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line. We explored paralogue functional equivalence using the GAL4-UAS system for paralogue KEYWORDS
knockdown or overexpression and a conditional eRpL22-like knockout in a heat- shock flippase/ Cell biology; fertilization;
FRT line. Ubiquitous eRpL22 knockdown with Actin-GAL4 resulted in embryonic lethality, confirm- gene regulation; molecular
ing eRplL22 essentiality. eRpL22-like knockdown (60%) was insufficient to cause lethality; yet, genetics; reproduction; RNAi
conditional eRpL22-like knockout at one hour following egg deposition caused lethality within

each developmental stage. Therefore, each paralogue is essential. Variation in timing of heat-

shock-induced eRpL22-like knockout highlighted early embryogenesis as the critical period where

eRpL22-like expression (not compensated for by eRpL22) is required for normal development of

several organ systems, including testis development and subsequent sperm production. To

determine if eRpL22-like can substitute for eRpL22, we used Actin-GAL4 for ubiquitous eRplL22

knockdown and eRpL22-like-FLAG (or FLAG-eRpL22: control) overexpression. Emergence of adults

demonstrated that ubiquitous eRpL22-like-FLAG or FLAG-eRpL22 expression eliminates embryonic

lethality resulting from eRpL22 depletion. Adults rescued by eRpL22-like-FLAG (but not by FLAG-

eRpL22) overexpression had reduced fertility and longevity. We conclude that eRpL22 paralogue

roles are not completely interchangeable and include functionally-diverse roles in development

and spermatogenesis. Testis-specific paralogue knockdown revealed molecular phenotypes,

including increases in eRpL22 protein and mRNA levels following eRpL22-like depletion, implicat-

ing a negative crosstalk mechanism regulating eRpL22 expression. Paralogue depletion unmasked

mechanisms, yet to be defined that impact paralogue co-expression within germ cells.

Introduction have diverged over time and that novel extraribo-
somal protein roles may be uncovered. With emer-
ging interest in the role of the ribosome as
a dynamic macromolecular complex involved in
specifying cell and tissue-specific translation in
developmental processes [2,3] (reviewed by [4]),
assembly of RP paralogues into ribosomes during
biogenesis contributes an additional level of ribo-
some heterogeneity, possibly affecting differential
translation or the scope of regulatory mechanisms
affecting protein expression.

The eukaryotic-specific eRpL22 ribosomal protein
gene family is an excellent model system for explor-
ing functional divergence and extraribosomal roles

In several ribosomal protein (RP) families, dupli-
cated genes exist as a result of whole genome or
gene duplication events in the evolutionary history
of the gene family, giving rise to protein paralo-
gues that may display redundant or specialized
roles in cellular processes. Once thought only to
occupy structural roles within the ribosome, sev-
eral RPs are now known to moonlight in regula-
tory roles in other cellular pathways unrelated to
ribosome biogenesis or ribosome function
(reviewed by [1]). Further, the existence of RP
paralogues in many organisms broadens the pos-
sibility of discovering that paralogue functions
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among RP paralogues (note the adoption of recom-
mended nomenclature for eukaryotic-specific RPs
by [5]). Recent studies of highly conserved paralo-
gues Rpl22 and Rpl22-Like 1 (Rpl22I1) in zebrafish
and mice models demonstrated functionally distinct
and antagonistic regulatory roles for these paralo-
gues as modulators of alternative splicing patterns
for smad mRNA during development of hemato-
poietic cells [6]. Importantly, regulatory roles for
these paralogues are dependent on nuclear localiza-
tion apart from a canonical role in translation within
the cytoplasmic compartment. Several studies show
that Rpl22 paralogue expression is autoregulated
through paralogue binding to pre-mRNA to inhibit
splicing (in yeast [7]) or through unknown mechan-
isms (in zebrafish and mice [8]). In zebrafish and
mice, Rpl22l1 levels are negatively regulated by
Rpl22. In yeast, additional extraribosomal Rpl22
paralogue functions show that Rpl22A and Rpl22B
are required for selective translation of IMEI mRNA
that governs the switch from mitosis to meiosis and
the transition to gametogenesis [9].

