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ber of homozygous fs(3)07084 (dS6K07084) 
flies emerged as adults, with a 3-day delay and 
reduced body size. This phenotype was rescued 
either by excision of the P element or by a dS6K 
or mammalian S6K transgene (10). Northern 
(RNA) blot analysis (Fig. 1B) (11) and se- 
quencing of a reverse transcriptase polymerase 
chain reaction product (RT-PCR) from ho- 
mozygous mutant flies revealed the presence of 

Cell proliferation requires cell growth; that is, cells only divide after they reach anomalous transcripts (Fig. 1C) (I]), suggest- 
a critical size. However, the mechanisms by which cells grow and maintain their ing that dS6K expression may persist in ho- 
appropriate size have remained elusive. Drosophila deficient in the 5 6  kinase mozygous dS6K07084 flies. More severe alleles 
gene (dS6K) exhibited an extreme delay in development and a severe reduction were generated by imprecise P-element exci- 
in body size. These flies had smaller cells rather than fewer cells. The effect was sions (12), removing part of the dS6K gene. 
cell-autonomous, displayed throughout larval development, and distinct from Most of these flies died as larvae, with the 
that of ribosomal protein mutants (Minutes). Thus, the dS6K gene product lethality rescued by expression of dS6K or 
regulates cell size in a cell-autonomous manner without impinging on cell mammalian S6K transgenes (10). One of the 
number. excisions, dS6KL', removed part of the first 

exon, including a portion of the catalytic do- 
In unicellular and multicellular organisms, in mammals, loss of Drosophila S6K (dS6K) main (Fig. 1A) (12). The few surviving dS6K1-' 
specific cell types have a characteristic size function could have a direct impact on cell homozygous flies emerged after a 5-day delay, 
(I). In multicellular organisms, the control of growth and proliferation. lived no longer than 2 weeks, and displayed a 
cell size has the added importance of dictat- We found that a female sterile mutant, severe reduction in body size, with all body 
ing the proportions of organs, limbs, and the fs(3)07084 (8), contained a P-element insertion parts apparently affected to the same extent 
living entity (1). Therefore, mechanisms must in the 5' noncoding region of the dS6K gene (Fig. ID). Thus, loss of dS6K function induces 
exist to integrate cell growth and prolifera- (Fig. 1A) (9). Only 25% of the expected num- female sterility, a strong developmental delay, a 
tion, so that cells maintain an appropriate size 
(I). In yeast, a minimum cell size must be Fig. 1. Identification of A 
achieved before cells initiate S phase and P-elementinduced mu- 
divide, whereas mutations that block cell tation in the dS6K g=. , + 7- 
cycle progression do not inhibit cell growth (A) dS6K gene showing (iE" \ \  \ &  

introns and exons The 5&+# +?? a . 8  si +' 
(2). Studies in which cell cycle regulators dS6K 6)NA -;- 1 %  i- 

were manipulated in the imaginal wing disc has dy d i -  : E2 

of Drosophila melanogaster (3) largely con- fied (CenBank ac-ion 1 

firmed these observations in metazoans. 
However, little is known concerning the iden- 
tity of regulatory components and signaling 
pathways that control cell growth or the 
mechanisms by which they are integrated 
with the control of cell proliferation in the 
developing organism (I, 4). The mammalian 
40s ribosomal protein S6 kinases [p70 S6 
kinase, also called S6K1, and the very similar 
S6K2 (5)] may represent such regulatory 
components (3). These enzymes serve as the 
physiological kinases for the ribosomal pro- 
tein S6 (5). Their role in cell growth stems 
from their function in controlling the in- 
creased translation of rnRNAs encoding for 
ribosomal proteins (6). In Drosophila, a fam- 
ily of mutants defective in ribosomal protein 
production, termed Minutes, display short 
and slender bristles and a delayed develop- 
mental program, which results from a slower 
rate of cell growth and division (7). Because 
S6K1 regulates ribosomal protein production 
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number U66562). The 
P-element (PZ) insertion 
point and the coding se- 
quence (black boxes) are 
indicated. The mRNA 
structure of the dS6Ki-' 
deficiency is represented 
at the bottom. Single 
letter amino acid abbre- 
viations are as foUows 
Ala; F, Phe; K, Lys; L, Leu; 
M, Met; V, Val; and Y, 
Tyr. (B) Northern (RNA) 
blot analysis with the 
dS6K cDNA as a probe 
(7 7): (lane 1) three tran- 
scripts of 3.3, 4.4, and 
5.8 kb detected in total 
RNA (20 pg) isolated 
from ovaries of homozy- 
gous dS6Kom females 
or (lane 2) three tran- 
scripts of 2.8, 3.7, and 
5.0 kb in the same 
amount of total RNA 
isolated from wild-type 
females. (C) Sequence of 
RT-PCR fragment gener- 
ated from mRNA of ho- 
mozygous dS6Kom fe- 
male ovaries with two 

