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Down-Regulation of RpS21, a Putative Translation Initiation Factor
Interacting with P40, Produces Viable Minute Imagos and
Larval Lethality with Overgrown Hematopoietic
Organs and Imaginal Discs
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Down-regulation of the Drosophila ribosomal protein S21 gene (rpS21) causes a dominant weak Minute pheno-
type and recessively produces massive hyperplasia of the hematopoietic organs and moderate overgrowth of the
imaginal discs during larval development. Here, we show that the S21 protein (RpS21) is bound to native 40S
ribosomal subunits in a salt-labile association and is absent from polysomes, indicating that it acts as a trans-
lation initiation factor rather than as a core ribosomal protein. RpS21 can interact strongly with P40, a ribo-
somal peripheral protein encoded by the stubarista (sta) gene. Genetic studies reveal that P40 underexpression
drastically enhances imaginal disc overgrowth in rpS21-deficient larvae, whereas viable combinations between
rpS21 and sta affect the morphology of bristles, antennae, and aristae. These data demonstrate a strong inter-
action between components of the translation machinery and showed that their underexpression impairs the
control of cell proliferation in both hematopoietic organs and imaginal discs.

In Drosophila melanogaster more than 50 genes controlling
cell proliferation have been identified by using mutations (25,
45). Mutations in these genes act as recessive determinants of
tissue overgrowth and are classified as tumor suppressor genes.
The Drosophila tissues susceptible to becoming overgrown de-
rive from cells which divide actively during embryonic and
larval development and include organs such as the larval brain
hemispheres, the imaginal discs that will form the adult hypo-
derm and cuticle, the hematopoietic organs, and the germ line
(25). With the exception of tumors in the germ line which re-
sult only in adult sterility, overgrowth in other tissues is ac-
companied by developmental arrest at the larval-to-pupal tran-
sition phase. As a consequence of the developmental arrest,
the larval life of the mutant animals is extended over several
days and the tumorous organs can reach a considerable mass
that is readily observed upon dissection.

Mutations in more than 25 genes were found to cause over-
growth of the hematopoietic organs (25, 45, 75), which consist
of five to seven pairs of glandular structures located along the
dorsal heart vessel behind the brain hemispheres and which
produce hemocytes by a stem-cell mechanism. In wild-type
larvae the hemocytes are released into the hemolymph at the
end of the third larval instar (55, 64). By contrast, in homozy-
gous [(2)k168-14 larvae, the proliferating hemocytes remain
mainly in the hematopoietic organs, which become massively
enlarged (72). These organs retain a globular and compact
structure and can reach up to 50-fold their normal size. Al-

* Corresponding author. Mailing address: Department of Develop-
mental Genetics, Deutsches Krebsforschungszentrum, Im Neuenhei-
mer Feld 280, D-69120 Heidelberg, Germany. Phone: 49-6221-424502.
Fax: 49-6221-424552. E-mail: dev.genetics@dkfz-heidelberg.de.

+ Present address: First Department of Medicine, Semmelweis Uni-
versity Medical School, H-1083 Budapest, Hungary.

2308

though the tumorous organs are filled with partially differen-
tiated hemocytes, these cells are unable to form melanotic
masses as is usually the case in other mutations producing
overgrowth of the hematopoietic organs (25, 75).

We have cloned and sequenced the gene mutated in /(2)k168-
14 and found that it encodes the ribosomal protein S21, which
has been previously identified in species as diverse as rats (31),
yeast cells (66), humans (8), and rice (48). We show that the
[(2)k168-14 mutation produces a dominant weak Minute phe-
notype similar to the phenotype produced by mutations in
other ribosomal protein genes, encoding the ribosomal pro-
teins 49 (or L32) (39), S2 (15), S3 (1), S5 (44), S6 (58, 65, 76),
S13 (56), L9 (61), L14 (57), and L19 (28). Furthermore, our
analysis revealed that the ribosomal protein S21 (RpS21) is
essentially associated with the native 40S ribosomal subunits
and absent from polysomes, indicating that this protein acts
presumably as an initiation factor rather than as a core ribo-
somal protein. Following the recent finding that mutations in
another Drosophila gene encoding the ribosomal protein S6
can also produce tumorous growth in the hematopoietic organs
(65, 76), our studies confirm that, in addition to their function
in protein synthesis, ribosomal and ribosome-associated pro-
teins may play a role in the regulation of cell proliferation.

Although no ribosomal gene has yet been assigned to any
known inherited cancer susceptibility locus in humans, the
divergent expression of ribosomal protein transcripts has been
reported in a series of human transformed cells. The expres-
sion of numerous transcripts encoding ribosomal proteins was
found to be enhanced in colon carcinomas and squamous car-
cinomas. The identified sequences include the ribosomal pro-
teins L31 (14); PO, S3, S6, S8, and S12 (53); S2 (13); S19 (38);
L18 (5); ubiquitin-S27a (79); L19 (29); P2 (62); and L37 (5).

By contrast, the expression of the transcripts encoding the
QM associated ribosomal protein (21, 41) and the S29 ribo-
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somal protein (37) is down-regulated in Wilms’ tumor and
colon carcinoma, respectively. Evidence for growth suppres-
sion has been obtained for S29 by transfecting human 7pS$29
cDNA into mouse v-Ki-ras-transformed NIH 3T3 cells (37).
These studies showed that rpS29 alone induces flat revertants
at low frequency but that it significantly enhances the potential
for suppression of transformation by Krev-1, which antagonizes
an activated ras oncogene (35).

Although no direct functional growth suppression has been
shown for QM, which shares 99% identity with the recently
identified rat ribosomal protein L10 (12), this protein was
found to be particularly elevated in tissues undergoing rapid
proliferation (20, 22, 33). Of particular interest are the recent
findings that the yeast homolog of QM, designated as Qsrlp,
acts as a peripheral ribosomal protein of the 60S ribosomal
subunit and is required for ribosomal joining (19, 21, 36),
suggesting a regulatory function in the rates of growth and
protein synthesis.

Finally, by using the yeast two-hybrid system we have shown
that RpS21 can interact strongly with the ribosome-associated
protein P40, encoded by the stubarista (sta) gene (46). Further
support in favor of a functional interaction between RpS21 and
P40 was obtained from genetic and biophysical studies showing
that (i) heterozygous combinations between different sta alleles
and /(2)k168-14 show enhancement of the antennal and bristle
phenotypes, (ii) underexpression of P40 enhances the tumor
phenotype in /(2)k168-14 larvae, and (iii) bacterially expressed
RpS21 and P40 can bind in an in vitro assay. With this ap-
proach, we have identified two ribosomal protein genes whose
functions regulate protein synthesis and cell growth and in
which defects may lead to tissue-specific tumors in D. melano-
gaster.

MATERIALS AND METHODS

Drosophila stocks and yeast strains. All fly stocks were maintained on standard
Drosophila medium at room temperature (2); all crosses were done at 25°C. The
genetic nomenclature is as outlined by Lindsley and Zimm (40). Stocks were
kindly provided by the European Drosophila Stock Center, Umed, Sweden, and
by the Bloomington Drosophila Stock Center.

The [(2)k168-14 mutant was recovered from a large-scale P-element mutagen-
esis screen by using the y w P-lacW procedure as described in Torok et al. (70).
We constructed the stock y sta®/Binsn; 1(2)k168-14/P[y*] CyO to facilitate the se-
lection by the y marker mutation of the y sta®/Y; [(2)k168-14/I(2)k168-14 double-
mutant larvae.

The YRG-2 yeast strain (MAT« ura3-52 his3-200 ade2-101 lys2-801 trp1-901
leu2-3 gal4-542 gal80-538 LYS2::UAS 1.1 TATA .41 -HIS3 URA3:UAS 4 1o ia,
TATAcyc-LacZ) (Stratagene, La Jolla, Calif.) was used in the yeast two-hybrid
procedure.

Examination of mutant larval phenotypes. Larval phenotypes were examined
as described previously (71). In short, eggs were collected for 24 h, and larvae
were washed out of the medium on days 7 to 8 after egg collection. By this time,
the majority of the normal siblings have pupariated, and slowly growing mutant
larvae were enriched in the medium. As the mutant /(2)k168-14 stocks were
maintained in a homozygous y w background over a CyO balancer marked with
ay”" transgene (Ply*] CyO), homozygous mutant larvae were selected by their
yellow mouth hooks. Mutant larvae were transferred to fresh vials and left in a
humidified atmosphere until dissection. Hemocyte counts were determined ac-
cording to the method of Szabad and Bryant (66a).

