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Cytolytic T Lymphocytes in a Human Melanoma 
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Manuel Serrano, Catherine Wolfel, Eva Klehmann-Hieb, 

Etienne De Plaen, Thomas Hankeln, 
Karl-Hermann Meyer zum Bijschenfelde, David Beach 

A mutated cyclin-dependent kinase 4 (CDK4) was identified as a tumor-specific antigen 
recognized by HLA-A2.1-restricted autologous cytolytic T lymphocytes (CTLs) in a human 
melanoma. The mutated CDK4 allele was present in autologous cultured melanoma cells 
and metastasis tissue, but not in the patient's lymphocytes. The mutation, an arginine- 
to-cysteine exchange at residue 24, was part of the CDK4 peptide recognized by CTLs 
and prevented binding of the CDK4 inhibitor p i  61NK4a, but not of p21 or of ~ 2 7 ~ ' ~ ' .  The 
same mutation was found in one additional melanoma among 28 melanomas analyzed. 
These results suggest that mutation of CDK4 can create a tumor-specific antigen and can 
disrupt the cell-cycle regulation exerted by the tumor suppressor p16INK4". 

T u m o r  antigens have heen demonstrated 
in murine tumors induced hy chemicals and 
ultraviolet (UV) l ight ( I ) .  CTLs mediate 
the rejection o f  these ex~er imenta l  tumors, 
and their target antlgens have heen den t i -  
fied in some instances (2). Human tumors 
have also heen examined for equivalent 
antigens (3) .  In the human melanoma mod- 
e l  of patient SK29(AV),  the response of 
blood-derived lymphocytes to  autologo~~s 
cultured tumor cells has been studied over a 
long period (4, 5). Some autologous tumor- 

reactive CTL clones were broadly cross- 
reactive and were f o u ~ l d  to  recognize mela- 
nocyte differentiation antigens such as ty- 
rosinase and M e l a n - A I M A R T - l  (6). How-  
ever, HLA-A2-restricted CTLs against a 
third antigen, called SK29-C, lysed only 
autologous tumor cells but dld n o t  recognize 
autologous Epstein-Barr virus-transformed 
B lymphocytes or a panel o f  allogenelc 
HLA-A2-positwe melanoma cell lines (5). 
Three HLA-A2-restricted CTL clones rec- 
ognizing SK29-C [CTLs requiring antigen 
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1 ,  , , , , , 
CTL - - - 1500 1500 1500 

SK29-MEL-1 - 1000 4000 - 1000 4000 

Control (cellshuell) 

, , , , , , ( 1  

1- 97- 193- 289- 385- 481- 577- 
96 192 288 384 480 578 872 

Transfection (number of cDNA pools) 

Fig. 1. dentfcat~on of cDNAs encod~ng the melanoma ant~gen SK29-C. (A) A C D N & I I ~ ~ , & ~  from SK29 
melanoma cells in vector pcDNAl/Amp (Invitrogen) (6) was divided in pools of about 200 bacterial 
colonies. Plasmid DNA from 672 cDNA pools was cotransfected with HLA-KO201 (inserted with pc- 
DNAI/Amp) into COS-7 cells, and transfectants were screened for antigen expression with CTL3/7 (7) as 
described in (6). TNF production by CTLs was assessed by measurement,of the supernatant cytotoxicity 
to WEH 164 clone 13 (W13) cells in acolorimetric assay (6). Each point indicates the screening result with 
a single cDNA pool. Positive pools, confrmed in an independent experiment, are indicated by their 
number. As a control, production of TNF by CTLs was measured in the presence of increasing numbers 
of SK29-MEL-I cells. A,,, , absorbance at 570 nm. (B) The cDNA clone C11.l was cloned from pool 242. 
Allogene~c melanoma cells were cotransfected wth HLA-A*0201 and C1 1 .I by electroporaton and were 
tested for susceptiblity to lysis by CTL ant-C (CTL5/76) (7). Data of a 4-hour, "Cr release assay are 
shown. En, effector-to-target ratio. Targets were autologous melanoma cells SK29-MEL-I (open 
squares), allogene~c melanoma cells MZ2-MEL-2.2-A2.1 (open crces) cotransfected by electroporation 
with HLA-KO201 and the hygromycin B resstance gene (23, and MZ2-MEL-2.2-A2.1-C11.1 cells 
(closed circles) addtionally cotransfected with C11 .I and the neomycin resistance gene. The ''Cr release 
assay, electroporation of melanoma cells, and cell culture condtons were as described (5). 



