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SUMMARY

The regulation of ribosome synthesis is likely to play an that brat mutant cells are larger, have larger nucleoli,
important role in the regulation of cell growth. Previously, and have more ribosomal RNA than wild-type cells.
we have shown that thecl-1 gene inCaenorhabditis elegans Furthermore, brat overexpressing cells contain less
functions as an inhibitor of cell growth and ribosome ribosomal RNA than control cells. These results suggest
synthesis. We now indicate that the Drosophila that the tumorous phenotype ofbrat mutants may be due
melanogastertumor suppressor brain tumor (brat) is an  to excess cell growth and ribosome synthesis.

inhibitor of cell growth and is a functional homolog of the

C. elegansgenencl-1. The brat gene is able to rescue the

large nucleolus phenotype oficl-1 mutants. We also show Key words:Drosophila cell growth, ribosomegrain tumor

INTRODUCTION the latter, which include genes involved in cell cycle
progression, would favor division (Thomas, 2000).
The overall size of a metazoan is controlled at the cellular level An additional way in which cells can regulate protein
by the coordinate regulation of cell division and cell growth.synthesis, and therefore growth, is through control of ribosome
Although it has long been established that inappropriate cedlynthesis. For examplslycoverexpression in mice can induce
division can lead to cancer, it is becoming increasingly cleathe transcription of multiple genes involved in ribosome
that cell growth, or increase in cell mass, is of equabynthesis (Kim et al., 2000). The fruitfl|p. melanogaster
importance. For example, the oncogelBg, RasandCyclin ~ geneaninifly (Giordano et al., 1999) ampitchoune(Zaffran et
D (Prober and Edgar, 2001) and the tumor suppressogs., 1998) have been found to be required for ribosomal RNA
retinoblastoma(White, 1997) andPten (Gao et al., 2000; (rRNA) processing and are also important for organism growth.
Goberdhan et al.,, 1999; Huang et al., 1999) have all bed¥otably, pitchouneappears to be a target Myc in flies
shown to regulate cell growth. Although the factors tha{Zaffran et al., 1998). In contrast to genes that are required for
regulate cell division have been extensively studied (Sherr arritbosome synthesisRb appears to function to negatively
Roberts, 1999), the processes that control cell growth are justgulate ribosome synthesis through its ability to inhibit both
beginning to be elucidated (Stocker and Hafen, 2000). RNA polymerase | (Cavanaugh et al., 1995) and Il (White et
Given the dependence of cell growth on protein synthesisl., 1996) transcription.
regulation of translation is likely to play an important role in  The only other gene that has so far been shown to negatively
growth control. In fact, recent studies have shown that onegulate RNA polymerase | and Il transcriptiomid-1 (for
mechanism of cell growth regulation is achieved through aabnormal nucleolus) from the soil nematddaenorhabditis
insulin receptor signaling pathway, one of the mosklegansPreviously, we have demonstrated thatl functions
downstream targets of which is the ribosomal protein S@ot only to negatively regulate rRNA synthesis, but also to
(Weinkove and Leevers, 2000). Phosphorylation of this proteimhibit cell growth (Frank and Roth, 1998)cl-1 mutant
appears to lead to stimulation of translation of mMRNAs thatvorms are larger than wild-type worms and have larger cells.
contain 5terminal oligopyrimidine tracts. It has been Furthermore, they have enlarged nucleoli in almost all of their
proposed that the coordination between cell growth andells (Hedgecock and Herman, 1995), which is indicative of a
division might be achieved through a balance of translation diigher rate of rRNA synthesis, that results in a higher steady
messages that contain this sequence and those that lackstate level of rRNA. Additionally, they have a higher rate of 5S
Translation of the former, which include translation factors andRNA synthesis and probably contain more ribosomes as they
ribosomal proteins, would favor growth, while translation ofcontain more protein than do wild-type worms (Frank and
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Fig. 1. brat expression pattern in brain and imaginal discs.
Brains and imaginal discs were dissected from third instar
larvae and hybridized in situ usindeat antisense RNA

probe. (A) Brain with the ventral nerve chord to the left and
the brain hemispheres to the right. (B) Antenna (left) and eye
(right) disc. Black arrow, morphogenetic furrow; white arrows,
neuronal preclusters. (C) Wing disc. (D) Leg disc. No signal
was detected when the sense probe was used (not shown).
Scale bars: 5Qm in A; 100um in B-D.

