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We demonstrate the feasibility of performing a systematic screen for human gene functions in Drosophila by assay-
ing for their ability to induce overexpression phenotypes. Over 1 500 transgenic fly lines corresponding to 236 human 
genes have been established. In all, 51 lines are capable of eliciting a phenotype suggesting that the human genes are 
functional. These heterologous genes are functionally relevant as we have found a similar mutant phenotype caused 
either by a dominant negative mutant form of the human ribosomal protein L8 gene or by RNAi downregulation of 
the Drosophila RPL8. Significantly, the Drosophila RPL8 mutant can be rescued by wild-type human RPL8. We also 
provide genetic evidence that Drosophila RPL8 is a new member of the insulin signaling pathway. In summary, the 
functions of many human genes appear to be highly conserved, and the ability to identify them in Drosophila repre-
sents a powerful genetic tool for large-scale analysis of human transcripts in vivo.
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Introduction

To date the genomes of 94 eukaryotic organisms have 
been completely sequenced (www.genomesonline.org; 
[1]). The major challenge is to uncover the function of 
the annotated and predicted genes in the various organ-
isms. In this post-genome era, the fruit fly, mouse, and 
other model organisms will serve a major role as model 
systems for functional genome analysis.

The entire sequence of the human genome was first 
completed in 2001. Recent estimations indicate that the 
human genome may encode approximately 30 000 genes. 
However, roughly more than 40% of all potential human 
open reading frames have not yet been assigned a func-
tion [2, 3]. A complete genome sequence of an organism 

can be considered to be the ultimate genetic map, since 
the sequence and the position of every gene along each 
chromosome are known. However, knowledge of the 
complete DNA sequence alone does not tell us directly 
how this genetic information is elaborated to observable 
phenotypes such as physical traits and behaviors. Con-
sequently, the challenge and focus of the next phase of 
the Human Genome Project will be to decipher all of the 
functional units in a genome sequence and determine how 
this information will impact on our health and society [4].

Drosophila has been proven to be a powerful genetic 
system for identifying genes and defining signaling path-
ways that are involved in development. For example, 
studies of the wingless, hedgehog, decapentaplegic, and 
Notch signaling pathways in the fly have provided im-
portant insights and also helped to define the correspond-
ing pathways in mammals. Not only are the components 
of these pathways evolutionarily conserved between fly 
and human, but they also carry out similar if not identical 
functions [5].

In Drosophila, an overexpression phenotype often 
can provide insightful information into the function of a 
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gene. For example, altering either the amount or quality 
of a gene product in various tissues during development 
may shed light on whether the gene is able to act on 
proliferative events, trigger or suppress apoptosis, or in-
terfere with differentiation and developmental processes. 
An important tool to carry out such studies has been the 
GAL-UAS binary system for inducible gene expression 
[6]. The key feature of this system lies in a separable 
activator element mediated by the GAL4 gene whose ex-
pression is regulated by tissue-specific promoters and a 
UAS-target gene whose expression, in turn, is GAL4-de-
pendent. Thus, expression can be regulated both tempo-
rally and spatially during development by crossing flies 
carrying a particular UAS-transgene to different GAL4 
lines.

In this paper, we have begun a large-scale functional 
analysis of human genes by assaying for heterologous 
gene activities in Drosophila. We have cloned and over-
expressed 236 human genes in transgenic flies using the 
GAL4-UAS system [6, 7]. This represents so far only 
about 1% of the human genome. When the human genes 
were expressed individually by crossing to a panel of 8 
different GAL4 drivers, 51 of the 236 transgenes were 
able to induce a reproducible phenotype. These results 
suggest the feasibility of a systematic and genome-wide 
screening of human gene functions by overexpression in 
Drosophila melanogaster.

Results

Constructing full-length human cDNAs for Drosophila 
germline transformation

To express the human genes in Drosophila, cDNAs 
were unidirectionally cloned into the P-element trans-
formation vectors, pUAST [8] and pUMA. Both vectors 
include the mini-white+ gene as a visible marker, two 
P-element terminal repeat sequences to mediate germ-
line integration, and a UAS promoter for driving GAL4-
dependent gene expression of the cloned gene sequences. 
The restriction enzymes EcoRI and XhoI were used to 
linearize the pUAST vector for cloning. However, due to 
the lack of additional suitable cloning sites in this vector, 
the number of full-length cDNAs that we can clone into 
it is limited as both restriction enzymes used frequently 
cut in the human genome. To improve the efficiency of 
cloning full-length cDNAs, we designed the pUMA vec-
tor based on the original pUAST plasmid. This new vec-
tor permits the ease of shuttling full-length inserts from 
the human cDNA library made in pOTB7 by taking ad-
vantage of the restriction sites, PI-Sce I and I-Ceu I, for 
cloning. The strategy relies on the long recognition sites 
of these restriction enzymes, 39 bases for PI-Sce I and 26 

bases for I-Ceu I, and the fact that these sites are absent 
in the human genome. The pUMA vector significantly 
improves the cloning efficiency and retrieval of full-
length human cDNAs for making transgenic flies.

Once cloned into the appropriate vector, the P-element 
constructs are injected into w1118 embryos to generate 
transgenic flies. The embryos were also co-injected with 
a helper plasmid (∆2-3) which provides a source of trans-
posase to allow integration into the genome. A germline 
integration event can be recovered by identifying adult 
flies in the F2 progeny that have red eyes as a result of 
carrying the mini-white+ marker in the construct.

A total of more than 3 500 random clones from the 
human cDNA library were picked and sequenced. The 
sequences were analyzed for homology and conserved 
domains by searching against the GenBank databases 
at the NCBI. We identified 236 clones with sequences 
indicative of potentially interesting functions, of which 
26% were unknown and 74% were known genes. We 
generated a total of more than 1 500 transgenic lines, 
with more than one line representing each human cD-
NAs. Additional information on these transgenic flies is 
presented in the Supplementary information, Table S1.