Isolation of viable and lethal revertants. The isolation of viable and lethal
white-eyed revertants was carried out as previously described (71, 72).

Cytogenetic mapping. Cytogenetic mapping by in situ hybridization to salivary
gland polytene chromosomes was performed essentially as described in De Fru-
tos et al. (17), using digoxigenin-labeled pUC18 DNA probe (Boehringer GmbH,
Mannheim, Germany).

Germ line clone analysis. The possible function of 7pS27 in the ovary was
tested by using the dominant female sterile technique (74). Mitotic recombina-
tion was induced in oogonial cells of 65- to 75-h-old larvae heterozygous for the
Fs(2)I and [(2)k168/14 mutations by X-irradiating them with 1,200 rads.

Nucleic acid procedures. Basic DNA manipulations, unless otherwise indi-
cated, were performed according to standard protocols (59). Plasmid rescue,
genomic and cDNA library screening, RNA purification and Northern blotting
were done as previously described (71). Sequencing was carried out with double-
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stranded DNA templates and oligodeoxynucleotide primers by using the USB
sequencing kit (U.S. Biochemical Corp., Cleveland, Ohio).

Immunochemical procedures. To raise antibodies against the RpS21 protein,
synthetic peptides corresponding to its NH,- and COOH-terminal ends with the
sequences MENDAGENVDLYVPRKCSASNRIC and CRMGESDDCIVRLA
KKDGIITKNF, respectively, were conjugated to maleimide-activated keyhole
limpet hemocyanin (Pierce Chemical Co., Rockford, Ill.) through the terminal
cysteine of each peptide, and the resulting conjugates were used to immunize
rabbits. Anti-peptide antibodies were affinity purified by column chromatography
in two steps as described by Harlow and Lane (27) by using protein A-agarose
(Boehringer GmbH) and then the immunizing peptide coupled to Sulfo-Link gel
(Pierce Chemical Co.).

To prepare antibodies against the P40 ribosomal associated protein, the whole
protein coding sequence of the p40 cDNA was first PCR amplified and then
cloned into pGEX-4T-1 expression vector (Pharmacia LKB Biotechnology, Upp-
sala, Sweden). The growth and induction were performed in the BL-21 Esche-
richia coli strain at 25°C with 400 pM IPTG (isopropyl-B-p-thiogalactopy-
ranoside). The P40 fusion protein, designated GST-P40, was extracted with
sonication in extraction buffer (10 mM Tris-HCI, pH 8.0; 150 mM NaCl; 1 mM
EDTA; 5 mM dithiothreitol [DTT], 2% Triton X-100; 1.5% Sarkosyl). The GST-
P40 protein was affinity purified on glutathione-Sepharose 4B (Pharmacia LKB
Biotechnology), eluted with 10 mM glutathione and 50 mM Tris-HCI at pH 8.0,
and used to immunize rabbits. Anti-P40 antibodies were purified from the serum
in three steps. First, total immunoglobulins were separated on a protein A-aga-
rose column. Second, the immunoglobulins were depleted of glutathione S-
transferase (GST)-reacting antibodies by passage through a GST-Sepharose 4B
column. Third, the purified anti-P40 antibodies were recovered on a GST-P40
Sepharose 4B column. Western blotting and immunoprecipitation were done as
indicated previously (71).

P-element transformation and rescue. The 2.8-kb BamHI-Xhol fragment over-
lapping the P-lacW insertion site in [(2)k168-14 and containing the rpS21 gene
sequence was cloned into the pCaSpeR4 transformation vector of Pirrotta (52),
which carries the white® (w*) eye color gene as a marker. This construct was
coinjected with the wing-clipped helper P-element (we A2-3) into w’/’ homozy-
gous embryos prior to the cellular blastoderm stage. Emerging adult flies were
individually crossed back to w’/’%, and progeny with pigmented (red) eyes were
crossed with y w; Be Gla/CyO flies. Their progeny were further pair-crossed to
isolate lines with insertion of the P-transposon containing wild-type copies of the
white and rpS21 genes, designated as P[w* mpS21™"], on either the second or the
third chromosome. A third-chromosome insertion line (y w; Be Gla/CyO; Plw™
rpS217]) was crossed with the original mutant line y w, [(2)k168-14/CyO, or with
lethal revertant lines obtained by imprecise excision of the P-lacW transposon:
1(2)k168-14R7 and I(2)k168-14R5, respectively. Progeny with curled wings and nor-
mal (Gla™) eyes were further pair-crossed, and their progeny were scored for non-
curly homozygous /(2)k168-14 flies (as well as [(2)k168-14%7 or 1(2)k168-14%!2
flies) rescued by the insertion of the P[w ™ rpS21™] transposon on chromosome 3.

Yeast two-hybrid screen. The experiments were performed according to the
protocol of the Hybri-Zap two-hybrid system as described by the manufacturer
(Stratagene). In short, the protein-coding sequence of the rpS27 cDNA was PCR
amplified and ligated in frame to the binding domain of the pBD(GAL4) vector.
An in-frame clone was selected by DNA sequencing. The pBD(GAL4)-rpS21-
transformed YRG-2 yeast cells were retransformed with DNA from Hybri-ZAP
cDNA libraries made of either Drosophila ovarian or embryonic poly(A)" RNA.
Then, 3 X 10° to 5 X 10° recombinant clones harboring both plasmids with bind-
ing and activation domains and showing growth on Leu™ Trp~ SD plates were
further tested on Leu™ Trp~ His™ SD plates. A total of 26 yeast clones were able
to grow on Leu™ Trp~ His™ SD plates. Of these clones, 18 proved to be positive
in a B-galactosidase test. The specificity of the interactions was verified by back-
transforming the constructs containing the binding and activation domains and
appropriate control plasmids in the different pairwise combinations into fresh
YRG-2 cells. Plasmid DNA of the positively growing yeast cells was transformed
into XL-1 Blue-competent E. coli cells, and the plasmid containing the activation
domain was isolated and sequenced.

In vitro binding assay. Bacterially expressed GST and GST-P40 proteins were
purified in large amounts as described above. In vitro translation of RpS21
proteins was performed with the Promega TNT Coupled reticulocyte lysate
system and [**S]methionine (Amersham). Affinity-purified GST and GST-P40
fusion proteins were bound to glutathione-Sepharose 4B beads and washed three
times with 10 volumes of binding buffer including 20 mM Tris-HCI (pH 8.0), 150
mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.05% sarcosyl, 1 mM DTT, 10%
glycerol, 0.1 mM phenylmethylsulfonyl fluoride, and 1 wg of leupeptin and 0.5 pg
of aprotinin per ml to remove the excess of nonbound proteins. >>S-labeled
RpS21 proteins were mixed with the beads bound to GST or GST-P40 and
incubated at room temperature for 2 h. Beads were washed three times with 10
volumes of binding buffer; this treatment was followed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography.

Immunohistochemistry. Brain-disc complexes including the hematopoietic or-
gans and ring gland of Oregon-R wild-type and /(2)k168-14 third-instar larvae
were dissected in phosphate-buffered saline (PBS), fixed in 4% formaldehyde in
PBS for 20 min at room temperature, and extensively washed with PBS contain-
ing 0.1% Triton X-100 (PBT). The brain-disc complexes were then blocked
overnight in PBT containing 5% normal goat serum and 1% bovine serum



2310 TOROK ET AL.

TABLE 1. Characterization of /(2)k168-14 and
stubarista lethal phenotypes

Genotype Phenotype

1(2)k168-14/1(2)k168-14 Lethality at larval-to-pupal transition phase,
slow larval growth, extended larval life,
overgrown hematopoietic organs, rare over-
grown imaginal discs, few larvae forming a
puparium

Lethality during third larval instar with slow
growth, overgrown hematopoietic organs,
small size imaginal discs

Early larval lethality during first or second
larval instar

sta’/sta’

sta’/sta®; (2)k168-14/1(2)
k168-14 or sta®/Y; 1(2)
k168-14/1(2)k168-14

sta®/+; I2k168-14/1(2)
k168-14

Lethality at larval-to-pupal transition phase,
almost normal larval growth with extended
larval life, overgrown hematopoietic or-
gans, high proportion of overgrown imagi-
nal discs, numerous larvae form a pupa-
rium and then die

Early larval lethality during first or second
larval instar

sta®/sta®; 1(2)k168-14/+ or
sta®/Y; 1(2)k168-14/+

albumin. The blocking solution was removed, and the brain complexes were
incubated for 20 min at room temperature with 1 g of fluorescein isothiocya-
nate FITC-conjugated phalloidin (Sigma Chemical Co., St. Louis, Mo.). After
being washed with PBS, the brain complexes were treated for 2 h at room
temperature with RNase A (400 wg/ml in PBS), washed with PBS, stained for 2 h
at room temperature with 5 pg of propidium iodine per ml, washed overnight at
4°C in PBS, mounted in Vectashield embedding medium (Vector Laboratories,
Burlingame, Calif.), and examined under a Zeiss confocal laser scanning micro-
scope (Carl Zeiss Jena GmbH, Jena, Germany).