third instarbrat mutant larvae, although appearing normal
in situ, are able to metastasize and form secondary tumors
when injected into the abdomen of a wild-type host fly
(Woodhouse et al., 1998), thus indicating thett also
has a function in the imaginal discs. Superficidblsat
and ncl-1 mutants do not appear to have analogous
phenotypes at the organismal level. We now address
whether or not they have similar phenotypes at the
cellular level. We show that, in addition to being
structurally related,ncl-1 and brat are functionally
Roth, 1998). NCL-1 protein is predominantly cytoplasmic anchomologous. Therefore, this mechanism for controlling growth
its levels of expression in cells of the embryo, gonad (Franthrough repression of rRNA synthesis is conserved between
and Roth, 1998) and adult somatic tissue (D. J. Frank, Ph®orms and flies. We propose that excess ribosome synthesis
thesis, University of Washington: Seattle, 2000) are inverselgnd cell growth may be important aspects of the tumorous
related to the size of nucleoli: cells with small nucleoli havephenotype obrat mutants.
high level expression of NCL-1, whereas cells with large
nucleoli have low level expression.

The gene most similar tcl-1is brat (brain tumor) fronD. MATERIALS AND METHODS
melanogastefArama et al., 2000; G. R. Hankins, PhD thesis,
University of Virginia: Charlottesville, 1991). Both genes In situ hybridization and antibody staining
contain two B-box zinc fingers, a coiled-coil domain andDigoxigenin-labeled (Boehringer Mannheiimat RNA probes were
multiple NHL (NCL-1, HT2A and LIN-41) (Slack and made by transcribing plasmid LD28374, linearized véitoRI or
Ruvkun, 1998) repeats. The NCL-1 and BRAT proteins ar8armHl, with SP6 polymerase (antisense probe) or with T7
38% identical overall and 80% identical in the most C-Polymerase (sense probe), respectively. Tissue fixation and
terminal 280 amino acids, the region that contains the NHbendlzatlon were performed as described previously (Kozopas et al.,

: 998).
repeats (Arama et al., 2000). Homozygduat mutants die For anti-Nop60B staining, dissected larvae were fixed for 30

before eclosion anq have greatly gnlarged bram_s, up _to e'.gminutes in 4% paraformaldehyde in PBS containing 0.1% Tween-20.
times the normal size (G. R. Hankins, PhD thesis, Universitypinody was used at a 1:500 dilution and detected using a rhodamine-
of Virginia: Charlottesville, 1991). The brain tumor phenotypejapeled anti-rabbit secondary antibody (Jackson Laboratories). Images
of brat mutants is primarily due to expansion of the opticof 0.2 um optical sections were acquired using a Delta Vision
neuroblasts (Kurzik-Dumke et al., 1992). Imaginal discs fronmicroscope and processed using deconvolution software (Applied
Precision). Projections of 20 or 30
sections were generated and Adobe
Photoshop was used to measure nucleolar
areas.

nel-1 ncl-1 + brat transgene wildtype

Transgenic rescue of ncl-1

The construct KS+/ncl&3'/ncl, which
consists of thencl-1 cDNA flanked by
ncl-1 promoter region (8 kb of genomic
DNA upstream of thecl-1 transcription
start site) and 1.4 kb of genomic
sequence downstream of tinel-1 polyA
site, was able to rescue the Ncl
phenotype of ncl-1(e1942) mutant
worms (data not shown). Thecl-1
Fig. 2. Rescue oficl-1with abrat transgene. Worms mutant focl-1, those carrying arat cDNA sequence was replaced by the
transgene, and wild-type worms were visualized using Nomarski optics. The left image showscoding region obrat cDNA LD28374 to
neurons anterior to the posterior bulb of the pharynxriol-d.(e1942nvorm. The middle image create the plasmid KS+/n¢&3'/brat.
shows neurons from the same region itlkl(e1942)vorm carrying an array containing This plasmid was injected at a
KS+ncl5&3'/brat. The right image shows the same region from a wild-type worm. In each panepncentration of 80 ngl with the
two nuclei are indicated with white arrows. Note that large nucleoli are visible in nuclei in the lefominant marker Rol (Mello et al., 1991)
image only. Scale bar:|Em. at 80 ngll into the syncytial gonad of
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Fig. 3.bratinhibits cell growth. (A) Part of a wing imaginal disc in
which mitotic recombination was induced with a 2 hour heat shock at
72 hour AED to generate clones of cells thataed!Y/brat!! (black
areas) and GFP/GFP (bright green areas). Clones are surrounded by
unrecombinedrat!/GFP cells (light green areas). Scale bapa0

(B,C) Flow cytometric analysis of dissociated wing imaginal discs
containing control clones (B) @rat!!clones (C). The-axis shows
forward light scatter, a relative measure of cell size, ang-thes

shows cell counts. Representative data from one experiment in which
a 2 hour heat shock was applied at 72 hours AED is shown. (D) +/+
(control) orbrat!¥/brat!! clone areas were compared with the
corresponding GFP/GFP sister clones. A 45 minute heat shock was
applied at 48 hours AED and clones were measured at 115 hours
AED. Mean area ratio is plotted with standard error indicated by