Overexpression of the human genes causes abnormal de-
velopmental phenotypes

The GAL4-UAS ectopic expression system has be-
come a widely used and valuable tool for overexpression 
of transgenes in D. melanogaster. The GAL4 transcrip-
tion factor can be expressed in different patterns, both 
temporally and spatially, by placing it under the control 
of various Drosophila promoters [8]. Once expressed, the 
GAL4 protein can then drive the expression of any trans-
gene under a UAS promoter. Furthermore, since GAL4 is 
a yeast transcription factor, which specifically recognizes 
only the UAS sequence, it does not act on endogenous 
Drosophila promoters [8]. Among the large number of 
GAL4 drivers that are available on Flybase [9], we chose 
to use only those that are expressed in tissues where, if 
a phenotype is manifested, it can be easily observed and 
quickly scored under a dissecting microscope. This is an 
important consideration, especially for a screen adapted 
for high-throughput analysis. We selected a panel of 
eight different GAL4 drivers to cross to the collection of 
flies carrying the human transgenes (Table 1). The driv-
ers have expression that occurs in patterns ranging from 
ubiquitous to being restricted to specific tissue, compart-
ment, or cell type. The following are descriptions of the 
typical phenotypes, which are easily identifiable and 
scored, that we have observed using the various drivers 
affecting the development of the eye, the wing, the no-
tum, and the scutella (bristles on the notum).
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Phenotypes associated with Drosophila eye development
The Drosophila eye is an indispensable organ for the 

viability of the fly. This makes it a particularly useful 
organ to observe for phenotypical consequences, whether 
caused by loss-of-function mutations or overexpression 
of a gene in the eye. Eye development proceeds in a 
stereotypical fashion where cells within the eye imagi-
nal discs are specified, recruited, and differentiate in a 
sequential order leading to the highly precise structure 
of the adult eye (Figure 1A). Perturbations of signaling 
pathways that are involved in this process, such as those 
regulating cell proliferation, cell death, or differentiation, 
can lead to abnormal eye development. The GMR-GAL4 
driver, for example, has expression mainly in the post-
mitotic cells that are undergoing differentiation in the 
eye imaginal disc [10]. Genes that are functional in this 
aspect of development will cause a rough eye phenotype 
when overexpressed with this driver as shown in Figure 
1B.

In contrast, the ey-GAL4 driver (under the eyeless 
gene enhancer) has specific expression in dividing cells 
early in eye development [11]. Genes that can interfere 
with proliferative events at this stage generally will cause 
abnormal growth of the eye imaginal disc, leading to 
either a larger or a smaller adult eye. Some of the human 
transgenes under the eyeless expression pattern gave a 
small eye phenotype as shown in Figure 1G. Other trans-
genes can cause some eye tissues to undergo apoptosis 
(Figure 1C). Significantly, the Drosophila homologs of 
these same genes also cause a similar apoptotic phe-
notype when overexpressed likewise (Figure 1D). The 
results suggest that many human genes are likely to func-
tion in a physiologically relevant manner in flies to affect 
the same developmental process.

Phenotypes associated with wing development
The vg-GAL4 [12] is driven by the enhancer of the 

vestigial (vg) gene, which has expression in the wing 

imaginal disc pouch, where the majority of growth oc-
curs during wing development. Interference of one or 
more aspects of signaling required during this process 
can cause various abnormal wing development pheno-
types [13]. For some transgenes, overexpression in a vg 
pattern causes the loss or gain of wing venation (Figure 
2B). Other transgenes appear to bring about the loss of 
tissues through apoptotic events leading to nicked or ser-
rated margins in the adult wings (Figure 2C).

The en-GAL4 driver is specifically expressed in the 
posterior compartment of the wing disc tissue reflecting 
the expression pattern of the engrailed (en) gene [8, 14]. 
Phenotypes elicited by transgenes expressed in this way 
generally translate to defects in the posterior region of 
the adult wing. These also include changes in the size of 
the wing blade or the loss of bristles (Figure 4B).

The enhancer of the patched (ptc) gene utilized in ptc-
GAL4 drives expression in a stripe of cells along the an-
terior/posterior (A/P) margin of the dorsal mesothoracic 
disc, which gives rise to the three adult structures: the 
notum, proximal wing, and the wing blade [15]. Some 
transgenes expressed in this A/P stripe give rise to pheno-
types such as a complete or partial loss of bristles (Figure 
2E and 2F). Similar phenotypes were also observed for 
some transgenes driven specifically in neurons using the 
elav-GAL4 driver, which has a pan-neural pattern of ex-
pression [8].

Phenotypes associated with the development of the no-
tum and scutella

The driver pnr-GAL4 is expressed in a broad domain 
in the wing disc that contributes to the development of 
the presumptive notum. Forced expression of a number 
of transgenes in this manner results in adult flies with a 
cupped notum (Figure 2H) [16]. In some cases, bristle 
development on the notum is affected when particular 
transgenes are expressed using the elav-GAL4 driver. 
This phenotype is manifested as bristle clustering for a 

Table 1 Phenotypes associated with GAL4-induced human gene expression

 GAL4 line                               Expression pattern1 No. of genes         Main phenotype pattern
ey-GAL4 Eye-specific, dividing cells in the eye 12 Small eye 
GMR-GAL4 Eye-specific, differentiated cells in the eye 28 Rough eye 
elav-GAL4 Neuron specific 14 Extra or loss of bristles 
en-GAL4 Posterior part of imaginal discs 14 Lethal, loss of or extra vein
pnr-GAL4 Mediodorsal parts of thoracic and abdominal segments 29 Cleft in the middle of notum
ptc-GAL4 Dorsal mesothoracic disc  18 Extra or loss of bristle in scutellar
vg-GAL4 Wing-specific 12 Nicked margin of wing 
actin-GAL4 Ubiquitous 20 Lethal 

1See references [8, 13-16, 22] for additional details.
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group of transgenes (Figure 2I), while others cause the 
loss of bristles (Figure 2J).

In summary, so far in our screen we have found 51 of 
the 236 human genes capable of eliciting a reproducible 
phenotype when overexpressed by all or a subset of the 
GAL4 drivers (Table 1). This suggests that these human 
genes are functional and can impinge on cellular and bio-
chemical processes or events occurring in the heterolo-
gous context of fly development. Functional analyses of 

specific human transgenes are presented in the following 
sections.