SK29-C (CTL anti-C)] were isolated froin 
lymphocytes separated from the patient's 
blood in different years and Lvere used in our 
esperlments here (7). 

Using the C O S  transfection approach 
for cloning T cell-defined antigens (6) ,  we 
identifled SK29-deri[-ed complementary 
DNA (cDNA) pools that induced the pro- 
Juction of tumor necrosis factor (TWF) by 
CTL anti-C after cotransfection with HLA- 
A':'L?2L?l (Fig. I A ) .  Positive pool 242 [vas 
cloned. Four of 1920 clones derived from 
pool 242 induced TNF production (8), and 
one of them, C 1 l . l ,  was chosen for further 
experiments. C 1 l . l  also conferreJ recognl- 
ti011 by CTLs in direct cytotoxicity testing 
when stably transfected illto allogeneic 
~ n e l a n o ~ n a  cells expressi~lg HLA-A2.1 (Fig. 
IB).  This result largely excl~ldeii the possi- 
bility that the high-level replication of 
C11.1 in COS cells generated an artificial 
CTL target that would not be produced 
under moderate expression conditions. 

Clone Cl l . l  containeii a cDWA insert 
[I331 base palrs (bp)] (9 )  whose longest 
open reading frame encoded a 303-amino 
acid protein. This protein is iiientical in 
sequence to human cyclin-iiependent ki- 
nase 4 (CDK4) except for an arginine ( R )  
to cysteine ( C )  replacement at position 24 
produced as a result of a cytosine to thym- 
ine (C + T) transition ( 9 .  10). According- 
ly ,  this ~lnltation was named R24C and the 
resultant mutant protein was natned CDK4- 
R24C. 

To  iietermille ~f the R24C mutation was a 
samatlc mutation, we cotnpared CDK4 gene 
sequences alnplifiecl by polymerase cham re- 
action (PCR) from normal lymphocytes and 
from cultureii melanoma cells of the patient. 
The sequence obtained x i th  ly~nphocyte 
DNA containeii a C G T  coiion (arginine) at 
position 24 (Fig. 2A), ~vhereas the sequence 
obtained from nlelanolna cell DNA con- 
tained both C G T  (arginine) and T G T  (cys- 
teine) codons at position 24, mhich suggests 
that the patient's lnelanoma cells carrieii 
both the wild-type and the R24C alleles 
(Fig. 2B). Both the mutant anii the wilii-type 
alleles xere transcribed in SK29 melanoma 
cells (8). Cenolllic DNA was extracted from 
paraffin sections of a lymph noiie lnetastasis 
of patient SK29(AV), and CDK4 fragments 
around codon 24 were amplified. Direct 
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sequencing of PCR fraginents revealeil 
that the R24C mutation xvas ,ilso present 
in the patient's metastatic tumor tlssue 
(Fig. 2C) ;  the amplified DK'4 was subse- 
quently cloned, and after seiluencing, it 
Lvas found that 14 of 16 clones carr~eil the 
R24C rnutatlon, whereas the others were 
identical to the \vild-type secluence. The  
  re dominance of the mutated CDK4 allele 
in the metastatic tissue lnay have resulted 
from amplification of CDK4-R24C. Am- 
plification of the gene encoding CDK4 is a 
relat~vely frecluent alteration in sarcomas 

;?nil gliomas ( 1 1 ). 
Altogether, these results indicate that 

R24C is a solnatic mutation. The  C -+ T 
transition that produced the R24C muta- 
t ~ o n  occurred at a dipyrllnidine site (Fig. 2). 
This type of mutation is typically caused by 
UV irradiation (12 ) ,  a key etiologic factor 
111 melanoma. The R24C mutation might 
therefore have occurreii early in tumorigen- 
esis. The same R24C mutation was found in 
one of 23 other melanomas that have been 
surveyecl so far ( 13). 