— +/+ error bars. Data from two independent experiments was compiled.
— +/GFP Genotypes ardis-FLP22 Ub-GFP FRT40A/bradft FRT40A(A, C

s } and brat!? in D) andhs-FLP'22 Ub-GFP FRT40A/FRT40/B and
(‘S‘L (IFP’(I]—P ‘Control’ in D)

==}

Cell counts -

obtained from five independent experiments in which mitotic
recombination was induced by &7 heat shock for 1 hour at 48 hours
after egg deposition (AED) or for 1.5-2 hours at 72 hours AED. In all

- cases, discs were analyzed at 115 hours AED. For clone area
Cell size measurements, a 45 minute heat shock was applied at 48 hours AED
C and discs were dissected and fixed at 115 hours AED. Areas were
measured using Adobe Photoshop and data was analyzed using
Microsoft Excel. The chromosomeb-GFP FRT40Ais from C.
— brat/brat Martin-Castellanos and B. Edgar (unpublished).

— hrat/GFP Overexpression

& GFP/GFP UAS-brat lines were generated by P element-mediated transformation
using the pUAST vector (Brand and Perrimon, 1993). The flip-out
technique (Neufeld et al., 1998; Pignoni and Zipursky, 1997; Struhl
and Basler, 1993) was used to generate clones overexpressing Gal4
in HS-FLP22 UAS-P35; Act>CD2>Gal4, UAS-GRR<S65T (+
additional UAS transgenes) animals. Larvae were heat shocked for 45
minutes at 37C at 72 hours AED. Similar results were obtained in
Cell size two experiments without P35 using lingAS-brat(5) and seven
experiments with P35 using lin€AS-brat(1A)and UAS-brat(5).

Cell counts —p-

=]

1407
o - S Proliferation analysis

- L Induction ofbrat overexpressing clones was achieved with 18 to 25
100 7rrg X 5T ===5 minute heat shocks at 72 hours AED to generate approximately 5-10
304-- . clones per disc. Wing discs were dissected from wandering third instar
p=001 larvae and fixed in 4% paraformaldehyde/phosphate-buffered saline.
601-- -1 | The number of GFPcells per clone was counted on a Zeiss Axioplan
404+ o microscope. Cell doubling times were determined using the formula
(log2/logN)hr, where N=median number of cells/clone and hr=time
20-- -1 | between heat shock and disc fixation.

% of sister clone area

control  brar’

RESULTS

ncl-1(e1942)worms. Adult Rol progeny were picked and their .

progeny were assayed by Nomarski microscopy for any effect offat and ncl-1 are functionally homologous

nucleolar size. Five transgenic rescued lines were identified. To address if any functional homology exists betweelrl

Mitotic recombination andbrat,. we first asked whether the two genes have analo_gous
) expression patterns. Because NCL-1 protein is most highly

The FLP/FRT system (Xu and Rubin, 1993) was used to generajgnressed in cells with low rates of rRNA and protein

control andbrat'! mutant clones. Théerat!! allele has a nonsense ynthesis, such as cells of the early embryo (Frank and Roth,

mutation that creates a truncated protein (Arama et al., 2000j): . .
Although it is not known ifbrat!lis a null allele, it is one of the 998) and neurons in the adult (D. J. Frank, PhD thesis,

strongest alleles dbrat (G. R. Hankins, PhD thesis, University of University of Washington: Seattle, 2000), we predicted that
Virginia: Charlottesville, 1991) (Woodhouse et al., 1998). Flowbrat expression would be highest in cells with low levels of
cytometry analysis of approximately 20 dissociated wing discs wabiosynthetic activity. We examined theat expression pattern
performed as described (Neufeld et al., 1998). Similar results weie@ D. melanogastetarvae using RNA in situ hybridization.
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A discs from third instar larvae are shown in Fig. 1B-D,
LY AR respectively. In the eye disc, higheat expression levels were
140 O GFP/GEP observed_ in small clusters _of cells along the morphogenetic
1201 @ bratbrat f_urrow (Flg. 1B). These are I|kgly the neuronal precl.usters,. the

5 first cells in the eye disc to exit the cell cycle and differentiate

& 1001~ into relatively metabolically inactive cells. This expression

B gol- pattern is consistent with a hypothesis thedt, like ncl-1,

8 functions as an inhibitor of cell growth.

g 6of- To determine whethebrat and ncl-1 are functionally

Z 404 homologous, we asked whether tirat gene could rescue the

204 - large nucleolus phenotype n€l-1 mutant worms. Thérat-
coding region was inserted into a vector such that it was flanked
; X by the ncl-1 promoter region and downstream genomic
EXp_eg’;)”ém 1 E’_(a%ngﬁm sequence. This construct was injected inid-1 (e1942)
= p=t worms and nucleolar sizes of transformants were observed