The Ser10 phosphorylation site is required for p27Kip1 
function in Drosophila

In mammals, p27(Kip1) is a key cell cycle regulator 
belonging to the Cip/Kip family of cyclin-dependent 
kinase inhibitor (CDKI), which also includes p21(Cip1) 
and p57(Kip2) [17-20]. It functions as a versatile CDKI 

Figure 1 Mutant phenotypes induced by GAL4-dependent transgene expression. (A) Wild-type eye. (B) Rough eye pheno-
type induced in UAS-SFRS3; GMR-GAL4 flies. (C) Scars on the posterior part of eye of UAS-SFRS3; GMR-GAL4. (D) Scars 
on the posterior part of eye of UAS-dx16; GMR-GAL4. (E) p27-UAS; GMR-GAL4 (rough eye). (F) p27S10A; GMR-GAL4 (rescued 
rough eye). (G) UAS-p27; ey-GAL4 (smaller eye). (H) p27S10A; ey-GAL4 (partial rescue of small eye). (I) Wild-type male. (I') 
Normal male genitalia. (J) Male-like pigmentation in UAS-SFRS3: ptc-GAL4 flies. (J') Intersex genitalia. (K) Wild-type female. 
(K') Wild-type female genitalia. (A-H) Bar = 100 µm, (I-K) Bar = 1 000 µm, (I’-K’) Bar = 100 µm.

A B C D

E F G H

I J K

I’ J’ K’
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Figure 2 Phenotypes associated with overexpression in the wing, head, and notum. (A) Wild-type wing. (B) Lost vein and ex-
tended L5 in UAS-p27; ptc-GAL4 flies. (C) Nicked margins in UAS-SFRS3; vg-GAL4 flies. (D) Wild-type head. (E) Bristle loss 
in the head of UAS-SFRS3; elav-GAL4. (F) Lost post-ventral bristles in MORC 1A11; ptc-GAL4 flies. (G) Wild-type notum and 
scutella. (H) Cupped notum phenotype. (I) Extra bristles in the scutella of MORC 1M19; elav-GAL4 flies. (J) Lost bristle in the 
notum of MORC 1W04; elav-GAL4 flies. (A-C) Bar = 250 µm, (D-F) Bar = 100 µm, (G-J) Bar = 200 µm.

to block the G1/S transition and to negatively regulate 
cell cycle progression by inhibiting CDK activities [21]. 
Since the loss of function results in unchecked cell pro-
liferation, p27 has been regarded as a tumor suppressor 
gene [22, 23]. This is consistent with the finding that 
reduction of its function or level is highly correlated with 
tumor prognosis and development. Thus, p27 has be-
come an important focal point in cancer research, and a 
strategic target for diagnosis and treatment.

However, in view of the traditional definition of a 
tumor suppressor, gene mutation or silencing at the 
p27 locus is rarely found. Evidence points to post-
transcriptional regulation as the major mechanism by 
which p27 activity is modulated in the context of tumor 
development. Several means of regulation have been 
observed involving translational control, phosphoryla-
tion, proteolytic mechanisms, and subcellular transport 
[24]. Recently, the discovery of several new domains and 
phosphorylation sites in p27 has shed new light on its 
function. Although there are three phosphorylation sites 
(S10, T157, and T187), there has been much interest in 
the phosphorylation of S10, which affects the stability 
and nuclear export of p27 [25]. It has been suggested that 

S10 phosphorylation plays a key role in regulating the 
tumor suppressor function of p27.

We wish to address the functional significance of 
Ser10 in our Drosophila transgenic model. Initially, to 
test whether the human p27 gene is functional in the 
fly, we obtained five independent transgenic lines for 
overexpressing the gene. Using various GAL4 drivers, 
we showed that p27 is functional in a variety of devel-
opmental contexts. For example, overexpression in the 
eye by GMR-GAL4 or ey-GAL4 induces either a rough 
or a small eye phenotype, respectively (Figure 1E and 
1G). Constitutive expression of p27 using the actin-
GAL4 driver, however, results in lethality. To determine 
whether the S10 phosphorylation site has any functional 
significance, we mutated the Ser to Ala to make the 
p27S10A transgene. In contrast to wild-type p27, expres-
sion of the p27S10A transgene driven by GMR-GAL4 or 
ey-GAL4 induces a barely perceptible phenotype that is 
hard to distinguish from the wild-type eye (Figure 1E-
1H). The results suggest that S10 phosphorylation con-
tributes significantly to the function of p27, even in this 
heterologous context.

A B C

D E F

G H I J
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The SFRS3 splicing factor affects sexual differentiation 
of Drosophila genitalia

Approximately 40-60% of the genes in humans en-
code alternatively spliced transcripts. The evolution 
of alternative splicing mechanisms allows for greater 
functional diversity and regulation [26]. The splicing 
reaction is carried out by the spliceosome, which is a 
large complex made of small nuclear ribonucleoprotein 
particles (snRNPs) as well as non-snRNP proteins that 
assemble at specific sites on the pre-mRNA. Splice site 
selection is achieved with additional factors that are re-
cruited to the spliceosome. Among these are members of 
a highly conserved family of proteins, the SR (Ser/Arg-
rich) proteins. They have been shown to play important 
roles in both the general and tissue-specific regulation 
of alternative splicing of pre-mRNAs and their matura-
tion. In Drosophila, several SR proteins have been well-
characterized. In particular, the TRA, TRA2, and RBP1 
proteins form complexes with the spliceosome which 
bias female-specific splicing of the doublesex (dsx) pre-
mRNA for sex determination during development.

Among the human transgenes used in our screen, we 
have identified a gene called SFRS3 (Splicing Factor Ar-
ginine/Serine-rich 3), which also belongs to the SR pro-
tein family. We tested the functional consequences of its 
expression in the fly. Interestingly, the ptc-GAL4 driver 
induces a phenotype displaying defects in sexual dif-
ferentiation of the genitalia where characteristics of both 
sexes were observed (Figure 1J). For example, female 
flies expressing SFRS3 show the appearance of male-
like clasper bristles together with reduced number of 
vaginal bristles, which normally are present in two rows 
flanking the female genitalia. Additional defects include 
abnormal development of the anus (Figure 1J'). In a 
weakly expressing transgenic line, the elav-GAL4 driver 
induces a male-like pigmentation pattern in the posterior 
abdominal segment of a female, which normally lacks 
such pigmentation (Figure 1K and 1K'). This female is 
also sterile.