We have focused on the Drosophila melanogaster
eRpL22 gene family because of paralogue expression
differences and striking divergence in paralogue
primary structure compared to highly homologous
orthologues found in other systems (see www.ncbi.
nlm.nih.gov/homologene/37378 for genes identified
as putative eRpL22 orthologues). In Drosophila mel-
anogaster, eRpL22 and eRpL22-like are differentially
expressed throughout development. eRpL22 is ubi-
quitously expressed [10-13]. Cell- or tissue-specific
expression of eRpL22-like has been confirmed by
in situ hybridization in pole cells, embryonic
gonads, and the stomatogastric nervous system of
developing embryos [10,11], by Western blot ana-
lysis predominately in the adult male germline and
in the eye of both males and females [13], and by
mass spectrometry in adult heads [14].

In Drosophila, eRpL22 is an essential gene,
shown in vivo [15] and in S2 tissue culture cells
[16]. Whether or not eRpL22-like is also essential
throughout fly development is unclear although it
is significant that P-element insertion upstream of
the eRpL22-like transcription start site is homozy-
gous lethal, perhaps reflecting disruption of
eRpL22-like regulatory elements or other cis-
elements not as yet annotated (Flybase.org:
FB2017_03).

Drosophila eRpL22 and eRpL22-like are highly
conserved in the C-terminal rRNA binding domain
(as are other eukaryotic eRpl22 orthologues), but are
highly divergent in the unique N-terminal domain
extension, resulting in an exceptionally low degree of
amino acid conservation overall (only 38% [17])
compared to a high degree of amino acid identity
(64-100%) for most Drosophila RP paralogues [17].
The unique N-terminal domain of both fly eRpL22
and eRpL22-like has homology to the C-terminal
portion of histone H1 [13,18]. Whether or not this
domain contributes to a non-ribosomal role for
Drosophila eRpL22 in chromatin binding and sup-
pression of global gene expression [19] is unknown
and awaits exploration.

Recently we determined that fly eRpL22 under-
goes post-translation modification (PTM) by
SUMOylation in a variety of cell types, with addi-
tional unique phosphorylation and SUMOylation
modifications occurring in the male germline dur-
ing spermatogenesis [20]. While testis eRpL22-like
is primarily cytoplasmic in all germ cell stages
[13,20], the subcellular distribution of eRpL22
changes during the course of sperm maturation.
In mitotic stages, eRpL22 is found within nucleoli
and the cytoplasm, consistent with a ribosomal
function for eRpL22 in spermatogonia during the
transit amplification stage of spermatogenesis. In
meiotic spermatocytes, however, eRpL22 is found
in the nucleoplasm of germ cells, suggesting
a transition from a ribosomal role for eRpL22 to
a nuclear role. Notably, SUMOylated eRpL22 is
not a component of translationally active ribo-
somes in S2 cells, suggesting that SUMOylation
may regulate eRpL22 incorporation into the ribo-
some [20]. We have proposed that eRpL22 and
eRpL22-like have overlapping ribosomal-type
functions, particularly in mitotic stages of sperma-
togenesis, but a unique set of nuclear, non-
ribosomal functions may be defined for
SUMOylated eRpL22, where it is highly enriched
in the nucleoplasm of meiotic spermatocytes.

Here, we investigate the extent of redundancy
or divergence in eRpL22 paralogue function in the
testis or in development using the GAL4-UAS
system for RNAi-mediated depletion or overex-
pression of eRpL22 or eRpL22-like and
a conditional knockout of eRpL22-like in a heat
shock flippase/FRT line. Ubiquitous knockdown of
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eRpL22 using an Actin-GAL4 driver and condi-
tional heat shock-induced knockout of eRpL22-
like within an hour of egg laying generate lethal
phenotypes, demonstrating that both paralogues
are essential for development. eRpL22-like knock-
out during embryogenesis (within several hours of
egg laying) disrupted development of several organ
systems, including testis development, thereby
revealing a critical time in embryogenesis where
eRpL22-like function is essential. Conditional
eRpL22-like knockout experiments, in addition to
rescue experiments (where eRpL22-like is overex-
pressed when eRpL22 is depleted), reveal overlap-
ping paralogue functions in development and
spermatogenesis, but also uncover a unique set of
functions for eRpL22 paralogues as well. While
testis-specific paralogue knockdown by RNAi
revealed no remarkable development or fertility
phenotypes, we show that at the molecular level,
eRpL22 mRNA and protein levels increase result-
ing from eRpL22-like depletion. A negative cross-
talk mechanism is proposed that affects eRpL22
expression in germ cells.