B using Nomarski optics. Whilencl-1 mutants have large
200 - eeeesieectaonnn nucleoli,ncl-1worms expressing tharat transgene have small
P L. nucleoli that are indistinguishable from those seen in wild type

T (Fig. 2). Therefore, therat gene is able to functionally replace
160 = - - rmmmmmmmm e J_ Tt O brat/+ the ncl-1 gene inC. elegansjndicating that these two genes
L7730 P -... @brat/brat not only have similar sequence ar_ld are expressed in similar
€ 10 e o types of cells, but are indeed functionally homologous.
E 1004 - - I e I L brat mutant cells are larger than wild-type cells
T As brat is able to functionally replacecl-1in C. eleganswe
801 - oo wanted to learn whethdarat mutants show the same cellular
604 - - .. . phenotypes ascl-1 mutant worms, such as enlarged cells. To
analyzebrat mutant and wild-type cells within the same tissue,
4071 -- we used FLP/FRT-mediated mitotic recombination (Xu and
20 - - - - - - Rubin, 1993) in larvae heterozygous fomat!! to generate
paired clonal populations of cells: those that are homozygous
Brains Wing discs brat'!and those that are homozygous wild type. In this system,
p=05 p<0.02 the wild-type chromosome is marked with GFP. Thus,

11 11 i i
Fig. 4.Increased nucleolar size and rRNA levebmat/brat cells. brat™/brat™ cells can be differentiated by the fact that they do

(A) Mitotic recombination was induced with a 90 minute heat shock not express GFP. Unfo_rtunatlelly, this system does not a!low us
at 48 hours AED. At 115 hours AED, wing imaginal discs were fixedl® Séparate unrecombinédat™/+ cells from +/+ cells (Fig.
and stained with anti-Nop60B antibody. Data from two independent 3A). Thus, any cell size difference we observe could be an
experiments are shown with the area of nucleoli in GFP/GFP cells senderestimate of the actual effectbifat'/+ cells are larger
to 100 for simplicity. Mean nucleolar area is plotted with standard than +/+ cells. We expect that cells might be sensitivardo
error indicated by error bars. The numbers of nucleoli analyzed are dose, as we previously found thatl-1 heterozygous worms
as follows: Experiment 1 GFP/GFP, &8at/brat 47; Experiment2  have larger nucleoli than wild-type worms (though smaller than
GFP/GFP, 74prat/brat, 63. The genotype Iss-FLP?% Ub-GFP ncl-1homozygotes) (D. J. Frank and M. B. Roth, unpublished).
FRT40A/brat! FRT40A (B) Larvae from the crosg; brat/CyOY Nevertheless, flow cytometric analysis revealed  that
;( hou ?S&lggy\c;vtxe{ﬁe?e&aé:tn?g &Zi%‘lﬁ;‘g”;ﬁ#éhir?stgtscct’g at brat!Y/brat!! cells from third instar wing imaginal discs were

: ’ qcon5|stently larger than the internal contooht!l/+ and +/+

genotypes were confirmed and wing discs and brains were remove )
and processed for RNA and DNA isolation using TRIzol Reagent cells (Fig. 3B,C). Furthermore, area measurements showed that

(Gibco BRL). Isolated RNA (standardized to isolated DNA) was ~ clones ofbrat'! cells were larger than their corresponding
applied to nitrocellulose using a slot-blot apparatus and probed withsister clones in wing imaginal discs (Fig. 3D). The increased
radiolabeledD. melanogasterDNA PCR product. Quantitation was ~ size ofbrat!Y/brat!! cells and clones suggests that, similar to
performed using a BioRad Molecular Imager FX. rRNA level in ncl-1, loss of function mutations ibrat lead to excess cell
controlbrat/+ is set to 100 for simplicity. Average rRNA level and  growth.

standard error are indicated. Ten samples of each genotype were

obtained on five subsequent days; each sample consisted of 9-16 prat mutant cells have enlarged nucleoli and excess
brains or 14-24 wing discs. rRNA

To further characterize any functional relationship between
Using a brat RNA probe, we observed high levérat  brat andncl-1, we next asked whethérat affects nucleolar
expression in brains from wild-type third instar larvae (Fig.size. We used mitotic recombination as described above to
1A). This expression was quite uniform throughout the entiretgeneratéorat!Ybrat'! mutant clones and +/+ control clones in
of the brain hemispheres, including the optic lobe. Weaker buting imaginal discs. These were stained with an anti-Nop60B
fairly uniform expression was also seen in virtually all cells ofantibody (Phillips et al., 1998) to visualize nucleoli. We found
the imaginal discs. Examples of eye-antennal, wing and lethatbrat mutant cells have nucleoli that are 18-33% larger than
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Control UAS-brat Fig. 5. Effect of brat overexpression in the eye

