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The neurofibromatosis type 1 (NFI) tumor suppressor protein is thought to restrict cell 
proliferation by 'functioning as a Ras-specific guanosine triphosphatase-activating pro- 
tein. However, Drosophila homozygous for null mutations of an NF l  homolog showed 
no obvious signs of perturbed Rasl-mediated signaling. Loss of NF l  resulted in a 
reduction in size of larvae. pupae, and adults. This size defect was not modified by 
manipulating Rasl signaling but was restored by expression of activated adenosine 
3l.5'-monophosphate-dependent protein kinase (PKA). Thus, NF1 and PKA appear to 
interact in a pathway that controls the overall growth of Drosophila. 

r .  1 he gene resyoilzil-lc tor human NF1 en- 
coi\cs <I large protein that cc>nt,liil.; ,i ccllrr<i! 
L l o i ~ ~ a i n  related to Raq-qpecific g11anosine 
tr~yl~iisphatase-activat~ni:  l~roteii-is (Rai- 
G . 4 h )  ( I  ) .  Xltl-i(-il~gl-i liis, o t  S F 1  elpres- 
c io~l  corre la te  \\ it11 increaseil R , i  acti\.ity 
111 \ c \ -cT<I~ 11l~il11lll~illdll 11111101. cell l!lli'S (.?), 
~t 1s not liil~7\\.11 n,hich path\\-a!-s ,Ire c~ltereil 
to yroLducc the illr'erse syluptcilnq iibser\.ed 
In NF1 patients, \\-hie11 in ail~ditiiin tii fre- 
i l ~ ~ e n t  13enl.n and intrequent inalignant tu- 
mors a150 incluele bhort Lt,iture ,lnLl learninq 
i l~sabi l i t ie~ ( I  ) .  

X-e l e l c~ l t~ t~c i l  a conser\.eil Di-i~sophlln 
NFI  homolog ( 3  ) .  Coillpanwn cot 13,193 
b a e  paIra (13~) of gcnomic and 973C hp LA 

cDN.4 scqutncc <ho\\-cil t11,it Drosophlln 
hrF1 consists of 17 cnilstitutive anLl l alter- 
n<itivcly .;Clice~l COC3H-termin,il exonh. 
T h e  t\\-o cDN.45 preilict protcills o t  1764 
anil 7SC7 JIIIIIIO acid' that are 6c?'?o identi- 
cal tii the  hu111a11 KF1 pri)teiil, ilcul-otibro- 
~l-iin (Fig. I ) .  ScL11~ence aiillllaritv is eil7- 
~crvci l  or-er the entire lcnpth o t  tllc pro- 
teins. inclu~linq rql i ins  o ~ ~ r s i ~ l c  ,)f the cat- 
<il~-tic GAP-relate~l ilom,iin (GRL)) c)r the  
111orc ex tc~ l i i~ . c  segment relateil tii yeast 
inl-i~h~tor c i f  Rr iS a c t ~ r ~ t v  JIR.4) r rotc~nq 
(4). No rclatcil qeiluences rrrcrc lilentltieLl 
duru-ig screens o t  wvcral cDN.4 x1-ii1 gcilo111- 
ic libraricq, ~nilicating that tllc iilcntificil 
c l l e  m~iy  be tllc L)llly Di-osoj~hiln LrF I 11~7- 
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mc)lo:. R N A  in s ~ t u  11ybriili:aticin anil st,lin- 
In? o t  embr\-os ,lnil iiliagiilal ili.;cs 1v1tl-i 
monoclonal a~ltihoilies to the D~~.osophila 
protein (5)  indicare,l that KFI  I< niLlel\- 
expressed in lor\ ai110~111t\ L ~ L I ~ ~ I I ~  all ~le\-el-  
opmental qtayz (5). T h e  Di-ciji~ph~l:l NFI 
gene \vah mapped to c7-t~,enetic iiltcrval 
96F ailii sul~hequcntly 1iicali:cii to ,i ?i'-kli 
DK.4 segment l~etn-cen the  b d z  o j  S C I  c.iilrrs 
gene and the E i ~ h a i ~ i z ~  of sj~ilt [ E i z p l ~ ]  ccim- 
plea (7). 