We cloned and made an overexpression construct for 
dx16, the Drosophila homolog of SFRS3 [27]. This has 
enabled us to show that dx16 and SFRS3 are likely to 
have similar functions during development. For example, 
both transgenes gave a similar eye phenotype when they 
were overexpressed using the GMR-GAL4 driver (Figure 
1C and 1D).

The human ribosomal protein L8 affects cell size regula-
tion in Drosophila

Ribosome biogenesis and protein biosynthetic path-
ways play critical roles in the development and growth of 
organisms. Generally, an increase in ribosome biogenesis 

often stems as a consequence of an increase in cellular 
proliferation during tissue and organ growth. In contrast, 
abrogating or reducing the efficiency of protein synthe-
sis often leads to reduced growth rates and survival. In 
Drosophila, a class of dominant mutations called Minute 
display phenotypes that, indeed, reflect a reduction in 
growth rate at both cellular and organismal levels. The 
mutations are in genes encoding ribosomal proteins (RPs).

One of the human transgenes in our screen encodes 
the RP RPL8. When the transgene is expressed with 
GMR-GAL4, the adult flies have eyes that are smaller 
and appear flattened (Figure 3B). The apparent defect is 
not due to a reduction in the number of ommatidia, but 
rather due to a reduction in their size (~26% decrease in 
size, n = 10, Figure 3B'). Furthermore, we eliminated the 
possibility that the phenotype could be due to a problem 
in differentiation by staining the larval eye discs with an-
ti-Elav, a neuronal-specific antibody [28, 29]. Consistent 
with the adult eye phenotype, the photoreceptor clusters 
are also smaller than those of control (boxed regions in 
Figure 3G' and 3H'), but they undergo normal neuronal 
differentiation in the posterior of the eye discs (Figure 
3G, 3G', 3H, and 3H'). Thus, the induced small eye phe-
notype is entirely due to a reduction in cell size during 
eye development.

We were entirely surprised by this observation since, 
if RPL8 is functionally conserved, we would have ex-
pected an opposite phenotype, i.e. an increase in cell size 
correlating with greater efficiency of protein synthesis 
when human RPL8 is overexpressed. We sequenced the 
RPL8 transgene construct and found a frame shift muta-
tion at residue G710, which leads to a truncation of the 
257 amino acid full-length protein at Glycine 236 and 
a fusion of an additional 52 amino acid residues to the 
C-terminus (Supplementary information, Figure S1). 
Many truncated proteins often exhibit dominant nega-
tive effects by interfering with the normal function of the 
endogenous wild-type protein or protein complexes. By 
definition, a dominant negative mutant can be suppressed 
by increasing the level of wild-type function. To test this 
hypothesis, we generated a transgene to co-express the 
wild-type Drosophila RPL8 together with the truncated 
human RPL8. Indeed, the small eye phenotype caused by 
the truncated human RPL8 is completely rescued with 
Drosophila RPL8 (Figure 3D and 3D'). The overexpres-
sion of Drosophila RPL8 alone, however, has no effect 
on the ommatidia size (Figure 3C and 3C'). Thus, the 
truncated human RPL8 gene behaves genetically as a 
dominant negative allele, which will be denoted here as 
human RPL8DN.

The Drosophila RPL8 is a single copy gene and ap-
pears to be the only ortholog of the human RPL8. Both 
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genes are highly conserved with an overall 79% amino 
acids identity and 87% amino acids similarity (Supple-
mentary information, Figure S1). Drosophila RPL8 is 
ubiquitously expressed during all stages of Drosophila 
development, which possibly suggests a general role in 
protein synthesis [30]. In order to further define the func-
tion of Drosophila RPL8, we designed an RNA interfer-
ence construct (Drosophila RPL8RNAi) to downregulate 
the endogenous Drosophila RPL8 gene expression. When 
expressed using GMR-GAL4, the Drosophila RPL8RNAi 
transgene causes the same cell size reduction phenotype 

as observed with human RPL8DN (Figure 3E and 3E'). We 
co-expressed the wild-type Drosophila RPL8 with Dro-
sophila RPL8RNAi to test whether the small eye phenotype 
can be rescued. Indeed, the phenotype is completely re-
verted to wild type (data not shown). The result suggests 
that the effect of the RNAi downregulation is specific to 
Drosophila RPL8. Furthermore, we also co-expressed 
the wild-type human RPL8 together with Drosophila 
RPL8RNAi and found the RNAi phenotype could be com-
pletely rescued (Figure 3F and 3F'). The replacement of 
the human RPL8 gene for the loss of Drosophila RPL8, 
thus, strongly supports the functional conservation of the 
RPL8 genes and their role in regulating cell size in Dro-
sophila and humans.

Drosophila RPL8 regulates cell size in multiple tissues 
during development

Since Drosophila RPL8 is ubiquitously expressed, we 
wish to determine whether it also functions similarly in 
regulating cell size in other tissues. However, the Dro-
sophila RPL8RNAi construct causes embryonic lethality 
when driven by different GAL-4 drivers other than the 
GMR-GAL4, presumably due to leaky expression. To 
overcome this problem, we tried the dominant negative 
human RPL8DN construct instead, which did not result in 
lethality. We induced the expression of human RPL8DN 

using the en-GAL4 driver, which limits expression to the 
posterior compartment of the wing disc. The phenotype 
was analyzed by counting cell numbers and measuring 
areas in the posterior and anterior compartments of the 
adult wing, and the results compared with  those obtained 