To  determine if the R24C lnutation was 

Fig. 2. A CDK4 allele of A B c 
SK29 melanoma with a 
lnlssense lnutat~on In 
codon 24 (bracketed). 
Genotnlc DNA was ex- 
tracted from (A) the pa- 
tent's Epstein-Barr virus- 
-transformed B ympho- 
cytes (SK29-EBV-B) and 
from (B) cultured meano- 
ma cells (SK29-MEL-1). 
TheceneSK29-MEL A G G C C C G T G A T  A G G C C T G T G A T  A G G C C T G T G A T  
(previously named SK- U L u 
MEL-29) had been de- 
rived from a lymph node metastasls in 1975 (4). SK29-MEL-I 1s a clone of the SK29-MEL cell n e .  PCR 
reactions were performed on extracted DNA ~11th primers 5'-TTGAATTCGCCGCCATGGCTAC- 
CTCTCGA (prmer C2) and 5'-AATCTAGAGCCGCCTTGATCGTTTCGGCT (primer C3), allowing a m p -  
flcatlon of codons 1 to 11 7 (CDK4-specfc prmer sequences are under~ned). Fragments amplified with 
these prmers from both cell Ines were 520 bp In length. as compared to the 353 bp expected froln the 
CDK4 cDNAsequence: the Increased length was due to the presence of an intron (26). (C) Genomic DNA 
was extracted as described (25) from paraffln sections of a lylnph node metastass surgcaly removed 
froln the patient's eft axlla In 1978 (4). A 120-bp CDK4 fraglnent spannng codons 6 to 43 was atnpifed 
wiith primers 5'-CGATATGAGCCAGTGGCTGAAATTGGT and 5'-TCCTCCTCCATTGGGGACTCTCA- 
CACT. No DNA wias amplified when PCR was performed with primers 5'-CGATATGAGCCAGTGGCT- 
GAAATTGGT (sense) and Sp6 (antisense) under conditions that allowed detection of 0.04 pg of C1 1 . I  
DNA,  thus excudng contamnatlon from the C11 . I  pasmd (8). PCR fragments were purlfled wlth the 
QAquck PCR purlfcaton k ~ t  (Qlagen) and drecty sequenced ~11th an automated sequencing devce 
(Appled Bosystetns ABI 373A). 

Fig. 3. Transfect~on of 
COS cells w~th mutant and 
w~ld-type CDK4 cDNA 
fragments and assay for 
recognton by CTL ant-C 
CDK4 cDNA fragments 
spannlng codons 1 to 1 17 
were atnpllfled by PCR af- 
ter reverse transcrlptlon of 
RNA from the patlent's 
lymphocytes and meano- 
ma cells and cloned In ex- 