T o  isolate mutant alleles at the  NFI 
liicus, n.e mal~1li:cLd a P-element tranqwsoll 
l~)c,iteil \v~rhin  the  Eispli cc)mples, ahout 1 5  
kh idarvntreall-i iif LIFI (;). .4ll-iong 1 6 X  
11ne. screencil b>- lnr erse l~i i l \ -mera~e c l la l~l  
reilctioll (8), t ~ v o  sho\veil evidence o t  ile 
IIC>\-C tra~~sposoi-i i ~ ~ s t r t ~ o ~ ~ i  \\-it11111 the NFI  
gene. O n e  mutant dlele.  NFI" ' ,  has <I Je-  
le t~ol l  that rcmove~l all o t  the  NFI gene 
escept t;)r the  tir.;t exoil (Fig. 1 ) .  Tllc dele- 
tioil es ten~l ;  fro111 the f'lrqt hlF1 Introll to 
the >itc of the orlyinal 1'-element illscrtloil 
and reillo\-es L3NA ei-icc-iilinc at least t\vo 
Eicpl) tr<illriril-ts. T h e  L~ther ,~llele, NFI"', 
cnntalns a P-element 111 the  first LIFI 111- 

troll (Fig. I ) .  Sc l the r  allele expresses NFI 
protcln ( F I ~ .  2.4). 

Unllhc L1jI -iieficlc.nt ~111cc (9). Dr(>sci,'d- 
ila NFI  mutailta are r,lahle and fertllc. -41- 
though 11ctcra;~g~)tes ( N F l / +  ) hail no  ob- 
\.iouh ilekct., hornii:\-gi~te~ ( N F I I N F I )  o t  
eltiler ,illclc 1.i ere 7L1 to ?jOO ~11l~illcr tha11 
t l ~ c s  of the  parental K33 <tr<iill i l ~ ~ r i n e  all 
postemhrviiilic htkqci. This grnu t h  iletict 
\\-:I\ ~ ~ p p ~ ~ r e ~ ~ t  ~111~ler varic)uq C L I ~ ~ L I ~ ~  c ~ > i ~ i l i -  
tion.. and mutant ailim,i!.; did ilc-it ilisylay 
del,iyeil e c l i ~ s ~ o n  or l~ristlc plhclloty1~eh that 
arc ohserved nit11 se\-era1 l l i i~z i t z  mutatloni 
i 12) .  T h e  gro\vtll detect waa tull\- rexueid hy 
espressl~nl of a heat >hc~ck-inil~~cible / I sXFI  
( 1  I tran>genc. (Fig. 1, .4 and B, and Table 
1 ) .  

To Lle te rmi~~e  n.1lcrher rei1~1ci.J cell pro- 
l~tera t ion or impa~reil cell .rc)\vth unJer11ei 

the hmallcr s1:e c)t NFI  mutants. \ve corn- 
liarcLl tllc \r.ings ot  \vilL1-type anil mut,iilr 
a~l l l~la ls .  Tllc 1inc;ir dimci-isic-ins of m11tallt 
rr.lnjis \\.ere 20 to 2i '?, j  smaller than tllosc of 
rrild-type f i e \  (Fig. 7 ,  C and D). B c c a ~ ~ s c  
each \\-In? epidermal cell hecretc a qi11gle 
11,iir. cell ilens~tieh can be Lleterllli~~eil 1.1- 
coui-iting the 11~unl-cr of hairs in a i lefincj 
rq lo i l  ( I 2 ) .  Both honlo:\-gou mutants hail 
a 30 to 35% hiqher cell denq~ty t l ~ ~ i n  t l i e  o t  
tlle p ,~ re~ l t a l  liile (Fig. 7E).  T o  ileterm~ile 
r ~ h e t h e r  the reJuccd i:e of \v~ilg epiilermal 
cell. rctlccts a ce l l - au t i i i l om~>~~~ defect, n.e 
~lsed s- i r rad~at~c)n to iniluce mitotic reco11-i- 
I i i~la t io~l  in the  willg cells of 11etero:~~ous 
NFI mutants ( I  3 ) .  N o  d~t'iercncc in cell 
density \va.; oliser\.eil 1-et\vccn multiple 
LIFI cle)11e~ mil surrou~lding tihsue (6). 
T h e  reiluced size of the \v im cells thcreforc 
retlecra IIC~I-~;ILI~OII(-~IIIOLI~ ~ - e ~ l u i r e ~ ~ ~ e ~ - i t  tor 
LIFI.  pcr11:rps retlecti~lg a 11c)rmonal ilefi- 
cienc\- or impaireil nutrition or metal~olism. 
T h e  eye.; of S F  I mutants .;ho\ved a reduceid 
i luml~er c ) t  omlnatid~a c i f  norlnal sire and 
strtlcture (Fig. 3 ) .  Furthermore, LIF1 -ileti- 
cient einbryoi nere  of i l o r ~ ~ i a l  size (Fig. 3 ) .  
Thus, li)sq o t  LIFI atfects the grcin.tl~ of' 
\-asLou> tl.;.;ues 111 illtierent ways. 

