T8+, and T1 I+). Further- 
more, its cytotoxicity is also blocked by 
antibody to T3. Unlike JT9 and JTlO, 
these cells express NKH2 antigen and do 
not express NKTa. 

The possibility that NK clones lacking 
T3 express a disulfide-linked heterodi- 
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meric T-cell receptor-like structure. was - - D E F G H Fig. 2. Northern analvsis of RNA from NK 
examined by use-of two-dimensional so- 
dium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) to analyze 
total lysates from cells surface-labeled 
with lZ51. Surface-labeled cell lysates 
were separated in one dimension under 
nonreducing conditions and then re- 
solved in a second dimension under re- 
ducing conditions, as described by God- 
ing and Harris (10) and Acuto et al. (11). 
Under these conditions, T-cell receptor- 
like structures that are disulfide-linked 
heterodimers can be separated from the 
vast majority of membrane proteins, 
which migrate identically in both reduc- 
ing and nonreducing conditions. JT9 
cells that were earlier shown to express a 
90-kD disulfide-linked heterodimer have 
a set of off-diagonal spots at approxi- 
mately 49- and 43-kD sizes consistent 
with known Ti a and Ti p proteins, 
respectively. (Fig. 1A). In contrast, JT3 
cells that are representative of T3- NK 
clones do not express such a structure in 
this molecular weight range, although at 
least a single off-diagonal spot is evident 
elsewhere (for example, at approximate- 
ly 38 kD). These data indicate that at 
least some T l  l'T3- NK clones must use 
a structure distinct from that of T3-Ti in 
the recognition process. 

To further characterize T3+ and T3- 
NK populations, we used complemen- 
tary DNA (cDNA) probes specific for 
the Ti p and Ti a subunits of the human 
T-cell receptor (12, 13). Individual cyto- 
plasmic RNA's were extracted from 
each clonal population, separated ac- 
cording to size with agarose gel electro- 
phoresis, and subsequently analyzed by 
the Northern blot technique. As shown 
in Fig. 2 for the mature T-cell tumor 
REX (lane E), two different species of Ti 
p RNA -can be identified-the prevalent 

clines with Ti Ca and Ti CB probes. RNA 
was prepared from cell pellets by lysis with 

28s - NP-40 in the presence of 10 rnM vanadyl 
ribonucleoside (BRL), removal of nuclei by 
centrifugation, proteinase K digestion, phenol 

r e s  -C extraction, and ethanol precipitation (the last 

' t two procedures being repeated twice). The 

8 material was treated with formaldehyde and 
run on agarose gels containing formaldehyde. 
Before transfer to Genescreen Plus, gels were 
soaked in 20x standard sodium citrate (SSC) 
for 30 minutes. After transfer, membranes 
were baked at 80°C for 2 hours to inactivate 
formaldehyde, hybridized first in plaque 

screen buffer (PSB), and then hybridized overnight at 65OC in PSB containing Ti Ca (lanes A to 
D) or Ti Cg (lanes E to H) probes at 3 X lo6 to 5 x lo6 cpmlml. Membranes were then washed 
in PSB at 65°C for 45 minutes and in plaque screen salt for 45 minutes at 65OC and exposed to 
Kodak XR x-ray film for 24 to 72 hours. The cloning of DNA segments used for generating these 
probes is described elsewhere (12,13). The Ti Cg probe was derived by digesting plasmid pCg 
REX with Eco RI and Bgl I1 to yield a fragment of about 800 bases long containing the constant 
region of Ti g. Lambda a REX, a A gtlO clone containing partial Ti a cDNA segments, was 
digested with Eco RI and MnlI A to yield a fragment approximately 400 bases long and 
containing about 100 bases of the Ti a V region and an additional 300 bases of Ti a J and C 
regions. The appropriate inserts were run on low-melting-point agarose gels (BRL). The bands 
were removed, diluted with tris-EDTA buffer, and labeled directly to high specific activity with 
the use of DNA polymerase I large-fragment (New England Biolabs) and random primers (P-L) 
following a protocol by Feinberg and Vogelstein (20). Lanes contained approximately 8 pg each 
of RNA from different cells as follows: (lanes A and E) REX; (lanes B and F) JTB18; (lanes C 
and G) JT3; and (lanes D and H) JT9. 