A 
XY PAMKVLRX 

C 
ibs 

5 ' GACGGGAC CACCTTATGT TATWCATCA 
TGTCCATATC CAAACAGAAT CGCACTCGCC 
CAAACACACA CACGCACGCA W G G A C G  
TGAGCGATCC CAGCGAACTG TTCGACCTGG 
AGCTGCACGA CCTGGAACTG CAGGACGACA 
AGGCCAGGGA CTCCGACGAC GACAGGATCG 
AGCTGGACGA CGTTGACCTA GlUCCGGAAT 
TGTCTATTAA 3 '  
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severe reduction in growth, and often death. 
As mammalian S6Ks control the synthesis 

of ribosomal proteins (6), we hypothesized 
that the dS6K1-' phenotype might be equiva- 
lent to that of Minutes (7). The Minute 
M(3)95A, harbors a P-element insertion that 
severely reduces the expression of ribosomal 
protein S3 (7). However, analysis of 
M(3)95A (Fig. 2A) and two other Minutes 
showed no effect on size (lo), although all 
displayed a developmental delay and slender 
bristles. In contrast, the bristles of homozy- 
gous dS6K1-' flies were proportional to body 
size (Fig. 2B). To determine whether the 
reduction in body size of homozygous 
dS6KL' flies was due to a decrease in cell 
number, we compared cells in wings and 
ommatidia in eyes of wild-type and dS6K 
mutant flies. The cell density was greater in 
wings of homozygous dS6K1-' flies (as rep- 
resented by each hair) than in wild-type flies 
(Fig. 2C) (13). The difference in cell size was 
almost 30%, and flies homozygous for partial 
loss of h c t i o n  dS6K07084 displayed an in- 
termediate cell size (Fig. 2C). However, the 
total number of cells in wings remained con- 
stant (Fig. 2C). Analysis of eyes revealed a 
similar phenotype with reduced size but no 
effect on the number of ommatidia (Fig. 2D) 
(13). Thus, in dS6K mutants, the decrease in 
the rate of proliferation (see below) is prob- 
ably attributable to a reduction in ribqsomal 
protein synthesis, whereas the effect on cell 
size may be due to the absence of S6 phos- 

..*= - Wf ,,-a 
Fi z ~ o u  of ~ S K  fumtion affects d ske, g! 
il!!Cm~arison of wild-tvpe (+/+I and het- . p 

tles at the scutellar-notum iunction of wild- 

;on of top panels (13). @&&) Cell ;= and 
tota ceU number d wild-type (+I+), homozy- 
QOU dS6KonrW (PIP). and h o r n o w s  dS6KI-1 I 
@-lh-1) Aies. The bottom righi* repn- 
sents the a b l a t e d  number of intervein cells in 
the doMl wing bbde (13). Values are means of 
eight different wings. (D) 

phorylaiion and an altered pattern of G s l a -  A 
tion (6). 

The reduction in cell size of dS6K1-' flies 
indicates either that cells are proliferating at a 
smaller size or that flies emerge from the 
extensive developmental delay before com- 
pletion of the last round of cell growth. To 
examine these possibilities, we analyzed pro- 
liferating epithelial cells from the imaginal 
wing disc of larvae at the end of the third 
instar (14). Imaginal discs give rise to the 
adult structures (14). At the end of the third 
instar, wing disc cells still require two mitotic 
cell cycles before they differentiate (15). +/+ 1- 1/1-1 
Comparison of wing discs from homozygous 
dS6K1-' and wild-type larvae revealed that 
mutant discs were substantially smaller in 
size (Fig. 3A) (14). Analysis of single cells +I+ 1- 1A- 1 
from discs with a fluorescence-activated cell 3 

sorter (FACS) confirmed that, on average, 8 Fig. 3. Cell cycle progression at reduced rate 
cells derived from dS6K mutants were small- = and size in Loss-of-function dS6K mutants. (A) 

er than wild-type cells (Fig. 3B). There was 8 Comparison of wild-type (+ I+ )  and d ~ 6 ~ l - l  
(1-111-1) homozygous imaginal wing discs of 

no apparent difference between the distribu- developing third instar Larvae at the end of the 
tions of dS6K mutant and wild-type cells wandering stage. Posterior, right; dorsal, up. (0) 
within each phase of the cell cycle (Fig. 3C), Imaginal wing disc cell size, as measured by 
implying that the dS6K"' loss-of-function Fsc forward scatter (FSC). (C) DNA content of imag- 
mutation affected all stages of the cell cycle. inal wing disc cells measured by FACS analysis. 