T h e  (711ly kilo\vil l~~i ichcmical  propert\- 
of ncurotll~romin is that ~t ilcgari\.ely regu- 
lates Rah ( 2 ) ,  I:LI~ D ~ o s o j ~ i l ~ ! : ~  NFI mutants 
diil not  exhi l~i t  L~ l~c i~o t \ -p lc  abnormalities 
;isoclatcii ~ v i t h  c s c e i  Rasl or Ras7 acti1-1- 

Table 1. Rescc~e of tlie p, pal slze defect of NF7 
lncrtants by hsNF1 and acti/ated PKA. but not by 
acrii/ated Raf o.  by i-educecl Rasl ge ie  dosage. 
The slze of pupae s glveti as t'-e average p t ~ s  or 
tiintls t-e standard dev~ar~on W~th  tlie Mann- 
:;':lirney rank-surr test (301, the following popc~la- 
tions had srat~st~cally sgnf~cant cl~fferences n me- 
dati pupal lengt-s iP < 0.0001~1: K33 and ,!VFlp'. 
K33 and NF7". NF7'": and /is,o70-PKA": ,NFIP' 
and ,NFlP2 ancl hsp70-PK4'. NFI"'. The sze d f -  
ferences bervleen RasIe e:  -:- and Rasl':": 
,pJF, P 2 , - .  anc be twen  hsp70-PK4': - , '  a-cl 
hsp70PKA': N F I I :  or hs,o70-PKA': h~'F7'~'p;pae 
were sgnfcatir at the salne confclence lei/el, 3 e .  
slze, relatve sze. 

Papal length Re1 
Genotype tnmi  s~ze 
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Fig. 1. Drosophila NF1 gene structure and com- 
parison of the encoded protein to human neuro- 
fibromin. (A) Intron-exon structure and location 
of translational start (AUG) and in-frame stop (*) 
codons. The arrow indicates the location of a 
P-element in NFlP2. The extent of the deletion in 
NFlP7 is indicated by the line below the diagram. 
(B) Percentage amino acid sequence identity be- 
tween the indicated segments of Drosophila and 
human NFI. The GRD- and IRA-related seg- 
ments are drawn as black and shaded boxes, 
respectively. (C) Alignment of Drosophila (top) 
and human NF1 proteins. Dashes were intro- 
duced to optimize the alignment. Downward 
pointing arrows indicate amino acids encoded 
by the last complete codon in each exon. The 
boxed segment shows the approximate extent 
of the GRD. Three positions where alternate 
splicing inserts short segments in human neuro- 
fibromin (28) are identified by upward pointing 
arrows. One of these locations corresponds ex- 
actly to the position where Drosophila exon 17 is 
joined to either exon 18a or 18b. Exon 18b in- 
cludes a translational terminator after a single 
codon, and cDNAs harboring this exon predict a 
protein ending in PTDKAA. Eleven out of 17 Dro- 
sophila splice sites map within two codons of 
splice sites in the human NF1 gene (29). Abbre- 
viations for the amino acid residues are as fol- 
lows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

ty. Whereas expression of activated Rasl or 
Ras2 transgenes results in widespread devel- 
opmental defects (14), NFl mutants are 
smaller but otherwise patterned normally. 
We therefore examined the regulation of 
Ras by NFl both in vitro and in vivo. We  
assayed G A P  activity of bacterial fusion 
proteins containing the catalytic domains 
of human plZOGAP, or human or Dro- 
sophila NF1  (1 5). All three fusion proteins 
stimulated the guanosine triphosphatase 
(GTPase) activity of human H-Ras, but not  
of the constitutively active H-RasVa112 mu- 
tant (Fig. 3A).  