species of approximately 1.3 kilobases 
(kb) and the much less abundant species 
at 1.0 kb. Whereas the 1.3-kb form of the 
message represents the complete tran- 
script resulting from joining of dispersed 
germline V and D segments to J-C seg- 
ments (variable and diversity regions to 
joining and constant regions), the 1 .O-kb 
message is a truncated D-J-C transcript 
(14). As shown in lane H of Fig. 2, the 
T3+ NK clone JT9 expresses both 1.3- 
and 1.0-kb Ti p transcripts. In contrast, 
the T3- NK clones JTB18 and JT3 (lanes 
F and G )  express the 1 .O-kb form of Ti p 
transcripts in the absence of the 1.3-kb 
form. Analysis of Ti a RNA in these cells 
shows that REX (lane A) and JT9 (lane 
D) both express 1.6- and 1.3-kb tran- 

scripts whereas, in contrast, the T3- 
clones JTB18 and JT3 (lanes B and C) 
lack both message sizes. 

Since active T-cell receptor genes re- 
sult from joining DNA fragments that are 
discontiguous in the germline, we exam- 
ined individual NK clones with regard to 
their Ti p gene rearrangement. For this 
purpose, we made use of the Ti p probe, 
which hybridizes equally well to the 
germline Cp1 and Cp2 segments, respec- 
tively (12). Genomic DNA was digested 
with one or another restriction endonu- 
clease, size-fractionated by agarose gel 
electrophoresis, and hybridized with 3 2 ~ -  

labeled Ti Cp REX probe. Figure 3 
shows the germline pattern of the B 
lymphoblastoid line Laz 461 (lane A) 

Table 1. Characteristics of natural killer clones. Expression of each antigen was determined for each clone by indirect immunofluorescence assay 
using specific monoclonal antibodies and fluorescein-conjugated goat antibody to murine immunoglobulin (GM-FITC) (Tago, Burlingame, 
Caliiomia). After removal of excess of GM-FITC, cells were fixed with 1 percent formaldehyde in PBS, and 10,000 cells were analyzed on a flow 
cytometer (Epics V or Epics C, Coulter Electronics). In each instance, reactivity with a specific monoclonal antibody was compared to reactivity 
with a nonspecific murine antibody and GM-FITC. Cells were considered to be negative if fewer than 10 percent of the cells were reactive with 
monoclonal antibody. In all cases of positive reactivity, more than 80 percent of cells were reactive with monoclonal antibody. Each NK clone 
was derived from normal peripheral blood by limiting dilution and was selected primarily for its ability to kill K562 target cells without prior 
immunization (3). Each clone was subsequently shown to kill a wide variety of unrelated target cells, some of which do not express either class I 
or class I1 major histocompatibility molecules. In addition, cytotoxicity of these clones cannot be blocked by monoclonal antibodies specific for 
class I or class I1 MHC products (8). Clones JT9 and JTlO have been determined to be specific for a cell surface glycoprotein of 140 kD expressed 
following cell activation termed TNKTAR (9). 