S and wing. The top left image shows a scanning
electron micrograph of the head of a control fly.
The top right image is the head of a fly in which
bratis overexpressed in the eye. The bottom left
image is of a wing from a fly carrying tep-
Gal4 driver alone. The bottom right image is of a
wing overexpressingrat under the control of
dpp-Gal4 which expresses Gal4 between veins
LIl and LIV (Staehling-Hampton and
Hoffmann, 1994). Positions of veins are
indicated in the bottom left image (I-V). Note the
decrease in area between veins LIl and LIV as
indicated by the bracket. All flies are female.
Genotypes are; P[w*; ey-Gal4]/+; +/TM6B
(top left),w; P[w*; ey-Gal4d]/+; P[w*; UAS-
brat(5)]/+ (top right),w; P[w*;UAS-
brat(1A)]/Sp; P[w; dpp-Gal4]/+ (bottom left)
andw; Sp/+; P[w*; dpp-Gal4]/+ (bottom right).
p— — Scale bars: 10Am (top) and 25@m (bottom).

ey-Gald § b

dpp-Gald

wild-type cells (Fig. 4A). Because the size of the nucleolus ign wing area relative to the control. The decrease in eye and
indicative of the level of rRNA synthesis (Altmann andwing size caused blgrat overexpression is probably due to a
Leblond, 1982; Kurata et al., 1978; Moss and Stefanovskgombination of cell growth inhibition and cell death. To
1995), this result suggests thaat mutant cells may have a determine if there was an effect on cell size in the wing, we
higher level of rRNA synthesis than wild-type cells. To test thisounted the number of bristles in a defined area. As each cell
hypothesis, we compared rRNA levels in brains and wingn the wing is associated with a single bristle, the inverse of
imaginal discs from homozygobsat/bratmutants and control the number of bristles in a region of a defined area gives a
brat/+ heterozygotes. We found that while there was no effeatelative estimate of cell size. Surprisingly, tHAS-bratline

on rRNA levels in brains, homozygolsat/brat wing disc  appeared to have increased cell sizes in the wing (Table 1).
cells contained 1.6 times more rRNA than control cells (Fig.

4B). Because rRNA is very stable (Liebhaber et al., 1978prat overexpression inhibits cell growth and slows

reported a rRNA half-life of at least 700 hours in primarycell division

human fibroblasts), this increase in steady state rRNA level go-5,5e overexpression it in the wing appeared to cause
probably due to an increased level of rRNA syntheslsat 5 jncrease in cell size while inhibiting organ growth (Table 1;

mutant cells. Fig. 5), we wanted to examine the effecbrdt overexpression
o in clones of cells, thus allowing us to compare overexpressing
brat overexpression inhibits organ growth and control cells directly in the same tissue. The flip-out
Given thatbrat mutant cells are larger than wild-type cells, wetechnique (Struhl and Basler, 1993) was used to overexpress
hypothesized thabrat functions to inhibit cell growth, such brat and GFP in clones of cells. We dissociated wing discs
that overexpression dbrat would be expected to lead to from staged larvae in which overexpression was induced
a decrease in cell and organ size. Because ubiquito@amd analyzed them by flow cytometry. We found that
overexpression obrat resulted in lethality (not shown), the overexpression obrat resulted in a slight increase in cell
Gal4-UASsystem (Brand and Perrimon, 1993) was used teize (Fig. 6A,B) with no effect on cell cycle phasing (not
overexpress a wild-typebrat cDNA specifically in the shown). Microscopic examination of clones revealed that
developing eye using theyeless-Galdine (ey-Gald. The  overexpression obrat led to cell death as evidenced by
eyelessenhancer directs expression in actively proliferating
cells of the eye disc (Halder et al., 1998). Expressioloraif
in the developing eye, using two differedAS-brat lines,
resulted in a dramatic decrease in organ size (Fig. 5). Area lll-IV Area Il-Ill Cell size n
We next used th&al4-UASsystem to overexpressat in Control ~ 100+1 100+2 100+2 6
the developing wing using tliecapentaplegic-Galdne (dpp- ~ UAS-brat  64+3 P<0.001)  96+1f<0.05)  108+1p<0.005) 6
Gald). In this line, Gal4 is expressed between wing vein: Pictures were taken of wings of control et overexpressing flies. The

LIl and LIV (Staehling-Hampton and Hoffmann, 1994). area of the wing blade encompassed by wing veins Iil and IV (area l1I-1V)
Overexpression dbrat led to an obvious decrease in the sizeand by veins Il and Il (area II-1ll) was measured using Photoshop. For

of this intervein region using two differedAS-bratlines (Fig. simplicity, measurements in the control line were set to 100. Standard