We  also examined Rasl function in 
vivo. The Drosophila Rasl protein func- 
tions in signaling pathways downstream of  

Fig. 2. Size defect of NF1 LO 
I VJ 

mutants: Rescue by expres- I 
2 .: .- slon of an hsNFl transgene e - - 

C % % $ 
and evidence of reduced cell ? c m S' $ 8 3 ,  g o o  

0 7 7  
- .  . 

size. (A) lmmunoblots of em- a s 8  k l . . .  By:$ s s C 
bryo extracts probed with g $ $ 2 $ $  m $ $ $ $  3 3 $ 
monoclonal antibody to NF1 

A- B 
- - - - -  "-- 

(antibody DNF-21). The ar- 4 # T  

row indicates a 280-kD ~ m -  NFl I PI 
munoreactive protein that is 
oresent in the K33 oarental 
strain but absent 'in both 
NFlP7 and NFlm. A trans- 
genic strain harboring a sec- 
ond chromosome hsNFl 
transgene had an increased 
amount of 280-kD immuno- 
reactlve protein even before 
heat shock (HS) induction. 
(B) Third instar larvae (top) 
and pupae (bottom) of the 
indicated genotypes. (C and 

D 

D) Wings from K33 and 
NFlP7 flies, respectively. (E) 
Quantitation of the number 

.\$ 8 of wing epidermal cells per * n m  
square millimeter in the indi- 

+ + 
cated strains. 

several receptor tyrosine kinases (RTKs), 
including Torso and Sevenless. Because 
minor perturbations in Rasl function have 
phenotypic consequences in each o f  these 
pathways, we examined whether loss o f  
NFl perturbed Torso-controlled specifica- 
t ion  o f  embryonic terminal structures or 
Sevenless-mediated photoreceptor differ- 
entiation. The pattern o f  tailless expres- 
sion, which i s  regulated by Torso (1 6), was 
normal in NF1  -deficient embryos (Fig. 3, 
B and C). 

T o  test for abnormalities in Sevenless 
signaling (1 7), we examined the retinas o f  
mutant animals. Although reduced in 
number, the ommatidia o f  NFl P2 homozy- 
gote, of NFl P2/NFlP', and of NFl 
Df(3R)boss15 flies (18) had the normal com- 
plement of photoreceptor and accessory cells 
(Fig. 3D). In homozygotes of NFIP', 25% of 
ommatidia had one or more extra photore- 

ceptor cells (6). However, this phenotype 
may result from the deletion of genes within 
the neurogenic E(spl) complex. A particular- 
ly sensitive indicator of Sevenless pathway 
function i s  the seZ4; SosrC2/+ mutant com- 
bination (19). Flies of this genotype that 
were also heterozygous for NFlP2 had no 
alteration in the fraction of ommatidia that 
had R7 cells. Thus, at least two Rasl-medi- 
ated signaling pathways downstream of 
RTKs are not influenced by a reduction in 
NFl function. 

Heterozygous loss of Rasl or Sos (20) had 
n o  effect o n  the size of NFl mutant pupae, 
nor did expression of an activated RafBOf 
mutation (Table 1). Thus, neither reducing 
nor increasing signaling through the Rasl- 
Raf pathway modifies the NFl phenotype. 
Heterozygous loss of another Drosophila 
Ras-GAP homolog, Gap1 (21 ), did not  en- 
hance the phenotype of NFl mutants. 

Fig. 3. Function of Dro- - 
A sophila NF1 as a Ras- - I= 

GAP in vitro, but not as a 
major regulator of  ors so- - 

;; -(, 
or Sevenless-mediated 
signaling in vivo. (A) Ra- 
dioactivity remaining on :$ 60 
H-Ra~-[y~~P]guanosine E 40 
triphosphate (GTP) or 