Scanning electron microscopy. Next, 2-day-old flies were fixed overnight at 4°C
in 2% glutaraldehyde-0.1% Tween 20, washed twice with PBS, and dehydrated
through a graded ethanol series (30, 50, 70, 95, and 100%) with a 30-min incu-
bation at each step. The flies were then equilibrated with ethanol-acetone mix-
tures (3:1, 1:1, and 1:3) with a 30-min incubation at each step. Critical-point
drying was replaced by incubating the flies for 30 min in hexamethylenedisilazane
(Sigma Chemical Co.)-acetone (1:1) and 30 min again in 100% hexamethylene-
disilazane (9a). The flies were dried on a filter paper, mounted onto scanning
electron microscopy (SEM) stubs, and sputter coated with a 2-nm-thick gold
coat. Samples were viewed and photographed on a Philips SEM 505 instrument.

Preparation of ribosomes. Postnuclear extracts from overnight collections of
Drosophila embryos or Schneider cells grown at 25°C were centrifuged on 15 to
40% linear sucrose density gradients in 0.08 to 0.5 M KClI, 0.002 M MgCl,, and
0.05 M Tris-HCI (pH 7.4) loaded over a 1-ml 50% sucrose layer made in the
same buffer and centrifuged in a Spinco SW41 rotor (Beckman Instruments,
Spinco Div., Palo Alto, Calif.). For the analysis of the polysome profile, centrif-
ugation was carried out at 4°C for 5 h at 23,000 rpm. For the analysis of the 80S
ribosomes and native subunits, the centrifugation was performed at 4°C for 18 h
at 23,000 rpm. The gradients were collected in fractions of ~0.4 ml, and the
absorbance profile was measured at 254 nm. Proteins contained in the sucrose
gradient fractions were precipitated by the addition of 3 volumes of ethanol in
the presence of 0.2 M NaCl, resuspended in 40 pl of SDS sample buffer, and
resolved by SDS-PAGE. Western blots and immunodetections were performed
essentially as previously described (71).

RESULTS

Slow rate of growth of the homozygous /(2)168-14 larvae
with hyperplasia of the hematopoietic organs. The /(2)k168-14
mutation was isolated during a large-scale P-element mutagen-
esis screening designed to identify genes in control of cell
growth and proliferation (72). In the /(2)k168-14 mutant line
the P-lacW transposon was found to be integrated into the
23B region of the second chromosome. Compared to wild-
type or heterozygous animals, the development of homozy-
gous [(2)k168-14 animals is considerably delayed and, when
the heterozygous sibling imagos emerge from the pupal case,
the homozygous mutant larvae are the size of young third-
instar larvae. These larvae were found to reach a nearly mature
size 10 to 15 days after egg laying and to remain as third-instar
larvae for up to 3 weeks. Thereafter, they undertake puparium

MoL. CELL. BIOL.

formation, albeit with incomplete eversion of the leg and wing
imaginal discs. Similarly, eversion of the anterior spiracles, as
well as the tanning of the larval cuticle, is incomplete. In addi-
tion, in about one-third of the larvae we found that the imag-
inal discs were slightly larger than normal (Table 1). Although
the retraction of the epidermis takes place and leaves gas
bubbles on both extremities of the pupal case, no further de-
velopment occurs as judged by the absence of head eversion,
which normally takes place 12 h after puparium formation.

Examination of aged mutant larvae revealed that the hema-
topoietic organs, which in wild-type larvae consist of four to
seven small paired lobes arrayed along the dorsal aorta, are
considerably enlarged, with hyperplasia occurring maximally in
the first pair of lobes (Fig. 1) and gradually decreasing in the
more posterior lobes. The hypertrophied organs, which can
reach up to 50-fold their normal size, retained a globular and
compact structure. No melanotic masses could be detected in
aged mutant larvae in either the hematopoietic organs or
within the body cavity. Furthermore, in /(2)k168-14 homozy-
gous larvae the number of circulating hemocytes was strongly
reduced compared to wild-type wandering third-instar larvae
(0.7 X 10* cells/pl instead of 2.7 X 10* cells/ul), showing that
the release of hemocytes is blocked in the mutant animals.
Furthermore, examination by confocal microscopy (Fig. 2) re-
vealed that the mutant hematopoietic organs consist predom-
inantly of compact masses (arrowheads) of relatively small
cells and a few nodules of less densely packed cells (arrows),
resembling morphologically the wild-type hemocytes. The
small size of the hemocytes and their compactness are charac-
teristics of hyperplastic tissues. In conjunction with the re-
duced number of circulating hemocytes, these data suggest that
the 1(2)k168-14 hematopoietic cell lineage is affected at a rel-
atively early stage of differentiation.

Dominant Minute phenotype. Examination of heterozygous
[(2)k168-14/+ animals revealed a characteristic Minute pheno-
type consisting of short slender bristles (~20% reduction in
length), small body (~12 to 20% reduction in body width and
length), and a 2-day delay in eclosion at 25°C owing to the
delay in puparium formation (Fig. 3A and B). To determine
whether we can obtain a stronger Minute phenotype, we have

FIG. 1. Hematopoietic organs, lymph glands (Ig), and brains (br) dissected
from /(2)k168-14 (m) and Oregon-R wild-type (wt) third-instar larvae. Bar = 200
pm.
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FIG. 2. Whole-mount hematopoietic organs of (A) wild-type and (B) /(2)k168-
14 larvae double stained for F-actin and DNA with FITC-conjugated phalloidin
and propidium iodide, respectively. Confocal laser scan images were collected on
separate channels simultaneously and processed to show F-actin as green and
DNA as red. The yellow color represents coincidental staining and is more
intense over relatively small-sized cells. In the /(2)k168-14 overgrown hemato-
poietic organs, arrows indicate areas with cells retaining a wild-type morphology,
whereas arrowheads indicate areas with compacted cells of relatively small size.
The positions of hematopoietic organs or lymph glands (lg), ring gland (rg), and
brain (br) are indicated. Bar = 50 pm.

mobilized the P-lacW transposon at position 23A and selected
w revertant lines. Among these lines we found that the Minute
phenotype is enhanced in the RI2 line whose heterozygous
adults exhibit shorter bristles (~40% reduction in length), a
reduced body size, and a 4-day delay in eclosion (Fig. 3C) and
whose homozygous animals die during the second and early
third larval instars. Moreover, on both sides of the scutum of
[(2)k168-14/+ and [(2)k168-14%?/+ flies, we observed a partial
cleft extending anteriorly from the scutoscutellar suture, which
is more pronounced in /(2)k168-14%"2/+ flies. These findings
suggest (i) that the imprecise excision of the P-lacW transposon
in the R12 line has produced a chromosomal deletion remov-
ing part or all of the gene affected by the P-lacW insert in
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[(2)k168-14 and (ii) that the original /(2)k168-14 line corre-
sponds to a hypomorphic allele, whereas the RI2 line repre-
sents a stronger allele. As revealed by molecular investigations
(vide infra), the RI2 allele is characterized by a chromosomal
deletion which removed part of the 5" UTR as well as the
upstream control and promoter region.

Cloning and sequencing of the S21 ribosomal protein gene.
A genomic DNA fragment flanking the P-insert in /(2)k168-14
was isolated by plasmid rescue (70) and used to screen a
Drosophila Oregon-R wild-type genomic library. As shown in
Fig. 4A, a chromosomal segment of ~28-kb genomic DNA and
encompassing the P-insertion site was mapped and investi-
gated by reverse Southern hybridization for the presence of
reiterated sequences (data not shown). The detection of an
~5-kb repetitive fragment located on the left side of the P-
insert at a distance of ~1 kb prompted us to further isolate
clones from a Canton-S genomic library. Alignment of the
Oregon-R and Canton-S genomic maps revealed the occur-
rence of an additional 4.5-kb DNA segment in the Oregon-R
genome corresponding to the reiterated sequence. This repet-
itive element was not further analyzed. No further repeated
sequence could be detected in the isolated genomic DNA
segments.