Antigen expression 
NK clone Cytotoxic specificity Reference 

T3 T4 T8 TI1 NKH 1 NKH2 NKTa 

JT3 - - - + + + - 
- - - 

Non-MHC 
JTB 18 + + - - 

(3) 
Non-MHC 

JT9 + * - + + + - + (3) 
140-kD TNKTAR 

JTlO + - + + + - + (9) 
140-kD TNKTAR 

CNK3 + - + + + + - Non-MHC 
(9) 

*Cytotoxicity of T3+ clones JT9, JT10, and CNK3 can be blocked by incubation with monoclonal antibody to T3 (8.9). Cytotoxicity of T3- clones is not inhibited by 
anti-T3. 
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and, for comparison, a rearranged Cp1 
locus pattern of the T4' T-cell clone 
AC3 (lane B). Since not all restriction 
enzymes will provide detectable rear- 
rangements, both Eco RI digestion 
(which detects Cp1 rearrangement) and 
Bam HI digestion (which detects Cp1 
and Cp2 rearrangements) were per- 
formed for each cellular DNA prepara- 
tion. Lane A shows the germline 10.2-kb 
Cp1 and 4.0-kb Cp2 bands in the Eco RI 
digest and a single 24-kb fragment con- 
taining both Cp1 and Cp2 loci in the 
Bam HI digest of Laz 461. In contrast, a 
rearranged Cp1 allele is detected in the 
Eco RI digest of AC3 (lane B) and fur- 
ther confirmed in the Bam HI digest as 
well. In the case of T3' NK clones, 
DNA from CNK3 (lane C) shows a rear- 
ranged Cp fragment in the Eco RI digest, 
whereas JTlO (lane E) and JT9 (lane G) 
show a rearrangement in the Bam HI 
digest. Since an Eco RI restriction site 
exists between the J and C region of the 
Cp2 locus, this finding would suggest 
that both JT9 and JTlO use Cp2 and 
CNK3 uses Cpl. 

Rearrangements, as evidenced by 
changes in sizes of hybridizing restric- 
tion fragments, were less evident in ei- 
ther Cp locus of the T3- clones JT3 (lane 
F) and JTB18 (lane D). However, a slight 
difference in mobility of the Cp1 band in 
the Eco RI digest of JT3 and an addition- 
al band in the Bam HI digest of JTB18 
suggests that some rearrangement may 
be occumng. Since transcription of the 
1.0-kb Ti p message is detected in these 
cells in Northern analysis, the most like- 
ly explanation for these alterations from 
the germline pattern in JT3 and JT~t18 
may relate to joining of D and J segments 
that are separated by approximately 500 
nucleotides in the germline array before 
rearrangement. For further clarification 
of this type of rearrangement, studies 
with probes specific for the J locus and 
other restriction endonucleases are 
needed. In any event, our results indi- 
cate that T3' NK cells have a clearly 
detectable Ti Cp rearrangement, further 
supporting the view that these cells use 
the same genetic mechanisms as other T 
cells to generate an active T-cell receptor 
structure. Although it would be of inter- 
est to examine these same cells for Ti a 
gene rearrangemFnts, the large distance 
(in excess of 10 kb) between the J and C 
regions makes it dficult to detect similar 
rearrangements with a Ti a C-region 
probe. 

Taken together, our data on the rear- 
rangement and expression of T-cell re- 
ceptor genes in NK clones appear to 
reflect the heterogeneity of cells capable 
of mediating this unusual cytolytic ca- 
pacity. Previous characterization of NK 

Fig. 3. Southern blot analysis of NK clones 
with the Tic p probe. DNA from seven cell 
lines was digested with either (A) Eco RI or 
(B) Barn HI, fractionated on 0.8 percent agar- 
ose gels, transferred to nitrocellulose mem- 
branes, and hybridized with '*P-labeled Tic p 
probe (12). The filters were hybridized in 6 x  
standard saline phosphate EDTA (SSPE) at 
68°C overnight, washed in 1 x SSPE plus 0.1 
percent SDS at room temperature for 30 min- 
utes, 0.5X SSPE plus 0.1 percent SDS at 68OC 
for 30 minutes, and then twice in 0 . 2 ~  SSPE 
plus 0.1 percent SDS at 68OC for 60 minutes; 
and membranes were exposed to Kodak XR 
film overnight. Lanes contained approximate- 
ly 10 kg of DNA from different cells as 
follows: (lane A) Laz 461 ; (lane B) T cell clone 
AC3; (lane C) CNK3; (lane D) JTB18; (lane E) 
JTlO; (lane F) JT3; and (lane G) JT9. 