Figure 3 RPL8 regulates ommatidia size but not cell differentia-
tion and pattern formation. Scanning electron micrograph of an 
adult Drosophila eye and close-up of the ommatidia (A and A', 
respectively). The inset in (A') indicates the value for the cell 
size of an ommatidium normalized against wild type. Adult eyes 
of flies expressing various human and Drosophila RPL8 con-
structs as noted in the insets (B-F). (B'-F') Corresponding close-
ups of ommatidia from flies in (B-F). Insets indicate normalized 
differences in cell size. Genotypes are as follows: GMR-GAL4/+ 
(A, A'); GMR-GAL4/UAS-humanRPL8DN (B, B'); GMR-GAL4/
UAS-DrosophilaRPL8 (C, C'); GMR-GAL4, UAS-humanRPL8DN/
UAS-DrosophilaRPL8 (D, D'); GMR-GAL4/UAS-DrosophilaR-
PL8RNAi (E, E'); GMR-GAL4, UAS-DrosophilaRPL8RNAi /UAS-
humanRPL8 (F, F'). GMR-GAL4 directed expression of GFP in 
wild-type third instar eye discs (G), Elav staining of the same 
disc (G'), and a merged image (G″), demonstrating the overlap 
between the GMR expression pattern and the region of neuro-
nal cell differentiation. Overexpression of mutant human RPL8 
in the posterior region of third instar larvae eye discs has no ef-
fect on these staining patterns (H', H″). Genotypes are: GMR-
GAL4/+; UAS-GFP/+ (G-G″); GMR-GAL4/UAS-humanRPL8DN; 
UAS-GFP/+ (H-H″). (A-F) Bar = 100 µm (A'-F'). Bar = 10 µm.

A B C

A’ B’ C’

D E F

G

H

D’ E’ F’

G’ G’’

H’ H’’

control hRPL8DN dRPL8

1.00±0.01 0.74±0.02 1.00±0.02

dRPL8, hRPL8DN dRPL8RNAi hRPL8, dRPL8RNAi

0.93±0.04 0.78±0.01 1.00±0.03

GFP ELAV Merge

GFP ELAV Merge
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Figure 4 Overexpression of mutant humanRPL8 decreases the cell size in the adult fly wing. Light micrograph of adult fe-
male wings of wild-type w1118 flies (A) or en-GAL4/UAS-humanRPL8DN (B). The dotted line in (A) denotes the anterior/pos-
terior wing margin. (C, D) Enlarged views of the boxed regions in (A) showing anterior (top half) and posterior (bottom half) 
areas containing wild-type tissues. (E, F) Corresponding close-ups for mutant wing in (B). (G) Wing margin of wild-type FLP-
out clones. Asterisks mark bristles corresponding to cells with activated GAL4 expression, seen as loss of the yellow pigment 
(y-). (H, I) Flip-out clones of cells  overexpressing humanRPL8DN (y w, hsFLP; Actin>y+>GAL4/UAS-humanRPL8DN) or Dro-
sophilaRPL8RNAi (y w hsFLP; Actin>y+>GAL4/UAS-DrosophilaRPL8RNAi), respectively. Bar = 50 µm.

for wild-type wings (Supplementary information, Table 
S2). The overexpression of human RPL8DN, indeed, not 
only caused a reduction in cell size but also reduced cell 
number and consequently the overall wing size (Supple-
mentary information, Table S2). These changes were 
limited to the expression domain of en-GAL4 (Figure 
4A-4F).

We also performed clonal analysis in order to clearly 
compare the differences in cell size between neighboring 
mutant and wild-type cells. The “FLIP-out” technique 
was used to generate marked overexpression clones for 
either human RPL8DN or Drosophila RPL8RNAi in the an-
terior margin of the wing [22]. Clones that overexpress 
the transgene would appear yellow since they lack ex-
pression of the yellow+ marker. We compare neighboring 
mutant and wild-type wing margin bristles by looking 
at their shafts, which has been used as an indication of 
cell size of the underlying cells responsible for their 
formation [31]. We found that wing margin bristle cells 
expressing either human RPL8DN or Drosophila RPL8RNAi 

have a 20% reduction in size (Figure 4G-4I). The result 
is consistent with previous observations in the eye, and 
indicates that Drosophila RPL8 has a role in the regula-
tion of cell size in multiple issues throughout develop-
ment.

Drosophila RPL8 functions downstream of the insulin 
signaling pathway

The insulin signaling pathway has been demonstrated 
to regulate many aspects of biological processes includ-
ing cell proliferation, cellular growth, and survival. 
This pathway is conserved in Caenorhabditis elegans, 
Drosophila, and mammals [32]. Interestingly, mutations 
in the Drosophila S6 Kinase (S6K), which functions as 
a positive regulator downstream of the pathway, cause 
phenotypes similar to those of human RPL8DN and Dro-
sophila RPL8RNAi [33]. The similarity in cell growth 
defects suggests the involvement of a common pathway 
affecting ribosome biosynthesis and protein synthesis, 
perhaps through aberrant insulin signaling. Therefore, 

A B

C D E F

G H I*       * *
* * *
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Figure 5 Genetic analysis of RPL8 function in the insulin signaling pathway. SEMs of female adult eyes and enlarged areas 
showing ommatidia of flies with the following genotypes: GMR-GAL4, UAS-InR/CyO (A, A'); GMR-GAL4, UAS-InR/UAS-
humanRPL8DN (B, B'); GMR-GAL4, UAS-InR/UAS-DrosophilaRPL8RNAi (C, C'); GMR-GAL4/UAS-Dp110 (D, D'); GMR-GAL4, 
UAS-humanRPL8DN/UAS-Dp110 (E, E'); GMR-GAL4, UAS-DrosophilaRPL8RNAi/UAS-Dp110 (F, F'); y w eyFLP/y w; CyO/+; 
FRT 82B GMR-hid CL3R/FRT 82B Tsc1Q600X (G, G'); y w eyFLP/y w; GMR-GAL4, UAS-humanRPL8DN/+; FRT 82B GMR-hid 
CL3R/FRT 82B Tsc1Q600X (H, H'); y w eyFLP/y w; GMR-GAL4, UAS-DrosophilaRPL8RNAi/+; FRT 82B GMR-hid CL3R/FRT 82B 
Tsc1Q600X (I, I'); UAS-DrosophilaS6K/CyO;GMR-GAL4/+ (J, J'); UAS-DrosophilaS6K/UAS-humanRPL8DN; GMR-GAL4/+ (K, 
K'); UAS-DrosophilaS6K/ UAS-DrosophilaRPL8RNAi; GMR-GAL4/+ (L, L'); y w eyFLP/y w; CyO/+; GMR-hid CL3L FRT 80B/
DrosophilaS6Kl-1FRT 80B (M, M'); y w eyFLP/y w; GMR-GAL4, UAS-humanRPL8DN/+; GMR-hid CL3L FRT 80B/Drosoph-
ilaS6Kl-1FRT 80B (N, N'); y w eyFLP/y w; GMR-GAL4, UAS-DrosophilaRPL8RNAi/+; GMR-hid CL3L FRT 80B/DrosophilaS6Kl-1FRT 
80B (O, O').

we performed genetic interaction experiments to test 
whether Drosophila RPL8 might be a target in the insulin 
signaling pathway.