20 4 H - R ~ S ~ ~ ~ ~ ~ - [ ~ ~ ~ P ] G T P  af- 0 0 

ter I 0-min incubations U 0 1 2 3 4 6 B  
with the indicated fusion - - 

WT Ras ~ ~ ~ v a 1 1 2  proteins (h-NFl is the hu- 
man NFI GRD; d-NFI 
is the Drosophila GRD; WT, wild type). (B and C) RNA in situ hybridization, showing ommatidia of normal size and structure. Mutant eyes have only about 
showing tailless expression. The embryos in (B) and (C) are K33 and NFlP2 550 ommatidia, compared with -750 in K33 flies. The scale bar represents 10 
homozygotes, respectively. (D) Retinal section of adult NFlP2 homozygotes, km. 
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Ho\ve~.er, 11omo:ygous loss of 110th Gapl 
and X F 1  res~ilted in lethality i i ~ i r i n ~  larval 
i1e.l-elopinent (6 ) .  Thus, sirnllar to what has 
heen found for inurine p120C.4P and NF1 
(22) ,  D~osophila G a p l  alld KF1 may have 
partlall>- r e d ~ ~ n d a l l t  roles as Ras regulators. 

Flies carrylng a viable heteroallelic coru- 
blnation of ruutant alleles of the  gene en- 
coding the  PK.4 catal>-tic su13unit, DCc?, are 
reduced in  s1:e (23) .  T o  test &ether the  
ade~losille 3 ' ,5 '-monophospl~ate (CAMP)-  
PKA pathway m g h t  represent a target for 
NF1, we exalllined pupae of another het- 
eroallelic combination, DCC'" 'IDCC"', 
and fo~und them to be phenot\-pically siini- 
lar to NFI  mutants (6) .  W e  then tested 
~ i ~ h e t h e r  lncreaslng PKA actlvlty in XF1 
nlutant a~linlals woulii rescue the  size de- 
fect. A c o n s t ~ t u t l v e l ~  actlve unurine PKA'': 
transgene was expressed in a n  NFI  nlutallt 
backgro~un~i (ZC). Heat shock-induced es -  
pression of this transgene resulted 111 lethal- 
ity. However. \ye were able to achieve lolyer 
transgene espresslon by gro\ying the  cul- 
tures a t  25°C. U ~ l d e r  these conditions, sta- 
tlstically signlfica~lt rescue of the pupal size 
defect \\-as observeLi (Table 1 ) .  In  contrast 
to ~ t s  effect o n  AiFI mutant pupae, the  
PK.4':' transgene did not  inodify the pheno- 
type of Tzibb?, a mutatlon that results in  
pupae of snlall size (24) .  Because espressioll 
of activateii PKA suppressed the phenot\-pe 
of null alleles of N F I .  PKA amears  not to 

L 

f ~ u n c t ~ o n  upstrearn of MFI in  a slinple linear 
L~atlm.av. Tl~e~.efore,  PKA must e~ t l l e r  tilnc- 
tion d o ~ ~ n s t r e a m  of NFI  or in  a parallel 
pathn~ay . 

X F I  mutants also differ from ~vild-type 
flies in  a n  assay that deterlnines the  num- 
ber of flies that  f ly  anal -  LIDOII release fro111 

, L 

their containers, either spontaneously or 
after repeated prodding (25) .  About  l S O b  
of either hTFI iuutant (11 = 200) failed to 
respond, whereas only 306 of parental K31 
flies did no t  respond. T h e  reduced escape 
rate does no t  reflect obvious anatomical 
defects of the  peripheral nervous system or  
the  m~rsculat~rre,  and the  lnutallts scoreci 
within ~loril lal  liinits i n  tests measuring 
their response to visual or olfactory stimuli 
(26) .  Electrophysiological studies shelved 
that  the  mutants have a defect a t  t he  
larval I I ~ L I ~ O ~ L I S C L I ~ ~ ~  j ~ i n c t i o ~ l  that  is res- 
c~recl b>- pllarmacologlcal manipulation of 
the  CAMP-PKA pathwa>- and tha t  1s 111- 

sensitive to  man~pu la t ion  of Rasl-inediat- 
ed signaling (27) .  Thus a t  least two MFI-  
iieflcient phenotypes can  be rescued by 
increasing ciilZ1P-PKA signaling. Further 
anal>-sis of N F I  -deficient flies ma\- define 
how the  NF1 protein ~nediates  cross talk 
between the  Ras and PK.4 p a t h \ v a ~ s  and 
may ~ ~ l t l m a t e l y  xrggest new t l ~ e r a ~ ~ ~ ~ i ~ c  
strategies for the  treatlnent of human  neu- 
rofibromatos~s t\-pe 1. 
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