clones with a mature T3' T-cell pheno- 
type, such as clones JT9 and CNK3, has 
indicated that cells of this type express a 
T-cell receptor-like molecule and that, 
although their cytotoxic specificity is not 
MHC restricted, it is mediated through a 
specific receptor-antigen interaction (8). 
This hypothesis is supported by our find- 
ing in these cells: (i) clonal Ti p gene 
rearrangements, (ii) expression of both 
1.6-kb Ti a and 1.3-kb Ti p messenger 
RNA (mRNA) in the cytoplasm, and (iii) 
the surface expression of Ti-like hetero- 
dimers as detected by two-dimensional 
SDS-PAGE of 12'1-labeled proteins. Al- 
though both JT9 and CNK3 cells have 
NK-like activity, only JT9 cells are reac- 
tive with antibody to NKTa, and these 
clones have distinct patterns of cytotox- 
icity when tested against a large panel of 
different target cells. This suggests that 
T3' NK clones can have distinct recep- 
tor-mediated specificities, and this is fur- 
ther supported by the finding that these 
two clones have different Ti p gene rear- 
rangements. Earlier studies have shown 
that clones JT9 and JT10, which were 
derived independently from the same 
individual, express the same Tfassoci- 
ated 90-kd disulfide-linked heterodimer 
NKTa antigen, have an identical pattern 
of cytotoxic activity, and can be blocked 
by monoclonal antibody to TNKTAR at 
the target level (9). In the present stud- 
ies, indistinguishable patterns of Ti p 

gene rearrangements observed with 
these clones further indicate that they 
express the same T-cell receptor struc- 
ture. 

Although NK clones such as JT9, 
JT10, and CNK3 are phenotypically and 
functionally related to mature T cells, 
they cannot be considered repre- 
sentative of most NK cells since, in 
unstimulated peripheral blood, more 
than 80 percent of NK cells express Tl 11 
E rosette antigen but fewer than 5 per- 
cent express T3, and monoclonal anti- 
bodies to T3 do not inhibit the NK 
activity of these cells. In contrast, clones 
JT3 and JTB18, which express T11 but 
not T3, appear to be representative of 
most NK cells. The recognition structure 
(or structures) imparting specificity to 
their cytotoxic function has not been 
determined. The results of two-dimen- 
sional SDS-PAGE of surface-labeled 
proteins indicate that it is not a Ti-like 
receptor structure. This notion is also 
supported by the lack of detectable Ti a 
gene mRNA expression. 

Nevertheless, it is particularly inter- 
esting that these T3- NK cells express 
the 1.0-kb form of the Ti p message in 
the absence of the 1.3-kb Ti p message or 
any form of Ti a. Such Tll'T3- NK 
clones appear to be analogous to early 
thymocytes (stages I and 11), which also 
express TI1 on their surface but lack 
other T-lineage structures including T3- 
Ti. Similarly, early thymocytes express 
no Ti a mRNA, yet express 1.0-kb Ti p 
transcripts with little or no 1.3-kb Ti p 
transcripts (13). Since D and J segments 
are apparently joined in T-cell loci and in 
B-cell immunoglobulin H loci before the 
joining of V to D, this transcript size also 
implies an early state of differentiation 
(15). Furthermore, transcriptional analy- 
sis of normal thymocytes and thymic 
tumors supports the view that Ti p gene 
activation occurs before Ti a gene acti- 
vation (13). Our present findings indicate 
that T11' T3- NK clones such as JT3 
and JTB18 may be representative of early 
thymic lineage cells, having undergone 
Ti p D-J joining events only. Of course, 
we cannot exclude the possibility that D- 
J joining events within the Ti p gene 
locus are not restricted to the T lineage. 