Increasing activity of the insulin signaling pathway 

affects cellular growth, which leads to an increase in cell 
size. For example, GMR-Gal4-induced expression of the 
Drosophila Insulin Receptor (InR) or Dp110, the Dro-
sophila homolog of phosphoinositide 3-kinase (PI3K), 

A B C D E F

A’ B’ C’ D’ E’ F’

G H I J K L

M N O

G’ H’ I’ J’ K’ L’

M’ N’ O’

InR InR, hRPL8DN InR, dRPL8RNAi Dp110 Dp110, hRPL8DN Dp110, dRPL8RNAi

>1.50 0.93±0.05 0.95±0.02 1.32±0.01 0.84±0.02 0.88±0.01

Tsc1Q600X Tsc1Q600X, hRPL8DN Tsc1Q600X, dRPL8RNAi S6K S6K, hRPL8DN S6K, dRPL8RNAi

1.57±0.02 1.23±0.11 1.37±0.03 1.12±0.01 0.73±0.03 0.78±0.01

0.83±0.01 0.76±0.02 0.80±0.01

S6Kl-1 S6Kl-1, hRPL8DN S6Kl-1, dRPL8RNAi
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leads to an increase in ommatidia size (Figure 5A and 
5D, respectively). This phenotype can be suppressed by 
the co-expression of either Drosophila RPL8RNAi or hu-
man RPL8DN (Figure 5A' and 5D'). Thus, Drosophila 
RPL8 appears to act downstream of Drosophila InR and 
Dp110, since their activities are dependent on the func-
tion of Drosophila RPL8.

Removing Tsc1 function, which is a negative regulator 
of the insulin signaling pathway, also causes an increase 
in ommatidia size (Figure 5G and 5G') [29]. Since Tsc1 
mutations are lethal, we generated Tsc1 mutant mosaic 
eyes through the induction of somatic clones. In addi-
tion, we utilized the EGUF/hid cell ablation technique 
to remove all wild-type cells in the mosaic such that the 
entire eye is mutant for Tsc1. Consequently, this leads to 
an increase in size of both the eye and head capsule [34]. 
The phenotype can be suppressed by the co-expression 
of either Drosophila RPL8RNAi or human RPL8DN (Figure 
5H, 5H', 5I, and 5I'), suggesting that Drosophila RPL8 
also functions downstream of Tsc1.

Drosophila S6K is the most downstream component 
of the insulin signaling pathway. Its overexpression by 
GMR-GAL4 results in eyes which are slightly bigger 
than wild type (Figure 5J and 5J'). The phenotype can be 
suppressed by the co-expression of Drosophila RPL8RNAi 
or human RPL8DN (Figure 5K, 5K', 5L, and 5L'), which 
suggests that Drosophila RPL8 is downstream of Dro-
sophila S6K. This is an intriguing finding since the S6 RP  
is the only known target of the S6 kinase. To further con-

firm the genetic interaction between Drosophila S6K and 
Drosophila RPL8, we expressed Drosophila RPL8RNAi or 
human RPL8DN in EGUF/hid-induced mosaic clones that 
are mutant for Drosophila S6K. Mosaic eyes consisting 
primarily of Drosophila S6K mutant ommatidia were 
slightly smaller than wild type due to a decrease in om-
matidia size (Figure 5M and 5M'). However, flies with 
reduced activity for both Drosophila S6K and Drosophila 
RPL8 had an even smaller eye (Figure 5N, 5N', 5O, 
and 5O'). Interestingly, this double mutant phenotype is 
comparable to those of flies in which only Drosophila 
RPL8 activity is reduced. Together these results support 
the hypothesis that Drosophila RPL8 acts downstream of 
the insulin signaling pathway and might have additional 
functions affecting translational efficiency and output, 
which are required for cellular growth.

Drosophila RPL8 genetically interacts with Drosophila 
Myc in growth regulation

In addition to the insulin signaling pathway, signal-
ing that impinges on Drosophila Myc activity also has a 
role in cell growth regulation [35]. GMR-GAL4-induced 
expression of Drosophila Myc causes an enlarged eye 
phenotype (Figure 6B and 6B'). This phenotype can 
be partially suppressed with a reduction in Drosophila 
RPL8 activity (Figure 6C, 6C', 6D, and 6D'). This find-
ing indicates that Drosophila RPL8 may also function 
downstream of or parallel to myc in the regulation of cell 
growth.

Figure 6 Loss of RPL8 function negatively affects the activation of Drosophila Myc pathway. SEMs of female adult eyes and 
enlarged areas showing ommatidia of flies with the following genotypes: GMR-GAL4/CyO (A, A'); GMR-GAL4, UAS-myc/
CyO (B, B'); GMR-GAL4, UAS-myc/ UAS-humanRPL8DN (C, C'); GMR-GAL4, UAS-myc/ UAS-DrosophilaRPL8RNAi . (A-D) Bar 
= 100 µm, (A’-D’) Bar = 10 µm.