Materials and methods
Plasmid construction and injection

We thank the TRiP at Harvard Medical School
(https://fgr.hms.harvard.edu/fly-in-vivo-rnai)  for
providing transgenic RNAi fly stocks and/or plas-
mid vectors used in this study. For RNAi, we
utilized the pVALIUMIO strategy developed by
TRiP. Codons 1-100 were used to target eRpL22
(FBid: FBgn0015288) and eRpL22-like (FBid:
FBgn0034837) mRNAs separately because of
lower amino acid similarity at the N-terminus.
Off target hits were ruled out of the selected tar-
geted region by analysis with the SnapDragon
dsRNA design tool provided by the TRiP.
Construction followed a two-stage gateway cloning
procedure provided by the TRiP. Briefly, the tar-
geted regions were subcloned from c¢DNA [13]
into the directional entry vector pENTR/
D-TOPO (Invitrogen). Sequences of selected
clones were confirmed by Sanger sequencing and
cloned into the designation vector pVALIUMI0
(TRiP) using LR clonase (Invitrogen). Clones
were selected and sequenced to confirm proper
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orientation and sequence. pENTR/D-TOPO and
pVALIUMI0 were propagated in TOP10 E. coli
cells (Invitrogen) and ccdB Survival TIR E. coli
cells (Invitrogen), respectively. TOP10 E. coli cells
were used for all cloning steps.

Plasmid DNA was purified using the QIAGEN
plasmid maxiprep kit and resuspended in sterile
dH,0 for phiC3-integrase-mediated site-specific
transgenesis. Plasmid DNA was injected into y, v,
nanos-integrase; attP2 embryos for integration into
chromosome 3L. Transgenics were selected, back-
crossed, and balanced to homozygosity with y v;
Sb/TM3, Ser. Injection and balancing was per-
formed by Genetic Services.

To determine if endogenous levels of the
eRpL22 paralogues are sensitive to the expression
levels of their paralogues, we generated overex-
pression lines for FLAG-eRpL22 and eRpL22-like-
FLAG. For each paralogue, previously cloned
cDNAs [13,20] were used as templates for addition
of a FLAG tag by PCR with High Fidelity Platinum
Taq Master Mix (Invitrogen) (see Table S3 for
primers). Amplicons were cloned into pENTR/
D-TOPO (Invitrogen), verified by Sanger sequen-
cing, subsequently gateway-cloned into destination
vector pVALIUM10-roe (provided by the
Drosophila RNAi Screening Center) with LR clo-
nase (Invitrogen), and verified by Sanger sequen-
cing. Injection into y, v, nanos-integrase; attp2
embryos for site-directed insertion on chromo-
some 3 at the attP2 locus and balancing to homo-
zygosity was performed by Genetic Services.

To determine if eRpL22-like is essential during
development, the eRpL22-like coding sequence was
excised upon heat shock-induced flippase expres-
sion. A conditional knockout allele was engineered
(by Genetivision, Inc.) to contain a single allele of
dsRED (controlled by a truncated tubulin promoter
[21]) downstream of the eRpL22-like 3'UTR. The
entire insert is flanked by parallel FRT sites on either
side of the cassette.