A transcript map for a region covering ~14 kb around the
P-lacW insertion site was generated by probing Northern blots
made of poly(A)" RNA extracted from embryos, larvae, and
adult flies with a series of genomic fragments. Only one small
(~0.4-kb) poly(A)™ transcript was detected on the proximal
side of the P-lacW insertion site, and this transcript was found
to exhibit a relatively uniform expression throughout develop-
ment. On the distal side of the P-insert no transcript could be
identified by Northern blotting between the insertion site and
the reiterated sequence present in the Oregon-R genomic
DNA. These results suggest that the P-lacW element respon-
sible for the /(2)k168-14 lethality is inserted within or in the
immediate vicinity of the transcription unit encoding the 0.4-kb
poly(A)* RNA.

To determine the organization of this transcription unit,
embryonic ¢cDNA libraries made with poly(A)" RNA ex-
tracted from either 0- to 9-h-old or 0- to 16-h-old embryos were
screened with a 3.9-kb HindIII-Xkol DNA fragment from the
Canton-S genome, as shown in Fig. 4A. From this, 14 inde-
pendent cDNA clones were recovered and assigned to two
different size classes of transcripts of 0.4 and 0.7 kb, respec-
tively. Determination of the nucleotide sequence of the geno-
mic DNA and cDNAs showed that both classes of transcripts
belong to the same transcription unit, with nearly identical 5’
ends, but exhibit different lengths in their 3’ ends, as indicated
in Fig. 4B. The 0.7-kb transcripts were found to contain a 3’
extension of 326 nucleotides compared to the 0.4-kb transcripts
(Fig. 5). Alignment of the sequence of the 0.4-kb class of
cDNAs (12 clones) with the genomic DNA sequence revealed
four exons of 41 (or larger), 60, 191, and 75 nucleotides sepa-
rated by three relatively small introns of 71, 71, and 63 nucle-
otides. The last exon of the 0.7-kb class of cDNAs (two clones)
is larger, with 400 nucleotides. A long exposure of a Northern
blot of poly(A)* RNA hybridized with a genomic fragment
covering the transcribed region showed that the 0.7-kb tran-
scripts are relatively rare, with an abundance less than 5% of
the 0.4-kb class of transcripts (data not shown). Therefore, the
finding of only two cDNA clones from the 0.7-kb transcripts
among the 14 isolated clones reflects the relative abundance of
this class of transcripts.

To further ascertain the position of the P-insertion site rel-
ative to the initiation site of the 0.4-kb transcript, the 5’ ex-
tremity of this transcript was amplified from a cDNA library
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FIG. 3. The Minute phenotype in different /(2)k168-14 variants. SEM images of the scutum and scutellum of (A) wild-type Oregon-R, (B) [(2)k168-14/+, (C)
[(2)k168-147"2/+, and (D) I(2)k168-14%'/+; P-[rpS21*]/+. Compared to the bristles of wild-type animals, the size of the bristles is reduced by ~20% in [(2)k168-14/+
and by ~40% in [(2)k168-14%"2/+ flies. In addition, a partial cleft, indicated by an arrow, extends anteriorly from the scutoscutellar suture on both sides of the scutum
of [(2)k168-14 and [(2)k168-14%'?/+ flies. The nomenclature of the bristles indicated by arrowheads: Adc, anterior dorsocentral bristle; Asc, anterior scutellar bristle;

Pdc, posterior dorsocentral bristle; Psc, posterior scutellar bristle. Bar = 100 wm.

made with poly(A)" RNA extracted from ovaries of Oregon-R
adult flies in N Hybri-ZAPII vector by using a 5-AD PCR
primer from the GAL-4 activation domain and a primer lo-
cated at the junction between the third and fourth exons of the
rpS21 transcript (3'-TGCCGTAGTAATGGTTCTTGAAGA
TT), as indicated in Fig. 5. The amplified fragments were
subcloned in CR-ScriptAMP/SK™ plasmid (Stratagene). The
5’-terminal sequence of the insert in 13 independent clones
was determined, revealing that the 5’ ends of three cDNAs
were located upstream from the P-insertion site. This finding
indicates that the P-lacW transposon is inserted at the begin-
ning of the 5" untranslated region of the 0.4-kb transcript. This
was further confirmed by primer extension analysis of embry-
onic poly(A)" RNA, which showed that a series of extended
fragments initiate upstream from the P-insertion site, as indi-
cated in Fig. 5. As in the case of other genes encoding ribo-
somal proteins and protein synthesis elongation factors (32),
the region upstream from the presumptive transcription initi-
ation site lacks TATA or CAAT motifs. The absence of such
motifs may explain the apparent scattered initiation of rpS21
transcription. However, it should be noted that, downstream of
the major transcription initiation sites and the insertion site of
the P-lacW transposon, there is a 16-pyrimidine tract (nucleo-
tide positions —10 to —25 in Fig. 5) highly reminiscent of the
TOP sequences found around the transcription start of insect
and vertebrate ribosomal protein genes (47).

The ¢cDNA sequence displays an open reading frame of 83
codons initiated by an ATG present in the second exon (Fig.
5). This open reading frame encodes a protein with a predicted
molecular mass of 9,275 Da and is preceded by a sequence

which conforms to the Drosophila translation-start consensus
sequence ANN (C/A) A (A/C) (A/C) ATGN (10). A canonical
poly(A) addition site, AATAAA, is located 26 nucleotides
from the start of the poly(A) tract in the 0.4-kb class of tran-
scripts. No such site could be identified at the 3’ end of the
sequence encoding the 0.7-kb class of transcripts.

Analysis of the encoded sequence revealed strong homology
between the deduced protein sequence and the S21 ribosomal
protein of different organisms. As shown in Fig. 6, all identified
RpS21 homologues are made of 83-amino-acid residues, ex-
cept for the two yeast proteins, which contain four additional
residues. Amino acid identity is particularly high in the N-ter-
minal region of RpS21 and is well conserved between distantly
related species. Drosophila RpS21 shows 73% identity with
both the human and rat proteins (8, 31); 60 and 53% identity
with the RpS25 protein of the fission yeast Schizosaccharomy-
ces pombe and the baker’s yeast Saccharomyces cerevisiae, re-
spectively (31, 66); and 51% identity with rice RpS21 (48). The
N-terminal moiety of RpS21 contains several potential phos-
phorylation sites at position $'® for cAMP-cGMP dependent
protein kinase, position S** for casein kinase II, and positions
S?° and T* for protein kinase C which, with the exception of
the T*? site, are conserved in all other species so far examined.

To show that the isolated sequence encodes RpS21, a cDNA
corresponding to the 0.4-kb class of transcripts was translated
in vitro in a coupled transcription-translation reticulocyte sys-
tem by using T7 or T3 RNA polymerase. The reaction driven
by the T7 RNA polymerase was found to produce a single [**S]
methionine-labeled polypeptide with an apparent molecular
mass of ~10 kDa corresponding to the calculated molecular
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FIG. 4. Map of the chromosomal locus around the P-lacW insert of /(2)k168-
14 in the region 23B in D. melanogaster. (A) A composite map of ~30 kb of DNA
from the rpS21 region is shown with the coordinate scale above the map. Coor-
dinate 0 is arbitrarily chosen at the left end of the cloned Drosophila DNA
segment. The exact location of the P-lacW insertion in /(2)k168-14 was mapped
by DNA sequencing, as indicated in Fig. 3. An unknown repetitive element with
a size of ~4.5 kb was found in genomic DNA cloned derived from Oregon-R flies
but absent in DNA from Canton-S flies. The genomic fragment used to generate
transgenic flies is indicated below the map as a shaded box (transformation frag-
ment), as well as the interstitial deletion Rev.RI2 which has been induced by
imprecise excision of the P-lacW element in [(2)k168-14. (B) Enlargement of
the map around the site of the P-lacW insertion with localization of the two size
classes of transcripts encoded by the rpS21 gene, as determined from sequence
analysis of cDNA 13 and cDNA 1, containing a 689- and a 359-nucleotide long
transcript, respectively. The coding sequences are indicated by solid boxes, and
the noncoding transcribed regions are marked by open boxes. Restriction sites:
BamHI (B), EcoRI (E), HindIII (H), PstI (P), Sall (S), Smal (M), and Xhol (X).