A B C D

A’ B’ C’ D’1.00±0.01

Control Myc Myc, hRPL8DN Myc, dRPL8RNAi

1.36±0.02 1.10±0.02 1.13±0.01
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Discussion

Even though there is a large order of complexity 
between human and flies, the underlying cellular and 
biochemical processes are highly conserved. Indeed, 
components of major signaling pathways were first iden-
tified in D. melanogaster and C. elegans. Genetic studies 
in these model organisms, which would not have been as 
feasible in mammals and humans, have provided impor-
tant mechanistic and functional insights into how these 
pathways regulate various cellular and developmental 
processes. Among the arsenal of genetic tools available 
in the fly is the ability to overexpress heterologous genes 
in vivo. These studies are particularly useful for indenti-
fying potential human gene functions since they provide 
functional clues from abnormal phenotypes induced by 
overexpression of a particular gene. The phenotypes 
serve as indications that the heterologous genes are capa-
ble of perturbing the function of one or more conserved 
signaling pathways in flies. Together with what can be 
learned from the Drosophila homologs, such observa-
tions enable further investigation into the role and func-
tion of the human gene counterparts.

The yeast GAL4 transcriptional activator has been 
widely used in many heterologous systems to drive tar-
get gene expression. By using various promoters that 
are developmentally regulated, constitutive or condi-
tional, GAL4 expression can be controlled temporally 
and spatially in various tissues and at various stages of 
development. Placing target genes downstream of the 
UAS promoter, which contains GAL4-binding sites, al-
lows for GAL4-dependent gene expression. The utility 
of the GAL4/UAS binary system can also be extended to 
express genes that might be lethal to the organism, since 
the target gene would be silent in the absence of GAL4. 
The flexibility of using different GAL4-expressing lines 
enables the lethal gene product to be expressed briefly 
or at a specific developmental stage when the biological 
process of interest is being studied. Among its other uses, 
this system is an especially valuable tool for studying 
target genes that are required in multiple developmental 
processes or act at several stages in development since 
their roles can be dissected by restricting GAL4-depen-
dent expression to specific cells, tissues, or particular 
stage of development.

In this study, a panel of eight GAL4 drivers were used 
for inducing target gene expression in the eye, nervous 
system, various imaginal disc compartments, and tis-
sue domains, as well as ubiquitously (actin-GAL4). The 
choice of these drivers is based on the fact that expres-
sion of exogenous genes in these patterns generally in-
duces phenotypes that are easily identifiable and quickly 

scorable under a dissecting microscope. This is a key 
factor in a genome-wide screen where many transgenes 
need to be tested. We have observed that the GMR-GAL4 
and pnr-GAL4 drivers tend to induce a much stronger ex-
pression than the other GAL4 lines. Consequently, tissues 
expressing a transgene under GMR-GAL4 and pnr-GAL4 
are more sensitive to phenotypic induction. The vg-GAL4 
and en-GAL4 are the weakest of the eight GAL4 driv-
ers and, therefore, tend to provide fewer positives in our 
screen (Supplementary information, Table S1). We have 
produced and used multiple transgenic lines for each 
transgene in our analysis. Nevertheless, we found that 
two independent transgenic lines for each transgene are 
sufficient for the initial screen.

After the primary screen, human candidate transgenes 
with interesting phenotypes are chosen for further analy-
sis. By using additional GAL4 drivers one can dissect 
the cellular and developmental basis of an overexpres-
sion phenotype, for example, by examining whether cell 
proliferation, cell growth, differentiation, or apoptosis 
are affected. Furthermore, one powerful application of 
an overexpression phenotype is that one can assay for 
dominant modifiers by crossing to known mutations in 
signaling pathways. Such an approach facilitates the 
identification of the potential role of a particular human 
gene in different biological processes and developmental 
pathways.

In our study, we have randomly selected 236 human 
genes to construct transgenic lines in the fly. Transforma-
tion and overexpression are mediated by the P-element-
based vectors, pUAST and pUMA; the latter was de-
signed for efficient cloning of full-length human cDNA 
sequences. When driven by different GAL4 lines, 51 out 
of 236 human genes showed detectable overexpression 
phenotypes. The success of this approach provides the 
feasibility of adapting the GAL4/UAS binary system to a 
large-scale screen for uncovering human gene functions.

Previous studies have shown that 2-7% of the Dro-
sophila genes can be induced to cause developmental 
phenotypes when they are ectopically expressed in a 
given spatial or temporal pattern [12, 35-38]. Consider-
ing that 61% of human genes are conserved in the fly 
[3], we had estimated that 5% of the human genes can be 
expected to show some phenotypical consequences when 
overexpressed in Drosophila. Surprisingly, as our results 
have shown, approximately 21% of the human genes that 
we have tested show detectable phenotypes. This higher 
than expected result may be explained by the fact that, 
rather than using a single driver, we had used a panel of 
different GAL4 lines to induce gene expression, each of 
which varies in transcriptional efficacy. Also, multiple 
transgenes for each cDNA clone is also an important 
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consideration, since their level of expression depends, in 
many cases, on the position of their insertion in the fly 
genome. Alternatively, the higher number of inducible 
phenotype may reflect the biological differences between 
humans and Drosophila. It remains to be determined 
whether all or some of the phenotypes are due to physi-
ologically relevant biochemical functions or that some of 
the human gene products can have neomorphic activities 
in Drosophila tissues.

An interesting case is the phenotypic analysis of the 
human RPL8 transgene. Given its role as a RP, we had 
expected the overexpression of human RPL8 to have a 
positive influence on growth rather than the opposite 
effect of causing reduced cell size. Sequencing the origi-
nal transgene construct revealed that we had actually 
expressed a truncated form of the protein instead, which 
functions as a dominant negative mutant as revealed by 
further genetic analysis. Nevertheless, the human RPL8 
overexpression phenotype still provided insight into its 
in vivo function in the control of cell size and, as a result, 
organ size.