Fly stocks

All stocks were kept at room temperature on stan-
dard cornmeal media. The Actin-GAL4 driver (y
[1] w[*]; P{Act5C-GAL4-w}E1/CyO), nos-GAL4
driver (P{w[+mC] = UAS-Dcr-2.D}1, w[1118]; P
{w[+mC] = GAL4-nos.NGT}40), UAS-VAL10-GFP
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stock (y[1] v[I]; P{y[+t7.7] v[+t1.8] = UAS-GFP.
VALIUMI0}attP2), 7198 (w[*]; Kr[If-1]/CyO; D
[1]/TM3, Ser[1]), and 4558 (FM7a, 1(1)TW24[1]/
oc[1] ptg[3] 1(1)TW1[cs]; CyO/1(2)DTS91[1]), and
HS-FLP (w[1118]; MKRS, P{ry[+t7.2] = hsFLP}
86E/TM6B) were obtained from the Bloomington
Stock Center. The bam-GAL4-VP16, UAS-Dicer2
(y, w; bam-GAL4, UAS-Dicer2) driver was a kind
gift from Marina Wolfner (Cornell), but was ori-
ginally developed by Dennis McKearin [22]. The
eRpI22.1R line (y[1], v[1]; pVALIUM10{UAS-eRpL
22.IR} attP2/TM3, Ser; Chromosomes:1;3) was
kept over the TM3, Ser balancer due to it being
male sterile when homozygous. The eRpL22-like.IR
line (y[1], v[1]; pVALIUMI10{UAS-eRpL22-like.IR}
attP2; Chromosomes:1;3), eRpL22-like overexpres-
sion line (y,v; P{pVALIUMI10-roe-eRpL22-like-
FLAG} attP2; Chromosomes:1;3), and eRpL22
overexpression line (y,v; p{pVALIUMI10-roe-
FLAG-eRpL22}; Chromosomes:1;3) could each be
propagated as a homozygous line without any
noticeable effect on development or fertility. The
eRpL22-like-FRT-conditional ~ knockout allele
(CKA) (w[*]; eRpL22-like FRT Atub-DsRed -
Atubulin - eRpL22-like — FRT; chromosome 1;2)
was constructed by Genetivision, Inc., as described
above.

Crosses

All RNAi crosses were set up at 27-29°C to
achieve maximum GAL4 activity without inducing
heat stress. In all cases unless noted (see sperm
motility and fertility assays), two 1-5 day males
harboring the desired GAL4 driver were mated
with four 1-5 day old virgin females harboring
the desired UAS element. F1 males (1-3 day old)
were used for Western analysis and phase contrast
microscopy. Western analysis, including antibody
specifications, was completed as previously
reported [20]. For phase contrast microscopy,
testes were dissected in 1X PBS and gently
squashed with a cover slip and imaged with
a Nikon Eclipse TE200U.

eRpL22-like knockout (KO) crosses were set up
at 25°C. The eRpL22-like KO flies were created
through multiple crosses. First, the HS-FLP or
CKA flies were independently mated to 7198 bal-
ancer flies, and curly and serrated wing progeny

were selected. Second, HS-FLP/7198 progeny were
mated with CKA/7198 progeny and resulting F1
progeny were genotyped for Flippase and DsRed
(primers in Table S3). F1 progeny that contained
both Flippase and DsRed (marker for CKA) were
mated and raised to homozygosity. eRpL22-like
flippase-mediated KO was initiated by heat-
shocking the embryos at 38°C for 60 min.
Excision of eRpL22-like was confirmed by PCR.

Rescue crosses were set up at 25°C. In the pri-
mary eRpL22-like-FLAG rescue cross, four 1-5 day
old virgin females harboring Actin-GAL4 were
mated to two 1-5 day old males harboring the
triple balancer (Bloomington stock no. 7198 -
referred to as 7198’ in this paper). Four 1-5 day
old females harboring the eRpL22-like-FLAG over-
expression UAS were mated to two 1-5 day old
males harboring the triple balancer 7198. Progeny
from the previous two crosses were then mated in
reciprocal. This yielded progeny harboring the
eRpL22-like-FLAG overexpression UAS and Actin-
GAL4; progeny were genotyped for Actin. Four
1-5 day old females containing the eRpL22-like-
FLAG overexpression UAS and Actin-GAL4
(determined through genotyping) were mated to
two 1-5 day old males harboring eRpL22.IR.
Progeny of various ages were collected and used
for Western blotting, immunohistochemistry,
phase contrast imaging, and fertility assays. In
the second rescue cross, four 1-5 day old eRpL22-
like-FLAG overexpression UAS virgin females
were mated with two 1-5 day old Actin-GAL4
males. Virgin female progeny from this cross
expressing the eRpL22-like-FLAG overexpression
UAS and Actin-GAL4 were collected. Four
1-5 day old virgin females expressing Act>eRpL22-
like-FLAG overexpression were mated with two
1-5 day old 4558 males. Progeny from this cross
were genotyped to ensure the presence of Actin-
GAL4 and eRpL22-like-FLAG overexpression
alleles. Four 1-5 day old virgin females harboring
Actin-GAL4 and eRpL22-like-FLAG overexpres-
sion elements were mated with two 1-5 day old
eRpL22.IR (see Figure S3 for overview of scheme
for rescue crosses). Various ages of progeny were
collected for Western blots, phase contrast ima-
ging, and fertility assays.