5) To quantitate this growth inhibition. we measured the Win(dewatlons are indicate®.values were obtained by comparing experimental

) . ’ :values with control values. Cell sizes were determined by taking the inverse

blade area bounded by veins LIl and LIV and compared iyt the number of bristles counted in a rectangle placed between veins 11l and
with the area bound by veins LIl and LIII (Table 1) which iv. nindicates the number of wings of each genotype that were analyzed. All
served as an internal control as it was affected only slightlfwings were from female flies raised at room temperature. Genotypes are

We found thabrat overexpression resulted in a 36% decreasSP/*: dpp-Gal4/+(control) andJAS-brat(1A)/Sp; dpp-Gala/+

Table 1. Effect ofbrat overexpression in wings
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A Fig. 6. brat overexpression increases cell size but inhibits clone

—— Contol growth. (A-D) Flow cytometric analysis of dissociated wing
—— UAS-GFP !ma_lginal disc cells containing clone_s overexpressing ;he
UAShbrat indicated genes. In all graphs, thaxis shows forward light
scatter, an indicator of relative cell size, andyHais shows
cell counts. Overexpression of P35 regularly results in a small
decrease in cell size relative to controls that is probably due to
a deleterious effect on cell metabolism. (E) ContrdJAG-
brat clones were induced at 48 hours AED and analyzed 67
hours later. Clone areas were measured using Adobe
Photoshop and the average pixel area is plotted with standard
error. Eighty-eight control and 77 UAS-brat clones were
+. —— Contol measured. Genotypes arev hs-FLB?Z Sp/+;
I Act>CD2>Gal4 UAS-GFP/HA), y w hs-FLP22
| UAS-GFP Act>CD2>Gal4 UAS-GFP/UAS-brat(§B), y w hs-FLP22
| UAS-FB5  sp/UAS-P35; Act>CD2>Gal4 UAS-GFPAE and ‘control’ in
UASbrat E), andy w hs-FLP22 +/UAS-P35; Act>CD2>Gal4 UAS-
GFP/UAS-brat(5XD and ‘UAS-brat’ in E).

—— Contol
—UAS-GFHA

Cell counts——>

Cell counts—»
—

cells had 50% longer doubling times than control cells (Fig.
7). Thus, overexpression bfat resulted in a slowing of
cell division. As cell size is controlled by the rates of both
cell growth and cell division, we interpret the fact it
overexpressing cells are larger than control cells to mean

Cell 9ze ——> Cellsize —>

E 10100 M that the inhibition of cell division rate is more severe than

> the inhibition of cell growth.

T 2500t --c=Foo-----mmm- -

3 s000d-t | brat inhibits ribosomal RNA accumulation

Tﬁ/ wook L p<0.001 Becausebrat mutant wing imaginal disc cells contained

b more rRNA than control cells (Fig. 4B), we wished to

2 10004+--| |-----mm-eo-- determine if brat overexpression would inhibit rRNA

8 5001 - - L = o accumulation. We used the flip-out method to generate
clones overexpressing GFP and P35 as a control, or GFP,
P35 andbrat in larvae. We then isolated wing imaginal

Control  UAShbrat discs from third instar larvae, dissociated the cells and
used fluorescence activated cell sorting (FACS) to isolate
GFP-expressing and non-expressing cells. RNA was
pycnotic nuclei visualized by DAPI staining of clones (data notsolated from equivalent numbers of cells and the relative
shown). To overcome this effect, we also co-expressed the calinount of rRNA was determined. While GFP + P35 expression
death inhibitor P35 (Hay et al., 1994) whhat in the clones led to anincrease in total rRNA, cells overexpresbiayy GFP
and observed an even larger increase in cell size (Fig. 6C,03nd P35 had approximately half as much rRNA as control cells
P35 expression appears to be somewhat deleterious to cells(@able 2). This decrease in rRNA per cell occurs even though
on its own it caused a small but reproducible decrease in cddtat overexpressing cells are larger than control cells (Fig. 6D).
size. The increased cell size in the presence of P35 is probatthyven that rRNA is very stable (Liebhaber et al., 1978),
due to the fact that P35 expression inhibited the cell death
caused bybrat overexpression, thus allowing a greater

proportion of thebrat overexpressing cells to be analyzed. Table 2.brat overexpression inhibits ribosomal RNA