We extended the phenotypic analysis to the Drosophi-
la RPL8 homolog using an RNAi construct to downregu-
late its function. Growth defects were seen in both the 
eye and the wing, suggesting that Drosophila RPL8 may 
be a general regulator of cell size in multiple tissues. 
The lethality caused by the ubiquitous expression of 
Drosophila RPL8RNAi, and apoptosis when expressed in 
the eye, strongly suggests that Drosophila RPL8 is likely 
to be an essential gene. Interestingly, the cell death phe-
notype, but not the defect in cell size, can be rescued by 
the co-expression of the p35 cell death inhibitor. The cell 
death aspect of the phenotype may be a consequence of 
lowered protein synthesis, which, in turn, might result in 
diminished levels of negative regulators of apoptosis. In 
contrast to the loss-of-function phenotypes, overexpres-
sion of wild-type Drosophila RPL8 (Figure 3C and 3C') 
or human RPL8 had no effect on ommatidia size. Since 
ribosomal complexes consist of stoichiometric number 
of RP s and other translation factors, it is likely that an 
increase in any single component might not affect com-
plex formation and function. On the other hand, muta-
tions in RP s, such as those encoded by the Minute genes, 
show dosage-dependent growth phenotypes. A reduction 
in gene dosage by half leads to the classic small fly phe-
notype. These genes, thus, show haploinsufficiency and, 
therefore, are manifested as dominant mutations.

The molecular mechanism of organ size control is not 
fully known. Studies in Drosophila indicate that the re-
lationship between cell size and organ size is complex. If 
one considers the total mass of an organ to reflect its size, 
then, it becomes clear that any changes to cell size would 

affect organ size. Indeed, this is true in some instances; 
however, there are cases where changes in cell size do 
not affect organ size [39, 40]. The result we obtained 
with overexpressing human RPL8DN in the eye suggests 
that organ size is deregulated. GMR-GAL4-driven ex-
pression of human RPL8DN causes a small eye phenotype. 
These eyes, however, contain a normal number of omma-
tidia. Similarly, when human RPL8DN is expressed in the 
wing, the observed cell size reduction contributes ~84% 
to the overall decrease in the size of the wing, while a 
reduction in cell number contributes only ~16% to the 
decrease in wing size. Therefore, the loss of Drosophila 
RPL8 activity affects organ size mostly by deregulating 
cell size.

We have shown that Drosophila RPL8 is a potent 
regulator of cell and organ size. Recent studies have 
shown that alterations of many components in the in-
sulin pathway also affect the same properties [32]. For 
example, inactivation of Tsc1, a negative regulator of the 
insulin pathway, or overexpression of Drosophila InR, 
a positive regulator of the insulin pathway, leads to an 
increase of both cell size and organ size [40, 41]. On the 
other hand, inactivation of positive components of the 
insulin pathway results in an opposite phenotype [40]. 
The Drosophila S6K gene has been previously shown to 
act as a downstream component in the insulin pathway 
in the cell size control [33]. Inactivation of Drosophila 
S6K causes the smaller cell size phenotype akin to the 
effect caused by the loss of Drosophila RPL8 activity. 
The human RPL8DN and Drosophila RPL8RNAi phenotypes 
strongly suggest that RPL8 might play a role in insulin 
signaling. Indeed, we show that phenotypes associated 
with increased insulin signaling can be suppressed by 
human RPL8DN and Drosophila RPL8RNAi. We also show 
that Drosophila RPL8 genetically interacts with Dro-
sophila Myc in regulating growth. Together, our results 
point to the critical role of Drosophila RPL8 in multiple 
cell growth signaling pathway and in the regulation of 
cell and tissue size.

Materials and Methods

Cloning of full-length human cDNAs into P-element trans-
formation vectors

The pUAST vector contains a UAS promoter for gene expres-
sion and flanking P-element terminal repeats for integration into 
the genome. The presence of the mini-white+ marker gene allows 
the selection of transformants with red eyes. pUMA is a modified 
vector for pUAST containing a modified multiple cloning sequence 
with the restriction sites PI-Sce I and I-Ceu I (Supplementary in-
formation, Figure S2). This enables the efficient cloning of full-
length human cDNAs derived from a human kidney cDNA library 
made in the pOTB7 vector.
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Fly strains and P-element transformation
Flies are maintained on a standard corn-agar medium at 25 °C. 

P-element constructs are injected into w1118 embryos as  described 
previously. To screen for germline integration, the enclosed flies 
are backcrossed into w1118 flies, where the presence of red-eyed 
progenies indicates successful transformation. We used yw; Adv/
CyO; Sb/TM6B flies to cross to individual transgenic lines to bal-
ance and map the transgenes. For each human gene construct, 
at least three independent transgenic lines are used to assay for 
overexpression phenotypes. A panel of eight different GAL4 lines 
is chosen since their expression patterns are in tissues that would 
give easily scorable and identifiable phenotypes. These lines in-
clude actin-GAL4, elav-GAL4, en-GAL4, ey-GAL4, GMR-GAL4, 
pnr-GAL4, ptc-GAL4, and vg-GAL4. We also generated additional 
transgenic lines for overexpression of genes that we are inter-
ested in for pursuing further characterization. These include UAS-
p27S10A, UAS-dx16, UAS-Drosophila RPL8, and UAS-Drosophila 
RPL8RNAi. Additional details of the genotypes are described in the 
figure legends.

Microscopy and immunohistochemistry
The line yw, hsFLP; Actin>y+>Gal4, UAS-GFP was used to 

make “FLIP-out” clones in the anterior wing margin [22]. Clones 
were induced in 72-h-old larvae by a single 1-h heat shock at 37 
°C. This procedure induces recombination between the FRT sites 
of Actin>y+>Gal4, which, consequently, removes the y+ cassette 
within the clones, thus allowing gene expression under the control 
of Actin-Gal4. Adult wings were dissected in 75% ethanol, mount-
ed in DPX Mounting Medium (Electron Microscopy Sciences) and 
examined using light microscopy.

Scanning electron microscopy (SEM) was performed as de-
scribed [42]. All SEM images from at least three female adult eyes 
of each genotype were analyzed. The areas of all intact ommatidia 
were measured using the histogram function of the Adobe Photo-
shop software to determine the ommatidia size. The wild-type size 
was set arbitrarily as 1, to which all other values were normalized.

Eye discs of third instar larvae were dissected, fixed, stained, 
and mounted as described [43]. To quantify the number of cells 
undergoing apoptosis, acridine orange staining was performed 
according to Neufeld et al. [44]. The following antibodies and di-
lutions were used: FITC-conjugated goat anti-GFP (1:200; Santa 
Cruz), mouse anti-ELAV (1:500; DSHB), and TRITC-conjugated 
goat anti-mouse (1:1 000; Santa Cruz).
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