weight of RpS21 (see Fig. 11, lane 3). Moreover, the *°S-la-
beled polypeptide was specifically precipitated with antibodies
raised against synthetic peptides corresponding to either the
NH,- or the COOH-terminal ends of the conceptual transla-
tion product of the rpS21 gene. Immunoblot analysis revealed
that RpS21 is relatively uniformly expressed at all developmen-
tal stages (Fig. 8A), reflecting the abundance of 7pS21 transcripts
during development (Fig. 7A) which appears to be three- to
fourfold greater than the abundance of the transcripts encod-
ing the ribosomal proteins RpL32 (formerly Rp49) and P40
with sizes of 0.6 and 1.0 kb, respectively. Further Northern blot
analysis showed that the level of 7pS21 transcription (Fig. 7B)
is strongly reduced in /(2)k168-14 larvae, and Western blot
studies confirmed that the level of RpS21 protein expression
(Fig. 8B) is similarly lowered in [(2)k168-14 larvae and in
(2)k168-14"7 larvae. The [(2)k168-14" allele is characterized
by an internal deletion of the P-lacW transposon that has left
48 nucleotides of both 3’ and 5" ends flanked by the 8-bp
duplication of genomic sequence that is characteristic of P-
element insertions (49a). This allele displays a phenotype sim-
ilar to that of the original /(2)k168-14 mutation, indicating that
the insertion of ~50 nucleotides can produce an effect identi-
cal to that caused by the insertion of a 10.2-kb P-lacW trans-
poson.
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A single copy of a 2.8-kb BamHI-Xhol genomic fragment
containing the rpS27 gene with an ~1-kb upstream sequence
was found to restore the full development and viability of ho-
mozygous [(2)k168-14 animals. These results confirm that the
P-insert in [(2)k168-14 affects only the expression of the rpS27
gene. In addition, the transgene could abolish the Minute phe-
notype of /(2)k168-14/+ flies, as well as the stronger Minute
phenotype associated with Df(2L)k168-14%/? (Fig. 3D) which
consists of a deletion removing ~2.5-kb genomic DNA up-
stream from the 7pS21 gene and was generated by mobilization
of the P-lacW transposon present in /(2)k168-14. However, the
lethality associated with Df(2L)k168-14%'? could be rescued
only by two copies of the rpS21™" transgene. This requirement
indicates that the R12 deletion, which has removed the pro-
moter and upstream control elements of the 7pS27 gene with-
out affecting any other essential genes, behaves like a strong
hypomorph or null allele.

RpS21 interacts with P40 encoded by the stubarista gene.
The sequence analysis provides evidence that the affected gene
encodes a component of the 40S ribosomal subunit. However,
the viability of the tumorous hematopoietic cells suggests that
RpS21 may play an accessory role in the protein synthesis
machinery rather than constituting a structural component of
the ribosome. To investigate the nature of the association of
RpS21 with ribosomes, we have undertaken a search for pro-
teins interacting with RpS21 and determined the distribution
of RpS21 within ribosomal particles, including polysomes,
monosomes, and native ribosomal subunits.

To determine with which protein(s) RpS21 can interact, we
carried out a yeast two-hybrid search (6) with full-length RpS21 as
a bait and found 18 positive clones among 5 X 10° double-
transformed yeast colonies. These clones consisted of double
transformants which grew in medium lacking His, Leu, and Trp
and were expressing 3-galactosidase. Determination of the nu-
cleotide sequence of the cDNA insert in the vector containing
the GAL4 activation domain revealed that the 18 clones con-
tain a full coding sequence for the ribosome-associated P40
protein (or P40) linked through a short in-frame sequence
(6 to 10 codons) originating from the 5’ untranslated region
of the P40 transcript to the GAL4 activation domain. P40
was previously identified as a protein associated with poly-
somes (3), presumably bound to the 40S ribosomal subunit
(46), and was found to be particularly abundant in human
colon carcinoma cells (82). In D. melanogaster, P40 is encoded
by the stubarista gene (sta), and the viable sta’ mutation dis-
plays Minute-like characteristics with malformed antennae,
short and thin bristles, and female sterility (46). To further
confirm the interaction between P40 and RpS21, we performed
a complementary yeast two-hybrid screening in which P40 was
used as a bait. With this construct we screened 2 X 10° yeast
recombinant colonies and found 16 positives clones, one of
which was found to encode RpS21. Transformation of fusion
constructs of RpS21 and P40 with both the GAL4 DNA-bind-
ing domain (pBD-GAL4) and the GAL4 activation domain
(pAD-GALA4) into fresh yeast cells confirmed that only the
double transformants were able to grow on medium lacking
His, Leu, and Trp and were expressing B-galactosidase. These
assays further established that the two proteins interact di-
rectly. Moreover, we mapped by deletion analysis the region in
p40 which is involved in the RpS21-P40 interaction. This anal-
ysis showed that a centrally located area in P40 (amino acid
residues 55 to 230) is important for interaction with RpS21.

Hyperplasia of the hematopoietic organs in lethal stubarista
third-instar larvae. The finding of a strong interaction between
RpS21 and P40 in the yeast two-hybrid system prompted us to
investigate the phenotype of the zygotic lethal sta mutant. Two
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FIG. 5. Nucleotide sequence of the 7pS21 gene and the predicted amino acid sequence of its product. Introns and untranscribed sequences are shown in lowercase
letters; exons are shown in uppercase letters. The first nucleotides of the cDNAs 1 and 13 are indicated by an arrow with an asterisk, and the last nucleotides of these
c¢DNAs are indicated by an arrow with an open circle. The insertion of the P-lacW transposon in /(2)k168-14 is marked by a diamond. Arrowheads indicate transcription
initiation sites as determined by 5’-end amplification of S21 cDNAs by using an ovarian cDNA library as a template, with the major initiation site located at —68. The
primer sequence used for the amplification is double underlined. The putative polyadenylation site is underlined. The GenBank/EMBL/DDBJ accession number for

the genomic and amino acid sequences of Drosophila rpS21 is AJ009557.

categories of sta mutations have been described. The first cat-
egory is characterized by chromosomal rearrangements pro-
ducing weak hypomorphs, such as sta’. This viable mutation
was induced by X rays and is a combination of the deletion of
the 1E1-2 2B3-4 region of the X chromosome, causing the
deficiency Df(1)sta and the translocation of the deleted region
onto the third chromosome at 89B21-C4, resulting in the trans-
position Tp(1;3)sta (7). Since Tp(1;3)sta can be separated from
the translocation without impairing viability, it is designated
Dp(1;3)sta. Homozygous sta’ mutations give rise to viable
adults displaying shortened antennae, aristae with thickened
and irregular branches, and short and sparse bristles (50, 46).
The second category of sta mutations, like the sta” allele, is
defined by recessive lethality without cytologically detectable
rearrangements. The sta® mutation was induced with ethyl
methanesulfonate and produces zygotic lethality. Although the
stubarista gene has been molecularly characterized (46), no
information is currently available on the lesions affecting the
sta alleles except for genetic data indicating that sta’ and sta®
alleles retain partial sta™ activity and that sta’ is a much weaker
hypomorph than sta’ (46).

Our analysis of the lethal phase of sta? showed that homozy-
gous larvae can reach the third larval stage, albeit with a con-
siderable delay in their development. sta” third-instar larvae
tend to die early when they are left in the food but when they
are placed in a humid chamber they can survive as relatively
underdeveloped third-instar larvae for up to 2 weeks after the
heterozygous siblings have emerged from the pupal case, and
they gradually die as larvae without forming a puparium. In
aged mutant larvae, as in /(2)k168-14 larvae, the hematopoietic
organs are considerably enlarged, with the maximal hyperpla-
sia occurring in the first lobes (data not shown). Moreover, the

sta® overgrown organs remained globular and compact, and no
melanotic masses could be detected in either the hematopoi-
etic organs or in other parts of the larval body.
Enhancement of the /(2)k168-14 tumor phenotype by under-
expression of P40. Our hypothesis was that a decrease in P40
expression should enhance or suppress the tumorous pheno-
type associated with the absence of RpS21 expression. In order
to test for genetic interaction between I(2)k168-14 and stubaris-
ta, we used first the strongest available allele sta® and tested a

50
Hu. KVTGRFNGQF
Ra. RSTGRFNGQF
D.m. PETGRQTDGS
Rice ENG-LYDGRF
s.p. QEGRQIPGEK
S.c. EEGRAIPGEY

60

Hu. YAICGAIS R KNF
Ra. YGICGAI3! R KNF
D.m. YAICEAT: KNF
Rice FALSGF I3l KQQ
S.p. YAISGFW3! GVWSYQR
S.c YALSGYW3! NVWSYSR