FLAG-eRpL22 rescue crosses were set up using
the same scheme as for eRpL22-like-FLAG rescue



crosses except that the FLAG-eRpL22 overexpres-
sion line was used in place of the eRpL22-like-
FLAG overexpression line.

Fertility and longevity assay

Fertility crosses were set up at 25°C for all rescue
crosses and 29°C for eRpL22.IR and eRpL22-like.
IR crosses. To assess fecundity of each male,
a single, 1-5 day old virgin male was mated
with a single, age matched virgin wild type female
until larva were present, then parents were
removed. Larval, pupae and adult stages were
monitored for developmental acceleration or
delays. Adult progeny were counted each day
for five consecutive days.

Longevity was assessed observing multiple iso-
lated males (20 per genotype) for thirty days. Flies
were transferred to fresh media every four days.

gRT-PCR

RNA isolation, cDNA preparation and qRT-PCR
specifications were completed as previously
described [13]. Expression levels were normalized
to Act5C (ACT). Fold change was determined by
first calculating AACT = ACT (Experimental) -
ACT (Control), and then calculating fold change
as 27T Primers used can be found in Table S3.

Antibodies

Rabbit polyclonal anti-Drosophila eRpl22 and
mouse polyclonal anti-Drosophila eRpl22-like
were previously developed by Kearse et al. [13]
and were used at 1:1000 for Western analysis
and 1:100 for immunohistochemistry (IHC).
Anti-B-tubulin, and anti-FLAG were used, as
previously described in Kearse et al. [20]. Anti-
eRpL23a (Abgent #AP1939b) was used at 1:1000
for Western analysis. HRP-conjugated goat anti-
mouse IgG and goat anti-rabbit IgG secondary
were obtained from Promega (#W4021 and
#Q4011, respectively) and used at 1:50,000 for
Western analysis. Goat anti-mouse/Alexa Fluor
488 and goat anti-rabbit/Alexa Fluor 568 were

obtained from Invitrogen (#A11029 and
#A11036, respectively) and wused at 1:200
for THC.
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Fly tissue preparation

Adult Drosophila testes and bodies were dissected
in 1x PBS and immediately frozen on dry ice.
Approximately seven pairs of testes were homoge-
nized in reducing (PME) sample buffer.
Approximately seven bodies were lysed in 30uL
of RIPA buffer supplemented with 1mM PMSF
for 10 minutes on ice. Lysates were centrifuged at
24,000 x g to clear cell debris, nuclei, and mito-
chondria. The resulting soluble supernatant was
then quantified using the Bio-Rad DC Protein
Assay Kit with BSA standards (#500-0112). The
resulting insoluble pellet was homogenized in
50uL of reducing (PME) sample buffer. Soluble
lysates (20pg) were mixed with reducing (PME)
sample buffer.

Western analysis

Proteins were separated by SDS-PAGE and elec-
troblotted onto Westran-S PVDF membrane
(Whatman #10413096) for 1 hour in chilled trans-
fer buffer. Following blocking with 5% nonfat dry
milk (NFDM) for 1 hour, primary antibodies were
incubated overnight in 3% NFDM at 4°C. HRP-
conjugated secondary antibodies were incubated
for 2 hours at 4°C in 3% NFDM.
Chemiluminescence detection was performed
with ECL2 (Thermo Scientific) and Kodak Bio-
Max film.

Densitometry was performed on scanned
Western blot images using Image] software [23].
Bands of interest were boxed and the area under
the curve was calculated using the gel analysis tool.
Experimental areas were normalized by making
a ratio of the experimental band to the control
band. Fold change was calculated by comparing
the experimental ratio to the control ratio.