Although brat overexpression results in enlarged cells, production
analysis of clone areas showed th@hat overexpression rRNA in GFP pos/neg cells  n
actually inhibits total clone growth. We compared the areas ¢ Control 1.45+0.56 5
wing imaginal disc clones expressibgt, GFP and P35 with UAS-brat 0.53+0.22 p=0.02) 4

control clones e>'<pressing Onl.y GFP and P35, an.d found th RNA was isolated from GFP-positive and -negative cells after fluorescence
brfdt overexpression led to a significant decrease in clone arictivated cell sorting. Equivalent cell number quantities of RNA were applied
(Fig. 6E). to a slot blot and probed with a radiolabeled PCR fragment corresponding to

Becausebrat overexpression inhibited clone qgrowth yet D. melanogasterDNA. Blots were quantitated using a phospor-imager and

p g Y . . - ; Aget

resulted in enlarged cells, we hypothesized tinat might be the mean ratio of signal from GFP-positive to GFP-negative cells is given
causing a slowing of cell d’ivision To address this possibility, w¢:S:%):nis the number of samples sorted. For each sample, a minimum of 18
: g g : p Y Whhird instar wing discs were dissociated and sorted. The P value is the
induced clones to exprebgt, P35 and GFP at 72 hours AED, statistical significance of the difference between controlk@-brat
and counted the number of cells per clone 43 hours later. ClonGenotypes arg w hs-FLP22 Sp/UAS-P35; Act>CD2>Gal4 UAS-GFP/+
expressingrat had significantly fewer cells than control clones (control) andy w hs-FLP?% +/UAS-P35; Act>CD2>Gald UAS-GFP/UAS-
expressing only P35 and GFP (Fig. 7). We calculated that the22®)
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60- ® Control: DT = 14 hours tumors when transplanted into a wild-type host. Furthermore,
we have shown théiratis expressed in imaginal discs and that

8 SO =

5 501 ] O UASbrat(14): DT = 21 hours mutant wing imaginal disc cells are larger than control cells

S 40 UASbrat(5): DT = 21 hours and contain more ribosomal RNA. However, brains do not

o 301 contain excess rRNA. So why 8eat mutants get brain tumors

ok but not tumorous discs? This may be due to the plasticity of

§ 201 the imaginal discs. For example, experimental manipulations

g 107 that affect cell division rates are compensated for by changes
0- ' ' ' in cell growth so that the disc always ends up the same size,

1-3 46 79 10-12 13-15 16-18 >18 regardless of its number of cells (Neufeld et al., 1998).

Therefore, ifbrat mutant cells in wing discs are larger than

wild-type cells, there may be compensation so that the wing
Fig. 7. brat overexpression inhibits cell division. ControlaS- does not overgrow. In the brain, such compensation might not
brat(1A)or UAS-brat(5)clones were induced at 72 hours AED and exist; thus, excess cell growth might stimulate excess cell

analyzed 43 hours later. The number of cells per clone was Coumeddivision and result in an overgrown brain containing normal
and plotted as a percentage of the total number of clones analyzed sized cells with normal rRNA levels

for each genotype. Doubling time (DT) is indicated next to each )
label. The statistical significances of the differences between
experiments and control afe=8x10-10for UAS-brat(1A)and ncl-1 mutants do not develop tumors

p=2x10-13for UAS-brat(5) Number of clones analyzed was 76 for If brat and ncl-1 are functional homologs, then why do
control, 104 folUAS-brat(1A)and 116 folUAS-brat(5) Genotypes mutations in these two genes not result in the same phenotype?

Number of cells per clone

arey w hs-FLP?2 Sp/UAS-P35; Act>CD2>Gal4 UAS-GFP/+ The answer to this probably lies in the fact that flies and worms
(black bars)y w hs-FLP?2 UAS-brat(1A)/UAS-P35; have very different patterns of development. While worms have
Act>CD2>Gal4 UAS-GFP/+white bars) ang w hs-FLP?2 determinate lineages in which every cell division and cell fate
+UAS-P35; Act>CD2>Gal4 UAS-GFP/UAS-brat(fstriped bars).  gecision is absolutely identical from one worm to the next
Similar results were obtained in two independent experiments. (Sulston et al., 1983), this is not the case for flies. Studies of