FIG. 6. Amino acid alignment of six RpS21 proteins. The species names and
the respective GenBank/EMBL/DDBJ and Swissprot accession numbers are
given as follows: Hu, human (numbers 1.04483 and P35265); Ra, rat (X79059 and
P05765); Rice (D12633/P35687); D.m., D. melanogaster; S.p., the fission yeast
Schizosaccharomyces pombe (—/P05764); and S.c., the baker’s yeast Saccharo-
myces cerevisiae (X07811 and P05760). Sequence identity of the Drosophila
RpS21 reaches 70% with both human and rat proteins, 60% with the fission yeast
protein, 53% with the baker’s yeast protein, and 51% with the rice protein.
Invariant amino acids are boxed in black, and amino acids conserved in at least
50% of the proteins are boxed in grey.
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FIG. 7. Abundance of the rpS2] and sta transcripts during development. (A)
A developmental Northern blot was successively probed with 32P-labeled rpS21,
sta, and rpL.32 cDNAs. Embryonic stages (in hours): 1 (0 to 3), 2 (3 to 6), 3 (6 to
9), 4 (9 to 12), 5 (11 to 14), 6 (14 to 17), 7 (17 to 20), 8 (18 to 21), and 9 (21 to
24). Larval stages, 10 (first), 11 (second), and 12 (third); pupal stage, 13; adult
stages: 14 (females) and 15 (males). rpL.32 cDNA probe was used as a control for
loading. (B) rpS21 expression is strongly reduced in /(2)k168-14 10- to 15-day-old
third-instar larvae (lane 1) compared to Oregon-R wild-type larvae (lane 1). The
amount of poly(A)" RNA in each sample was equilibrated by using a B-tubulin
probe as a control for loading.

series of genetic combinations. In these experiments the lethal
phase and the structure of the internal organs in genetically
marked larvae were determined, as indicated in Tables 1 and 2.
Although hemizygous sta’/Y; [(2)k168-14/1(2)k168-14 animals
die as first- or early-second-instar larvae, we found that ho-
mozygous /(2)k168-14 female third-instar larvae which are het-
erozygous for sta” are larger in size and display considerably
larger overgrown imaginal discs (Fig. 9). In particular, the first
leg discs tend to fuse together (Table 2 and Fig. 9B and C), and
the hematopoietic organs are larger than in corresponding
homozygous /(2)k168-14 third-instar larvae with two sta™ cop-
ies. The finding that the tumor phenotype is enhanced when
P40 expression is reduced in rpS21-deficient larvae indicates a
direct genetic interaction between stubarista and [(2)k168-14.
Furthermore, the reduction in the expression of P40 was found
to exert also a behavioral effect, as revealed by the observation
that sta®/+; I(2)k168-14/(2)k168-14 third-instar larvae are more
active than homozygous [(2)k168-14 third-instar larvae.
Dosage interaction between /(2)k168-14 and stubarista. Since
homozygous and hemizygous sta’ animals exhibit shorter scu-
tellar and thoracic bristles and a reduced body size (46), we
tested whether the weak Minute phenotype in I(2)k168-14/+
animals can be enhanced by reduced expression of P40. For
this purpose, we examined a series of viable combinations of
[(2)k168-14 and stubarista alleles. As indicated in Table 3, we
found that sfa mutations behave as recessive enhancers of
[(2)k168-14, causing a marked reduction in the length and
width of the scutellar and dorsothoracal bristles and a reduc-
tion in size of the antennae and aristae. The antennal and
bristle phenotypes of Df(I)sta; 1(2)k168-14/+; Dp(1; 3)sta/+
males and females (Fig. 10) are more severe than the corre-
sponding phenotypes of Df(1)sta/sta’; 1(2)k168-14/+; Dp(1;3)
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sta/+ which are in turn more severe than the phenotypes of
sta®; [(2)k168-14/+; Dp(I;3)sta/+. Thus, these phenotypes re-
flect the degree of loss of function of the sta alleles, with Df(1)
sta being a null allele, sta® being a strong hypomorph, and
Df(1)sta; Dp(1,;3)sta being a weak hypomorph. The phenotypic
characteristics of lethal and viable combinations between
[(2)k168-14 and stubarista, together with the molecular inter-
action detected in the yeast two-hybrid system, indicate a
strong interaction between RpS21 and P40.

Biophysical interaction between RpS21 and P40. To further
show a direct interaction between RpS21 and P40, we per-
formed an in vitro binding assay. The rpS21 cDNA was ex-
pressed in the in vitro transcription-translation reticulocyte
lysate system in the presence of [*>S]methionine (Fig. 11, lane
3), producing an ~10-kb polypeptide. To examine binding with
P40, the GST-P40 fusion protein and the GST protein, pro-
duced in E. coli and purified on glutathione-Sepharose 4B
beads (Fig. 11, lanes 4 and 5) were incubated with **S-labeled
RpS21 proteins. The beads were then washed, and bound la-
beled proteins were analyzed by SDS-PAGE and autoradiog-
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FIG. 8. Expression of RpS21 and P40 throughout development in wild-type
animals and in various genotypes. (A) Developmental profile of RpS21 and P40
expression. Immunodetection of RpS21 and P40 in extracts of ovaries of 3-day-
old females (lane 1); embryonic stages of 0 to 3,0 to 6, 6 to 9, 9 to 13, and 13 to
24 h after egg laying (lanes 2 to 6 respectively); third-instar larvae (lane 7); pupae
(lane 8); and adult females (lane 9) and males (lane 10). The same Western blot
was successively probed for RpS21 (above) and P40 (below), respectively. (B)
Expression of RpS21 and P40 in proteins extracted from wild-type, homozygous
1(2)k168-14, or homozygous I(2)k168-14%7 third-instar larvae shows that the level
of RpS21 is greatly reduced in mutant larvae, whereas the expression of P40 is
similar in wild-type and mutant larvae.
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TABLE 2. Phenotype of internal organs in /(2)k168-14 and stubarista larvae”

Avg organ size

No. of . . .
. Age (days) at . Avg larval Brain Imaginal discs
Larval genotype dissection dllsasri/(;t:d size _ Hematopoietic

Hemi- Vent.ral W LI 12 13 EA H organs
spheres  ganglion

y sta’lY 13-21 11 2.0 2.0 33 15 15 15 15 15 15 3.8

y wly w; [(2)k168-14/I(2)k168-14 or 13-19 25 2.8 2.8 3.4 26 29 29 25 28 24 4.4

y w/Y; [(2)k168-14/1(2)k168-14
y sta2ly w; 1(2)k168-14/1(2)k168-14 13-22 31 3.0 3.1 3.8 32 36 36 31 34 31 4.8

“ The sizes of the larval body and the organs dissected from mutant larvae were compared with those of mature third-instar Oregon-R larvae and estimated according
to an arbitrary scale: 1.0, strongly reduced size (=50%); 2.0, reduced size (50 to 90%); 3.0, normal size (90 to 110%); 4.0, increased size (110 to 150%); and 5.0, strongly
increased size (=150%). The average values are indicated. Abbreviations: E/A, eye-antenna disc; H, haltere disc; L1, L2, and L3, first, second, and third pairs of leg

discs, respectively; W, wing disc.

raphy (Fig. 11, lanes 1 and 2). Radiolabeled RpS21 was detect-
ed to be bound to GST-P40 but not to GST alone. These
results confirm a direct biophysical interaction between RpS21
and P40.