TNF release 
by CTL14135 

presson vector pcDNA/ CTL14135 - 2000 2000 

Amp (28). COS cells viere SK29-'"iL-' 4000 

transfected by the DEAE- Control (cellslwell) or =I r 

+ + 
dextran method, and the / Transfecled plasrnids 
TNF assay was performed 
as shown in Fig. 1A.  The cDNA clone M29-2/1 wias derved from RNA of SK29-MEL-1. and t s  sequence 
was identlca to that of clone C11 . I  (CDK4-R24C). The cDNA clone B29-2/3 was derived from RNA of 
Epstein-Barr ?i~rus-transformed B lymphocytes, and its sequence was identca to that of wild-type CDK4 
(8). COS-7 cells were cotransfected w~th plasmids C11 . I ,  M29-2/1. or 829-2/3 (200 ng of each per well) 
and HM-A*0201 (inserted In pcDNAI/Amp, 200 ng per well) or wlth HM-A*0201 alone. Transfectants 
were tested for thelr ablllty to Induce TNF productlon by CTL ant-C (CTL 14/35; 1500 cells/well) (7). Each 
pont lndcates the result of a TNF assay with a single transfected COS cell population. As a control, 
productlon of TNF In the presence of varous nulnbers of SK29-MEL-1 cells was measured. Data were 
confirmed In flve ~ndeperident experments. 
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associated with CTL recognition, we trans- 
fected mutated or wild-type CDK4 cDNA 
fragments together with HLA-A*0201 
DNA into COS-7 cells. Whereas cDNAs 
encoding CDK4-R24C (M29-211) con- 
ferred recognition by CTL anti-C, those 
encoding wild-type CDK4 (B29-213) did 
not (Fig. 3). This result suggests that Cys24 
either is part of the peptide antigen recog- 
nized by CTL anti-C or influences peptide 
production. The selective recognition of 
CDK4-R24C was consistent with our earli- 
er specificity analysis for CTL antiC on 

autologous and allogeneic HLA-A2-posi- 
tive target cell lines (5) .  

To identify the CTL target peptide, we 
generated CDK4-R24C cDNA fragments 
by PCR, cotransfected them with HLA- 
A*0201 DNA into COS cells, and tested 
the transfectants for CTL recognition. 
These results (8) showed that the CTL 
target peptide was encoded by codons 22 to 
33. Synthetic peptides corresponding to 
amino acids 22 to 32 of mutated (R24C) 
and wild-type (wt) CDK4 were tested for 
recognition by CTL anti-C. The two pep- 

Fig. 4. Recognition of synthetic CDK4 peptides 100 
by CTL antiG. Assays were performed essentially 
as described (27). T2 cells (29) were labeled with 
Na(51Cr)0, and then incubated at a concentration 
of 2000 cells per well for 90 min with the indicated 40 
concentrations of peptides in the presence of hu- 20 
man P,-microglobulin (10 @ml; Sigma). CTLan- @ 

ti-C [CTL3/7 (left panels) and CTL14/35 (right O 

panels)] (7 )  was added at an effectorztarget ratio 
of 40 : 1. Chromium release was measured after 6 
hours. Amino acid sequences were as follows. 
Top panels: open circles, KABDPHSGHFV; 40 
closed circles, KAGDPHSGHFV. Bottom pan- 
els: closed circles, AGDPHSGHFV; open circles, 20 

ABDPHSGHFV; changes in the residues are un- O Y  0- 
derlined. (Abbreviations for the amino acid resi- 0.1 1 10 102 id 10' 105 0.1 1 10 102 id 10' id 

dues are: A, Ala; C, Cys; D, Asp; F, Phe; G, Gly; H,  Peptide (nM) 

His; K, Lys; P, Pro; R, Arg; S, Ser; and V, Val.) The data are the means of duplicate samples from one 
experiment and were confirmed in six independent experiments. Peptides were synthesized by a stan- 
dard solid-whase method with a multiwle wewtide svnthesizer (Abimed 422). The wuritvof the wewtides was 
determined by analytical reversed-phase high-performance'liquid chro&atograph;and prbvkd to be at 
least 80% pure (UV, 21 4 nm). Their integrity was determined on a Lasermat mass spectrometer (Finnigan 
MAT). 