Genotype analysis

Genotype analysis was performed as previously
reported [24]. A wing pair from an anesthetized
adult Drosophila was placed in a 1.5mL microcen-
trifuge tube with 10puL of 400ug/mL protease K in
buffer A (10mM Tris-Cl pH 8.2, ImM EDTA,
25mM NaCl). The tube was incubated at 37°C
for 1 hour, then incubated at 95°C to heat
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inactivate protease K. PCR amplification of genes
of interest was performed using the following PCR
conditions:  Platinum blue PCR supermix
(Invitrogen), 3uL Drosophila wing DNA, 10uM
forward and reverse primers listed in Table S3.
Thermocycler conditions were: 1 cycle of initial
denaturation (95°C for 5 min); 35 cycles of dena-
turation (95°C for 1 min), annealing (primer and
product dependent), extension (72°C for 1min);
and 1 cycle of final extension (72°C for 10 min).
PCR products were analyzed on agarose gels.

For confirmation of eRpL22-like knockout, tis-
sues were dissected in 1x PBS and frozen immedi-
ately on dry ice. After thawing on ice, tissues were
homogenized in buffer (0.2M sucrose, 0.1M Tris
HCI pH 9.2, 50 mM EDTA, 0.5% SDS), vortexed
briefly, heated at 65°C for 10 minutes, and DNA
isolated by phenol/chlorform extraction and etha-
nol precipitation. DNAs were resuspended in sterile
nuclease-free water and subsequently used for PCR
analysis as above. Thermocycler conditions were: 1
cycle of initial denaturation (94°C for 2 min); 35
cycles of denaturation (94°C for 30 sec), annealing
(52°C for 30 sec), extension (72°C for 5 min); and 1
cycle of final extension (72°C for 10 min).

Stereoscope imaging

Images of age-matched larvae (5 days after egg
deposition) were obtained using a Nikon D5-F12
camera mounted on a Nikon SMZ1500 stereo
microscope.

Immunohistochemistry

Testis squashes and IHC were performed as pre-
viously described [13]. For Malpighian tubule IHC,
age-matched tissue was dissected in cold 1x PBS,
fixed for 15 minutes in 3.7% formaldehyde (in 1x
PBS), washed three times in 1x PBS, and incubated
in 1x PBS for 30 minutes. Tissue was permeabilized
with 1x PBS containing 0.1% Triton-X100 (PBX) for
30 minutes, blocked for 20 minutes in PBX contain-
ing 5% normal goat serum, and incubated overnight
with primary antibody in blocking solution at 4°C.
Tissue was washed three times with PBX, incubated
in PBX for 4 hours at room temperature, and then
incubated with Alexafluor-conjugated secondary
antibodies overnight at 4°C. Samples were washed

three times and incubated in PBX for 4 hours. Tissue
was then incubated with 4', 6-diamidino-2-pheny-
lindole ([DAPI]; 0.4pg/ml; Life Technologies) for
20 minutes at room temperature. After three washes
in PBX, tissue was mounted in Slow Fade Diamond
Antifade Mountant (Life Technologies). Malpighian
tubule images were acquired using a Zeiss LSM 880
confocal microscope.

Phase contrast imaging

Males of various ages were maintained separately
from females for three days before dissected testes
were subjected to gentle squashes and phase contrast
microscopy to score the presence of motile sperm.

Image analysis

Measurements of the width of apical tips, mid-
points of testes, width of Malpighian tubules and
length of larva were taken using the Image] line
tool [23]. A ratio of apical tip: midpoint testes
widths was calculated by dividing the Image]
value for the apical tip by the Image] value for
the midpoint of the testis. The apical tip: midpoint
ratio was averaged for ten individuals for each
genotype. The fold change was calculated by divid-
ing the average ratio for rescued males by the
average ratio of WT males. Malpighian tubules
widths were measured at various points through
the length of each tubule to account for width
differences within one tubule. eRpL22-like fluores-
cence differences were measured using the Image]
freehand tool and were divided by the total num-
ber of nuclei within the measured area.