RpS21 is associated with the native 40S ribosomal subunit.
To establish the pattern of association of RpS21 and P40 with
the different categories of ribosomal particles, we prepared
postnuclear cytoplasmic extracts from Drosophila embryos or
Drosophila Schneider S2 cells grown at 25°C. Furthermore, to
determine whether the association of these proteins with the
ribosomal particles is salt labile, the extracts were centrifuged
under different salt conditions. Proteins from fractions across

A

the gradients were analyzed by gel electrophoresis, and both
RpS21 and P40 were detected by immunoblotting by using
specific polyclonal antibodies raised against the carboxyl end of
RpS21 or the GST-P40 fusion protein, respectively. As shown
in Fig. 12, this analysis revealed that at a low salt concentration
(80 mM KCl), P40 is evenly distributed among ribosomal par-
ticles including polysomes, monomeric 80S ribosomes, and na-
tive ribosomal subunits. By contrast, RpS21 is found only in
association with monomeric 80S ribosomes and native ribo-
somal subunits, presumably the native 40S subunit. Longer
centrifugation in moderate salt concentration (300 mM KCI)
showed that RpS21 is predominantly associated with the native

B

wt &

FIG. 9. Enhanced overgrowth of /(2)k168-14 imaginal discs by underexpression of P40. (A) Wing (W), halter (H), and third leg (L3) imaginal discs dissected from
Oregon-R wild-type (wt) and sta®/+; I[(2)k168-14/I(2)k168-14 (m) third-instar larvae. (B and C) Brain hemispheres (B) and associated first-leg (L1) and second-leg (L2)
imaginal discs of the same larvae as in panel A. As shown in panel C, the overgrown first pair of leg discs of the sta?/+; [(2)k168-14/I(2)k168-14 third-instar larva tends
to fuse together. Note that the ventral ganglia of both wild-type and mutant brains were damaged during dissection. Bar = 100 pum.
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TABLE 3. Comparison of bristle, antenna, and arista phenotypes in viable combinations of /(2)k168-14 and stubarista

Combina- Phenotype”
tion no Genotype . .
: Bristles Antenna Arista
1 Wild type + + +
2 1(2)k168-14/+ Weak Minute + +
3 [(2)k168-14/+; Dp(1;3)sta/+ Weak Minute (like combi-  + +
nation 2)
4 sta®; Dp(1;3)sta/+ Shorter and thinner than Fifth segment enlarged Branches shorter and axis proximally
in combination 3 thicker than in wild type
5 Df(1)sta/sta®; Dp(I;3)sta/+ Shorter and thinner than ~ Third segment hairless and smaller Similar to combination 4
in combination 4 than in combination 4
6 Df(I)sta; Dp(1;3)sta/+ Shorter and thinner than ~ Third segment smaller (0.5X) than in ~ As in combination 5, albeit with a
in combination 5 combination 5 shorter axis
7 sta®; 1(2)k168-14/+; Dp(1;3) Shorter and thinner than ~ Third segment smaller than in com- As in combination 5, but slightly
sta/+ in combination 5 bination 5, with a slight protrusion shorter (albeit still longer than in
towards arista combination 6)
8 Df(I)sta/sta’; [(2)k168-14/+; Similar to combination 7 Third segment similar to combina- Similar to combination 7
Dp(1;3)sta/+ tion 7, but even smaller
9 Df(1)sta; 1(2)k168-14/+; Shorter and thinner than ~ Smaller than in combination 8, with Axis shorter (0.5X) and thicker than

Dp(1;3)sta/+ in combination 8

a marked protrusion towards the
arista

in combination 8, with an equal
number of shorter branches

“ With respect to the length and width of the scutellar and dorsothoracal bristles, as well as the size of the antennae, the various genetic combinations between
1(2)k168-14 and the sta alleles can be organized in the following phenotypic series, ranging from normal (combination 1) to the most severe size reduction, as observed
in combination 9. For the length and width of the bristles, the combinations were as follows: 1 > (2 =3) >4 > 5> 7 > 8 > 6 > 9. For the sizes of the antennae,
the combinations were as follows: (1 =2 =3) >4 >5>7 > 8 > 6 > 9. In addition, all of these combinations were found to be fertile.

40S ribosomal subunits which are also enriched in P40. When
the same extracts are centrifuged at a higher salt concentration
(500 mM KClI), RpS21 is fully dissociated from the ribosomal
particles and recovered at the top of the gradient. By contrast,
although a large fraction of P40 is released from the ribosomes,
a significant portion of this protein remains associated with
polysomes and ribosomes. Treatment of the cytoplasmic ex-
tracts with RNase had no effect on the pattern of association of
RpS21 and P40 with ribosomes, whereas treatment with 20
mM EDTA resulted in the release of both RpS21 and P40.
These results indicate that RpS21 is associated with the native
40S ribosomal subunit and specifically interacts with P40, an-
other ribosome-associated protein.

DISCUSSION

Here we show that the ribosome-associated proteins RpS21
and P40 can specifically interact and that the inactivation of the
genes encoding these proteins leads to two phenotypes, de-
pending upon their dosage. A reduction of approximately one-
half of their expression produces a dominant viable Minute
phenotype, including delayed development, short slender bris-
tles, and small body size, whereas a nearly complete absence of
RpS21 or P40 results in larval lethality with marked hyperpla-
sia of the hematopoietic organs. However, the recessive phe-
notypes differ between [/(2)k168-14 and sta” larvae, in particu-
lar by the greater viability and longevity of the [(2)k168-14
larvae and a moderate hyperplasia of their imaginal discs, in-
dicating that both proteins may exert specific functions in ad-
dition to their participation in the protein synthesis machinery.

Whether the cause of tissue overgrowth in /(2)k168-14 and
sta® larvae results from a direct involvement of RpS21 and P40
in the control of cell proliferation or from a secondary effect
due to a defect in protein synthesis remains an open question.
If tissue overgrowth results from a defect in protein synthesis,
this defect should, however, be extremely selective since ho-
mozygous mutations in genes encoding other ribosomal or
ribosome-associated proteins, with the exception of mutations
in the mpS6 gene (65, 75, 76), cause no excessive cell prolifer-
ation (1, 15, 28, 39, 44, 56, 57, 61).

The dominant Minute and recessive lethal tumorous pheno-

types are highly reminiscent of the abnormalities observed in
mutations affecting the ribosomal protein rpS6 gene, which
give rise to a weak viable Minute phenotype in heterozygous
females (58) and to lethality with hyperplastic hematopoietic
organs in hemizygous larvae (65, 75, 76). Furthermore, as with
rpS6 (76), mosaic studies revealed that rpS21 is required for
egg development in the ovary and cell viability in developing
imaginal discs (data not shown). However, in contrast to rpS27/
inactivation, a nearly complete absence of rpS6 expression re-
sults in an increased number of circulating plasmatocytes and
lamellocytes which accumulate in various locations of the
hemocoel and give rise to massive melanotic pseudotumors of
self-encapsulated lamellocytes (65, 76). In RpS21- or P40-de-
ficient larvae, no trace of melanization could be detected in the
hemocoel or within the organs, even after a prolonged exten-
sion of larval life. Moreover, the hemolymph of RpS21-defi-
cient larvae is strongly depleted of hemocytes. These features
suggest that the differentiation of the hemocyte cell lineage is
blocked at an earlier stage in RpS21- or P40-deficient larvae
than in rpS6 mutant larvae, suggesting that these genes may
control different stages of hematopoiesis in Drosophila spp.
The block in hemocyte differentiation may result either from a
defect in a nonribosomal function of these proteins or from a
failure in the spatiotemporally coordinated translation of spe-
cific factors that control the pathway of hemocyte differentia-
tion.

The current explanation proposed to account for the Minute
phenotype is haploinsufficiency for a component of the protein
synthesis machinery (24) reducing the overall rate of protein
synthesis, which produces a lower mitotic rate compared to
wild-type cells and a reduction in the rate of bristle synthesis.
Molecular analysis of more than 40 ribosomal protein genes
has revealed that, in addition to rpS21, rpS6, and p40, muta-
tions in eight other ribosomal protein genes, including 7p49 (or
rpL32) (39), pS2 (15), ipS3 (1), rpSS5 (44), rpS13 (56), rpL9
(61), rpL14 (57), rpL19 (28), give rise to Minute phenotype.
Furthermore, the Minute phenotype is also produced by mu-
tations in the bobbed and mini loci, which are partial deletions
of rRNA genes (54, 73), and by mutations in the suppressor of
forked locus which encodes a protein thought to be involved in
RNA stability (47a). Thus, the available evidence indicates
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FIG. 10. Dosage interaction between /(2)k168-14 and stubarista. SEM images
of the antennal and bristle phenotypes of (A and B) wild-type Oregon-R, (C and
D) [(2)k168-14/+, (E and F) sta’/Y (or sta’/sta”), and (G and H) sta’/Y; I(2)k168-
14/+. In panels A, C, E, and G the arrows Al, A2, A3, and Ar indicate the first,
second, and third segments of the antenna and the arista, respectively. In panels
B, D, F, and H the arrows Adc, Asc, Pdc, and Psc point out the thoracic and
scutellar bristles as indicated in Fig. 2. In panels E and G, the open arrows point
to the particularly smaller A3 and Ar segments observed in these genetic com-
binations. The reduction in the size of the bristles, antennal segments, and arista
in the different viable combinations between /(2)k168-14 and sta are detailed in
Table 3. sta’ corresponds to Tp(1;3)1E1-2; 2B3-4; 89B21-C4, which can be also
described as Df(1)sta/+ (or Df(1)sta/Y); Dp(I;3)sta/+. Bar = 100 pm.

that, in general, partial impairment of the protein synthesis
machinery delays larval development and produces a dominant
Minute phenotype.