A B 01 6 

Fig. 5. Impaired interaction of CDK4-R24C with 
p161YK"a. (A) lmmunoprecipitation with CDK4 
antibodies of 3%-labeled insect cell extracts (2 
pl) containing CDK4-wt and cyclin Dl (lanes 1 to 
4), or CDK4-R24 and cyclin Dl (lanes 5 to 8) 
mixed with similar extracts (2 FI) containing p16 
(lanes2 and 6), p27 (lanes 3 and 7), or p21 (lanes 
4 and 8). lmmunoprecipitations were performed 
in a final volume of 40 pI ( 7  7). (6) Kinase assays 
of insect cell extracts (2 p1) containing CDK4-wt 
and cyclin Dl (closed circles) or CDK4-R24C 

.- 
t; 6 0 ~  

C 

1 2  1 2  
Inhibitor (arbitrary units) 

and cyclin Dl  (open circles) mixed with increasing amounts (twofold increments) of extracts containing 
p16, p27, and p21. Final mixtures (10 pl) were assayed for their ability to phosphorylate glutathione-S- 
transferase fused to an Rb deletion fragment containing residues 373 to 928 (Rb large pocket) as in ( 7  7). 
The total amount of insect cell extract in each mixture was compensated for by addition of a similar extract 
containing the baculoviral polyhedrin protein. The amount of the different inhibitors is expressed in 
arbitrary units: one unit corresponds to 1 pI of p16 extract, 0.5 pl of p27 extract, and 4 ~l of p21 extract. 
Quantification was done in a Fuji Phosphorimager, and percentages refer to the activity in the absence of 
added inhibitors. The absolute activities of CDK4-wt and cyclin Dl and CDK4-R24C and cyclin Dl in the 
absence of added inhibitors were similar. 

tides, 22-32R24C and 22-32"', sensitized tar- 
get cells equally well against CTL lysis (Fig. 
4). This finding was inconsistent with our 
earlier observation that wild-type cDNA 
fragments did not confer CTL recognition 
after transfection (Fig. 3). However, a clear 
difference between mutated and wild-type 
peptides was observed for decapeptides 23- 
32R24C and 23-32wt with respect to target 
sensitizing activity. Peptide 23-32R24C in- 
duced half-maximal lysis at a concentration 
of 10 nM and was about two or three orders 
of magnitude more efficient than its wild- 
type homolog (Fig. 4). 

The affinity of exogenously added pep- 
tides for HLA-A2.1 correlates with their 
ability to induce the expression of HLA- 
A2.1 on 0.174xCEM.T2 cells (T2) (14). 
We compared the two decapeptides in this 
assay and found that peptide 23-32R24C in- 
creased HLA-A2.1 expression on T2 cells 
to an extent comparable to that of known 
high-affinity peptides, whereas peptide 23- 
32"' had no effect (8). No significant lysis 
of target cells was induced by peptides 22- 
31R24C and 24-32R24C (8). We conclude 
that Ala23 and VaP2 serve as the NH2- and 
COOH-terminal anchor residues, respec- 
tively, as in other HLA-A2.1 binding pep- 
tides (IS), and that the R24C mutation in 
CDK4 enhances binding to HLA-A2.1 for 
peptide 23-32. Differential peptide binding 
affinity might account for the resistance of 
cells expressing wild-type CDK4 to lysis by 
CTL antiC. It is also possible that in con- 
trast to the R24C-derived peptide, the wild 
type-derived peptide is not presented on 
the cell surface, which would imply that the 
R24C mutation affects peptide processing 
or transport. A comparable situation has 
been discussed for the CTLdefined antigen 
P35B in mouse mastocytoma P815 (1 6). 

To characterize the effect of the R24C 
mutation on CDK4 function, we expressed 
CDK4-R24C in insect cells. Cell extracts 
from cultures metabolically labeled with 
[35S]methionine and coinfected with baculo- 
viruses encoding cyclin Dl and CDK4-R24C 
were mixed with similar extracts from insect 
cells expressing p161NK4a, p27, or p21, all 
known inhibitors of CDK4 (1 7, 18). Immu- 
noprecipitation with antibodies to CDK4 
showed that CDK4-R24C formed stable 
complexes with cyclin Dl,  p27, and p21, but 
not with p161NK4a (Fig. 5A). In kinase assays, 
both CDK4-wt and CDK4-R24C were enzy- 
matically active in the presence of cyclin Dl,  
and both were inhibited by p27 and p21 (Fig. 
5B). In contrast, CDK4-R24C was consider- 
ably less sensitive to inhibition by p161NK4a 
than was the wild-type enzyme (Fig. 5B). 
Similarly, p151NK4b, a member of the INK4 
family of inhibitors (19), did not form a 
stable complex with CDK4-R24C and did 
not effectively inhibit its kinase activity 
(20). These results indicate that CDK4- 
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R24C is selectively impaired in its interac- 
tion with p161"K4a and and suggest 
that ArgZ4 is directly involved in binding to 