If the Ti a-p heterodimer is not ex- 
pressed on T3- NK cells, then what 
structure serves as their recogn'hion site? 
Because of the importance of the TI1 
structure in triggering early T3- stage I 
and stage I1 thymocytes (16) and 
Tll'T3- NK clones (17) as well as ma- 
ture T lymphocytes (18), the present 
results suggest that the T11 molecule 
may be important in the activation of NK 
cells in general and may serve as the 
receptor for a putative NK target antigen 



on NK-susceptible populations. In this 
respect, it is important to determine 
whether peptide variability exists within 
the TI1 molecule. 

Although the recent finding of a third 
T-cell-specific cDNA clone encoding a 
putative nonglycosylated T-cell recep- 
tor-like molecule, termed y, suggested 
that the y gene and its product may be 
operational in T3-Tll' NK populations 
as a receptor (19), this possibility has 
been excluded by transcriptional analy- 
sis. No y mRNA sequences were detect- 
ed in two T3-Tll' clones examined. 
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Imaging Elemental Distribution and Ion Transport in 
Cultured Cells with Ion Microscopy 

Abstract. Both elemental distribution and ion transport in cultured cells have been 
imaged by ion microscopy. Morphological and chemical information was obtained 
with a spatial resolution of approximately 0.5 pm for sodium, potassium, calcium, 
and magnesium in freeze-jixed, cryofractured, and freeze-dried normal rat kidney 
cells and Chinese hamster ovary cells. Ion transport was successfully demonstrated 
by imaging Nu+-K+ fluxes after the inhibition of Nu+- and K+-dependent adenosine 
triphosphatase with ouabain. This method allows measurements of elemental 
(isotopic) distribution to be related to cell morphology, thereby providing the means 
for studying ion distribution and ion transport under different physiological, patho- 
logical, and toxicological conditions in cell culture systems. 

Most cells expend much of their ener- 
gy in maintaining ionic balance, and ions 
play an important role in intracellular 
regulatory events. Cells grown in cul- 
tures provide an excellent model for 
studying the distribution and transport of 
ions under normal and pathological con- 
ditions. Ion microscopy, a technique that 
provides visual ion images with cell mor- 
phology, is ideally suited for such stud- 
ies. 

Ion microscopy is based on secondary 
ion mass spectrometry (SIMS), and the 
details of the technique have been re- 
ported (1, 2). In brief, the sample to be 
analyzed is mounted on a conducting 
substrate (silicon wafers or tantalum 
disks, for example) and placed in the 
high-vacuum (lo-' to tom) sample 
chamber of the ion microscope. The 
sample is then bombarded with a pri- 
mary ion beam (02+, AT+, and so forth), 
which removes the top two or three 
atomic layers of the sample surface by 
sputtering. A fraction of these atoms 
leave the surface as ions. These sput- 

tered secondary ions are then acceler- 
ated into a double-focusing mass spec- 
trometer that separates them according 
to their mass-to-charge ratio. The ion 
optics of the instrument preserves the 
spatial distribution of the emitted sec- 
ondary ions through the mass spectrom- 
eter so that a one-to-one correspondence 
is maintained between the position of a 
sputtered ion leaving the sample surface 
and its position in the final mass-re- 
solved ion image. This final magnified 
ion image reveals the spatial distribution 
of any selected element (in both free and 
bonded states) within an area up to 400 
pm in diameter with a spatial resolution 
of -0.5 pm. A micro-channelplate detec- 
tor, coupled with a fluorescent screen, 
converts the ion image into a visible 
image. The visible ion images produced 
in this fashion can be recorded directly 
from the fluorescent screen of the ion 
microscope with a 35-mm camera. Be- 
cause multielement distributions can be 
evaluated from the same cells in this 
way, we have been able to image the 
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