Increasing evidence suggests that, in addition to their role in
protein synthesis, some ribosomal proteins are involved in spe-
cific regulatory steps during normal development or else dis-
play enzymatic activities required in distinct cellular functions.
For instance, a P-element insertion in the promoter region of
the string of pearls (sop) gene, which encodes the S2 ribosomal
protein, causes recessive female sterility with a block in oogen-
esis at the end of previtellogenesis (15). The Drosophila S3
ribosomal protein, which forms part of the domain on the
ribosome where translation is initiated (9), contains three dis-
tinct enzymatic activities which were biochemically assayed: (i)
an apurinic-apyrimidinic (AP) lyase activity, cleaving phos-
phodiester bonds via a B,8-elimination reaction (78); (ii) an
N-glycosylase activity, cleaving DNA containing 8-oxoguanine
residues (18, 80); and (iii) a DNA deoxyribophosphodiesterase
activity (60). These findings indicate that RpS3 can function in
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several steps of the DNA excision-repair pathway. Consistent
with its multifunctionality, the Drosophila RpS3 protein is not
only present in ribosomes but is also tightly associated with the
nuclear matrix (78). The DNA cleavage activity of RpS3 sug-
gests that this protein may be involved in the repair of oxida-
tive and ionizing-radiation-induced DNA damage. Consistent
with this idea, the human S3 ribosomal protein was identified
as the AP endonuclease III missing or altered in group-D pa-
tients with xeroderma pigmentosum (34). However, although
the endonuclease activity associated with RpS3 is lacking in
xeroderma pigmentosum group D cells, the protein is clearly
present in these cells in association with ribosomes suggesting
that it may require association with specific proteins for endo-
nuclease activity. Similarly, another Drosophila ribosomal pro-
tein, PO, displays endonuclease activity and is also found in
association with the nuclear matrix (81). Moreover, in human
cells, expression of the ribosomal PO protein is induced by
functional alkylating agents that cause DNA damage (26).
RpS3 is also overexpressed in colorectal cancer cells (53),
supporting the idea that both RpS3 and PO may be involved in
DNA damage processing, particularly in drug-resistant cells
treated with DNA cross-linking agents.

Among ribosomal proteins, the S6 protein has attracted
particular attention because it is phosphorylated in vivo in
response to various mitogens. Phosphorylation of RpS6 was
found to be a critical event in the initiation of cell growth and
proliferation and to be a ubiquitous response when cells are
induced to reenter the cell cycle (for a review, see reference
23). The higher rate of protein synthesis resulting from RpS6
phosphorylation can be attributed to a selective advantage of
RpS6-phosphorylated 40S subunits to enter into polysomes
and to a modification in the ability of the 40S ribosomal sub-
unit to recognize specific mRNAs (51). Recent studies have
revealed that the mechanism underlying this selectivity in-
volves the presence of an oligopyrimidine tract in the 5" UTR
of the target mRNAS, which are designated TOP mRNAs (32,
47, 67). This class of transcripts includes mRNAs for ribosomal
proteins and other components of the translation machinery,

kDa
<GST-P40
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21.5
1457 «RpS21
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FIG. 11. Binding of RpS21 with P40 in vitro. The reticulolysate translation
system was used to synthesize RpS21 in the presence of [**S]methionine. GST-
P40 and GST proteins bound to glutathione-Sepharose 4B beads were incubated
with labeled RpS21, and the beads were extensively washed. 3°S-labeled RpS21
proteins bound to GST-P40 (lane 1) or GST proteins (lane 2) were analyzed by
SDS-PAGE and detected by autoradiography. Lane 3 shows input 3*S-labeled
RpS21 proteins. Lanes 4 and 5 show Coomassie blue staining of lanes 1 and 2
showing the loaded GST-P40 and GST proteins, respectively.
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FIG. 12. Effect of salt on the distribution of RpS21 and P40 among ribosomal
particles. Extracts from Drosophila embryos collected overnight were fraction-
ated on a 15 to 40% sucrose gradient containing 5 mM MgCl, and either 80 mM
(A), 300 mM (B), or 500 mM (C) KCI. The extracts were centrifuged at 23,000
rpm in an SW41 Beckmann rotor for either 5 h in order to obtain a complete
profile of the distribution of ribosomal particles including polysome, 80S ribo-
somes, and native ribosomal subunits (A) or 18 h in order to improve the
separation of the ribosomal subunits (B and C). Furthermore, dot blot analysis
was performed on each fraction to determine the distribution of the 18S ribo-
somal RNA. The 40S, 60S, and 80S peaks are marked in the absorbance (A4,s,)
profile. Immunoblots of gradients fractions are aligned below the tracing to show
the corresponding distributions of the ribosomal S21 and P40 proteins.

such as elongation factors. Interestingly, our analysis of the 5’
UTR of the 7pS21 mRNA revealed the occurrence of a pyrim-
idine tract located at or in the vicinity of the 5" extremity of the
rpS21 transcripts, indicating that their translation may be reg-
ulated by a mechanism similar to that shown for transcripts
encoding other ribosomal proteins. The involvement of RpS6
in the selection of mRNAs is further sustained by structural
analyses of the 40S ribosomal subunit, which showed that RpS6
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maps on the small head region on the inner side of the beak,
in a position juxtaposed to the larger 60S subunit in an area
implicated in mRNA binding (49, 69).

A common feature of all ribosomal proteins involved in the
regulation of either Drosophila or human cell proliferation is
their involvement in different steps of translation initiation, as
defined by the process through which a 40S ribosomal subunit
associates with the correct AUG codon, binds an initiator
tRNA, and joins a 60S ribosomal subunit to form an actively
translating ribosome. As part of this process, the S6 ribosomal
protein plays a role in the entry of the 40S ribosomal subunit
into polysomes (51). The QM or L10 protein is involved in
joining of the 40S with the 60S ribosomal subunit (21). Al-
though the precise molecular function of RpS21 remains yet to
be determined, this protein is associated with the surface of
mammalian 40S ribosomal subunits (42) and our work shows
that it is associated with native 40S ribosomal subunits and
absent from polysomes, indicating a role in translation ini-
tiation. Furthermore, immunostaining and cell fractionation
procedures revealed no detectable amount of RpS21 in the
nucleus (data not shown), suggesting no function in the mat-
uration or transport of the 40S ribosomal subunit from the
nucleolus to the cytoplasm. A relevant function of P40 in
translation initiation can be inferred from its homology with
the prokaryotic ribosomal protein, S2, of E. coli (16, 46). The
S2 protein, like P40, is associated with the small ribosomal
subunit at its surface, where it contributes to stabilizing con-
formation (43), and is involved in tRNA binding (63, 68).
Consistent with these results, our analysis reveals that Dro-
sophila P40 is preferentially bound to native 40S subunits.
Furthermore, in Hydra spp. the intracellular localization of P40
varies according to the stage of the cell cycle. In dividing cells
P40 is diffusely distributed throughout the cytoplasm, but in
nondividing cells it appears to be associated with the cytoskel-
eton (33a), a finding consistent with studies showing an asso-
ciation between polysomes and the cytoskeleton (11, 30). How-
ever, by carrying out a yeast two-hybrid search with P40 as a
bait, we found that P40 binds to other ribosomal proteins,
including S21 and S17, and novel proteins with no assigned
function (data not shown), indicating that the major structure
with which P40 is associated is the ribosome.

In conclusion, the present work shows that two ribosome-
associated proteins, which are presumably involved in one or
several steps of translation, contribute to the regulation of cell
proliferation in the hematopoietic organs and the imaginal
discs of Drosophila larvae. Although reduced expression of
RpS21 or P40 impairs protein synthesis and decreases the rate
of cell growth, as revealed by the Minute phenotype, a nearly
complete absence of these proteins leads to excessive cell pro-
liferation in specific tissues. However, tissue overgrowth be-
comes apparent only in aged larvae, indicating that the rate of
protein synthesis is considerably decreased but sufficient to
maintain cell proliferation. A knowledge of the interaction be-
tween RpS21 and P40 and their function during protein syn-
thesis should provide a better understanding of the regulatory
mechanism of cell growth and tumorigenesis.
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