(D) Same as (C), except that wing disc cells were analyzed from early prepupal stage. (E) Clones in of disc during puparim for- wing disc of wild-type (+I+) and dS6Ki-' (I-111-1) Larvae were detected by f3-galactosidase 
mation, when pr0portiona1'y are antibody staining 53 hours after induction of somatic recombination (3). The number of wing disc 
Present in (32 phase (16), also dmwed no cells present in 80 clones each of wild-type and mutant Larvae was counted, and cell cycle times 
detectable difference in the cell cycle distri- were determined (3). 
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bution of mutant and wild-type cells (Fig. 
3D). In addition, the number of wing disc 
cells present in somatically induced clones, 
marked by ectopic expression of P-galactosi- 
dase, was reduced in mutant versus wild-type 
larvae. Consistent with this, cell cycle times 
were 12.5 ? 1 hours and 24 ? 4 hours for 
wild-type and mutant wing disc cells, respec- 
tively (Fig. 3E). Thus, loss of dS6K function 
leads to cell proliferation at a smaller size and 
at a reduced rate, without affecting any spe- 
cific stage of the cell cycle. 

S6Ks have been implicated in the synthe- 
sis of mitogens (1 7); therefore, dS6K mutants 
may affect cell size through the loss of a 
humoral factor that regulates cell growth. To 
examine this possibility, we generated genet- 
ically marked homozygous mutant cells in a 
heterozygous mutant background by somatic 
recombination (18). At the wing margin, ho- 
mozygous dS6K mutant sensory bristles, 
identified by a yellow (y- )  marker (Fig. 4A) 
(13,18), were reduced in size compared with 
their neighbors. In eyes, homozygous dS6K 
mutant photoreceptor and pigment cells were 

marked by a white (w-) mutation and recog- 
nized by the absence of red pigment, appear- 
ing as dark spots in photoreceptor cells (Fig. 
4B). Again, only mutant cells were reduced 
in size, indicating that dS6K acts in a cell- 
autonomous manner. Because dS6K muta- 
tions affect size in a cell-autonomous man- 
ner, expression of an extra copy of the wild- 
type gene in a specific compartment might 
positively affect growth. A compartment rep- 
resents an independent unit of growth and 
size control, thought to be analogous to a 
mammalian organ (I). The wing disc is com- 
posed of a dorsal compartment and a ventral 
compartment that fold in an apposed manner 
at the wing margin to generate the flattened 
wing blade (19). Because the apterous pro- 
moter is only functional in the dorsal com- 
partment of the wing disc (20), it was coupled 
to the GAL4 transcription factor to induce an 
extra copy of the dS6K gene linked to a UAS 
responsive element (21). An increase in cell 
size of less than 1% should alter the morphol- 
ogy of the adult wing blade (22). In all UAS 
dS6K lines we examined, dS6K protein ex- 

Fig. 4. Cell and compartment au- 
tonomous actions of dS6K. (A) 
Homozygous mutant sensory 
bristles at the wing margin and 
(8) homozygous mutant cells in 
the eye were induced by somatic 
recombination (78). (A) A y- 
marked dS6K mutant sensory 
bristle is indicated by the arrow. 
(B) The w+ wild-type and w- 
marked homozygous dS6K mu- 
tant ommatidia are recognized 
by the presence (large box) or 
absence (small box) of red pig- 
ment, respectively. (C) Compari- 
son of GALCapterous flies in the 
absence or presence of a trans- 
gene harboring a UAS response 
element coupled to an extra 
copy of dS6K. The insets show 
antibody staining of dS6K in 
imaginal wing discs, and the ar- 
row indicates the dorsal-ventral 
compartment boundary (20.27). 
Posterior, right; dorsal, up. 

pression was increased and the wing was 
convex and bent downward (Fig. 4C). The 
phenotype can be explained by an increase in 
the size of the dorsal versus the ventral wing 
surface, forcing the wing blade to curve down 
to accommodate the greater surface (22). 
Therefore, increased expression of dS6K pos- 
itively affects growth in a cell-autonomous 
and compartment-dependent manner. 