clonal populations of cells have shown that cell proliferation
this decrease in the steady state level of rRNA in cellpatterns irD. melanogasteimaginal discs differ from one fly
overexpressing brat probably represents a significant to the next (Bryant, 1970; Bryant and Schneiderman, 1969).
downregulation of rRNA synthesis. We conclude tivat can ~ Furthermore, iD. melanogastedevelopment, proliferation is
negatively regulate the level of cellular rRNA. often temporally separate from differentiation. For example,
the wing disc starts as an embryonic primordium of about 50
cells that grow and proliferate during the four days of larval
DISCUSSION development to result in 50,000 cells that finally differentiate
to form the adult wing (Cohen, 1993). By contrast, the only
Our results demonstrate thdirat functions to repress tissue type inC. elegansin which a stem cell population
ribosomal RNA synthesis and cell growth. We found brat  divides throughout life is the germline. In fact, the germline is
mutant cells are larger than control cells, have enlargetihe only tissue in worms in which tumorous phenotypes have
nucleoli and contain excess rRNA. Furthermoteat been clearly observed (Schedl, 1997). This tissue does not
overexpression inhibits clone and organ growth, and leads tobeecome tumorous imcl-1 mutants, most probably becaumsz-
decreased level of rRNA per cell. Excess cell growth may b& does not function in the germline. In support of this, the
a requisite precursor to the excess cell division that is observgérmline nuclei have very large nucleoli that do not appear to
in brat mutant brains (G. R. Hankins, PhD thesis, Universityenlarge inncl-1 mutants, possibly indicating that these nuclei
of Virginia: Charlottesville, 1991). There is growing evidenceare synthesizing ribosomes at maximum capacity even in wild-
to suggest that this model of hyperplasia being preceded lype worms.
hypertrophy may be an important mechanism of tumor
formation. For example, excess cell growth is seen beford/hy does brat overexpression result in larger cells?
transformation in mice in whicMyc is overexpressed (Iritani Given thatbrat mutant cells are larger than wild-type cells, it
and Eisenman, 1999), and many of the transcriptional targes@ems surprising that overexpressiobmatt should also result
of Myc are genes involved in cell growth (Coller et al., 2000).in larger cellsbrat overexpression also resulted in a slowing
Additionally, tumor promoting agents such as phorbol esterdown of cell division; the doubling time forbrat
cause rapid increases in ribosomal RNA transcription (Allo ebverexpressing cells was 21 hours compared with 14 hours for
al., 1991; Garber et al., 1991; Vallett et al., 1993), suggestingild type. A possible model to explain these results comes
that excess ribosome synthesis may also be an important edilgm recent work showing that mouse liver cells in which the
step in transformation. In future, it will be important to try to 40S ribosomal protein S6 was conditionally knocked out were
understand how it is that excess cell growth and ribosomable to grow but not proliferate in the absence of nascent

synthesis can trigger excess cell division. ribosome synthesis (Volarevic et al.,, 2000). These authors
. suggest that cells will not divide unless there is a sufficient
Why do brat mutants get only brain tumors? level of nascent ribosome synthesis. Applying this model here,

Thebrat gene has been shown to function in both the brain anldecause overexpressiontwht leads to a dramatic decrease in
imaginal discs oD. melanogastefarvae.brat mutants have rRNA synthesis (and therefore decreased ribosome synthesis),
enlarged brains, and imaginal discs friorat mutants can form  cell division is slowed. Cell growth also is slowed, as evidenced
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by the smallbrat overexpressing clones. Growth is notand Roth, 1998) and BRAT (Sonoda and Wharton, 2001) are
completely inhibited, however, as cells are able to uséoth cytoplasmic proteins, one possibility is thedt andncl-
ribosomes synthesized before the onsétrafoverexpression. 1 serve as sensors of this ratio. Alternatively, they could

The end result, therefore, is large, slowly dividing cells. directly affect this ratio by serving as translational repressors.
) . Interestingly, recent work has shown thedt functions in the
brat represses cell growth and ribosome synthesis translational regulation of at least one mRNA (Sonoda and

Previous studies have demonstrated that activation of th&harton, 2001). Future work should provide insight into the
insulin receptor and its downstream targets affects the activigpecific mechanism ddrat andncl-1 action.

of ribosomes and ultimately regulates cell, organ and organism

size inD. melanogastefWeinkove and Leevers, 2000). For We thank C. Gee and A. Shearn for the gift oflthenelanogaster
example, the phosphoinositide 3-kinase (PIZ¥)110is a linesyw; braf/CyOY" andy; brat'/CyOY", T. Lukacsovich fobrat
positive regulator of growth; its overexpression leads t§PNA LD28374, and S.J. Poole for the anti-Nop60B antibody. We
increased cell growth (Leevers et al., 1996; Weinkove et aldre grateful to members of the Roth and Edgar laboratories for helpful

. . discussions; to A. de la Cruz for technical advice; and to B. Buchwitz
Y _ ) ) )
1999) whileDp110™ cells are smaller than wild-type cells Chalker, S. Parkhurst and D. Prober for critical reading of the

(Weinkove et al., 1999). Conversely, melanogaster Ptels  yan,script. This work was supported by NIH grants GM48453 to
a negative regulator of the insulin receptor/PI3K pathwaym. B. R. and R0151186 to B. A. E.

Pten’~ cells are bigger than wild-type cells, while

overexpression leads to decreased cell growth (Gao et al.,
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