61NK4" and p1 51NK4'. 
The cell cycle regulatory pathway that 

involves the retinoblastoma protein (Rb), 
cyclin Dl ,  p161NK4", and CDK4 has been 
implicated in tumorigenesis (21). In partic- 
ular, p161"K4" can inhibit cell proliferation 
and oncogenic transforlnation of cultured 
cells (22). Inactivation of the gene encod- 
ing p161NK4" is common in some tumor cell 
lines and primary tumors and is responsible 
for genetic predisposition to melanoma 
(23). Mutation of CDK4 at positions that 
disrupt its interaction with p16'NK4a may 
constitute a mechanism to subvert this reg- 
ulatory pathway in tulnor cells. It seems 
plausible that, aside from its antigenicity, 
the expression of CDK4-R24C contributed 
to malignant transformation in melanoma 
SK29(AV). Antigens derived from onco- 
genic proteins are ideally suited as targets of 
tillnor rejection responses because tumori- 
genesis is likely to depend on the continued 
exwression of the antigen. Indeed. CTLs " 
against viral oncoproteins have been dem- 
onstrated to elicit reiection resDonse and 
protective immunity to virally induced mu- 
rille tumors (24). It remains to be proven 
that human tumor-specific antigens like 
CDK4-R24C can constitute targets for re- 
jection response in vivo. However, it should 
be noted that patient SK29(AV) has been 
free of detectable disease since 1978 (7). 
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Lunar Phase Influence on Global Temperatures 

I n  a report by Robert C. Ball~ng Jr. and 
Randall S. Cerveny about the influence of 
lunar phase on planetary temperature, ( I ) ,  a 
data set of satellite-derived, lower tropospher- 
ic global temperature is presented showing a 
significant 0.02 K modulation between new 
moon and full moon. The warmest daily glob- 
al telnperatures occur approximately at the 
time of fill1 moon. There are several possible 
explanations of this phenomenon. For in- 
stance, the increased solar load resulting from 
the moon's reflectioll-as well as the in- 
creased lnfrared emission fro111 the moon's 
surface-give an effect which is of the correct 
order of magnitude ( 1 ). 

There is another factor contributing to 
the global temperature modulation. Earth 
and moon circulate around thelr common 
center of gravity, the barycenter. At full 
moon the sun, Earth, and moon lie approx- 
imately on a line and the Earth is nearest to 
the sun. As the moon weights 1/81 of the 

Earth and the Earth-moon dlstance is 
384,000 km, the Earth moves in a circle 
with rad~us 4700 km around the barycenter. 
This induces a modulation in the Earth-sun 
distance equal to 9400 km. Consider a 
naive lnodel in which the Earth absorbs all 
sunlight and re-radiates it as infrared black 
body radiation, with balance Lbetween in- 
coming and outgoing radilkioh. The inten- 
sity of sunlight received varies as the in- 

1 verse Earth-sun distance squared, and the 
lntenslty of black body radiation varies as 
the temperature to the fourth power. Thus, 
for stnall variat~ons 

where T is the temperature and R is the 
Earth-sun distance. For R = 150,000,000 
km and a mean temperature of 269 K this 
leads to 0.008 K temperature modulation. 

Inspection of figure 1 of the report ( I )  
shows that the data are noisv. There is some 
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