S6Ks appear to be a downstream effectors 
of the phosphatidylinositide-30H kinase 
(PI3K) signaling pathway (23). However, 
activated or dominant interfering alleles of 
PI3K affect cell number and cell size (24). 
This would imply that S6Ks reside on a 
branch of the PI3K signaling pathway that 
controls cell growth and size but not cell 
number. Overexpression of the cell cycle reg- 
ulator E2F in the posterior compartment of 
the wing disc increases cell number without 
affecting final compartment size (3). These 
findings are consistent with the hypothesis 
that compartments, like organs, adjust their 
final mass independent of cell number (I). 
However, the dS6K phenotypes described 
here suggest that cell size participates in the 
control of compartment size. Indeed, S6Ks 
are thought to play a critical role in organ 
hypertrophy, where the organ increases in 
size as a function of demand (25). 
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Transcription factors of the NFAT family-
regulate immune responses as well as adap­
tive responses in heart and skeletal muscle 
(1-3). Four of the five NFAT proteins 
(NFATl/p, NFAT2/C, NFAT3, and NFAT4/ 
x) are cytoplasmic and are activated by stim­
ulation of cell surface receptors coupled to 
Ca2+ mobilization (7). The Ca2+-activated 
phosphatase calcineurin dephosphorylates 
these NFAT proteins, promoting their nucle­
ar translocation and activation (7, 4). Cal­
cineurin docks at a site in the conserved 
NFAT regulatory domain that has the con­
sensus sequence PxIxIT (5, 6) (Fig. 1A). 
Interfering with docking of calcineurin at the 
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PxIxIT sequence impairs NFAT activation 
and NFAT-dependent reporter gene expres­
sion (5). 

To develop high-affinity NFAT inhibitors 
based on the PxIxIT sequence, we constructed 
combinatorial peptide libraries (7, 8) (Fig. 1). 
The first library, with the sequence MA-
xxxPxIxITxxHKK (where x represents a mix­
ture of natural amino acid residues) was ran­
domized in seven residues not fully conserved 
within the NFAT family (Fig. IB). Peptides 
were selected for their ability to bind a gluta­
thione S-transferase (GST) fusion protein con­
taining the calcineurin catalytic domain (8). The 
peptide pool eluted from the calcineurin col­
umn showed moderate selection for glycine, 
serine, and lysine at position 3; no preferred 
residues at position 4; histidine or aliphatic 
residues at position 5; and moderate selection 
for polar residues (threonine, lysine, glutamine, 
and glutamic acid) at position 7 (Fig. IB). 
Position 9 showed weak selection for aliphatic 
residues, notably valine. Glycine and proline 
were selected at positions 12 and 13, which 
suggests that the NFAT binding site in cal­
cineurin imposes a rum at the COOH-terminal 
end of the PxIxIT motif. 

To refine the peptide selection further, we 

Affinity-Dnverii P@piM@ 
Selection of an NFAT 9nh@b«t@r 

More Selector® Than 
Cyd®sp@E™ A 

Jose A r a m b u r u , 1 , 2 Michae l i . Ya f fe , 3 C r i s t ™ I6p>ez° Rodr iguez / - 2 

Lewis C Cao t ley , 4 Patr ick G„ Hogara,2 '5* Aei jara Rao 1 , 2 * 

The flow of information from calcium-mobilizing receptors to nuclear factor of 
activated T cells (NFAT )-dependent genes is critically dependent on interaction 
between the phosphatase calcineurin and the transcription factor NFAT. A 
high-affinity calcineurin-binding peptide was selected from combinatorial pep­
tide libraries based on the calcineurin docking motif of NFAT. This peptide 
potently inhibited NFAT activation and NFAT-dependent expression of endog­
enous cytokine genes in T cells, without affecting the expression of other 
cytokines that require calcineurin but not NFAT. Substitution of the optimized 
peptide sequence into the natural calcineurin docking site increased the cal­
cineurin responsiveness of NFAT. Compounds that interfere selectively with the 
calcineurin-NFAT interaction without affecting calcineurin phosphatase activ­
ity may be useful as therapeutic agents that are less toxic than current drugs. 
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