Results

eRpL22 gene expression is essential for
development

Using the UAS-GALA4 binary system, we tested the
requirement of eRpL22 and eRpL22-like separately
in Drosophila development by expressing inverted
repeats (IR) forming shRNA to drive RNAI.
Nucleotide similarity between eRpL22 paralogous
genes is lowest at the 5" end of the coding sequence
[13], allowing for separate targeting by RNAI.
Hereafter, the eRpL22 RNAi line is referred to
eRpL22.IR and the eRpL22-like RNAi line is



referred as eRpL22-like.IR. As the most appropri-
ate genetic control available, we obtained a GFP
expressing line that harbors the identical expres-
sion construct backbone as our developed RNAi
lines, all of which have been integrated at the attP2
locus on chromosome 3. To test whether each
eRpL22 paralogue is essential for development,
we compared the F1 ratios between the genetic
control, eRpL22.IR, and eRpL22-likeIR when
crossed with the Actin-GAL4 driver for ubiquitous
knockdown. F1 progeny carrying both UAS-GAL4
elements (unbalanced) are distinguished from
other F1 progeny by the absence of dominant
wing markers (CyO and TM3, Ser). We hypothe-
sized that ubiquitous knockdown of eRpL22 is
lethal, as it has been reported by P-element gene
disruption [15] and by RNAIi in S2 cells [16] that
eRpL22 is an essential gene. Our data show that
ubiquitous knockdown of eRpL22 in Drosophila is
lethal, as F1 males or females harboring both the
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eRpL22.IR and GAL4 elements (unbalanced F1)
were not found (Figure 1(a)), confirming that
eRpL22 is an essential gene in males and females.
We suspect that eRpL22 depletion is embryonic
lethal, as an accumulation of non-developing lar-
vae or pupae was not evident.

eRpL22-like is essential early in embryogenesis
for development of several organ systems

Whether or not eRpL22-like is also essential has
not been thoroughly investigated. FlyBase
(FB2017_3) reports that a P-element insertion
156 nucleotides upstream of the eRpL22-like tran-
scription start site is homozygous lethal, suggest-
ing that eRpL22-like is essential. We tested this by
ubiquitous knockdown of eRpL22-like using the
Actin-GAL4 driver. Act>eRpL22-like.IR adult F1
ratios are comparable to the genetic control
(Figure 1(a’)). The CyO balancer and a genotype
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harboring both elements necessary for knockdown
(UAS.IR and GAL4; seen as unbalanced) segre-
gated equally between males and females (Figure
1(a’)) in the expected developmental time frame.
To confirm knockdown, we analyzed eRpL22-like
protein levels in control and Act>eRpL22-like.IR
testis tissue. Western analysis shows a significant
reduction (~60% KD) in eRpL22-like protein
levels in F1 Act>eRpL22-like.IR testes compared
to the control (Figure 1(b)). Therefore, we con-
clude that 60% knockdown of eRpL22-like in tis-
sues where expressed (e.g., pole cells, developing
gonads, stomatogastric nervous system of develop-
ing embryos - [10]) is insufficient to disrupt
embryonic developmental progression to the
adult stage in males and females. The absence of
viable progeny precludes the ability to quantify the
degree of eRpL22 knockdown with the Actin dri-
ver; however, an assumption of comparable
knockdown of eRpL22 (at a level of 60%, as
demonstrated for eRpL22-like) results in embryo-
nic lethality.

To rule out the possibility that residual eRpL22-
like function (remaining after 60% knockdown)
was adequate to support developmental progres-
sion, we used an alternative strategy to determine
if eRpL22-like is essential for development.
A conditional knockout (CKO) of eRpL22-like
was performed. eRpL22-like was flanked by FRT
sites in the genome at the endogenous locus,
where upon heat shock treatment, a heat shock-
flippase (HS_FLP) allele would be activated to
excise eRpL22-like from the genome (Figure 2
(a)). Heat shock was performed 1 hour after egg
laying to induce eRpL22-like excision at the begin-
ning of embryonic development. Numerous devel-
opmental defects were evident when eRpL22-like
was deleted at this time point. The most notable
phenotype was that only two embryos reached
adulthood (2/22); one succumbed within
24 hours after eclosure, while the other had only
noticeable eye bristle defects (Table S1). Heat
shock treatment of wildtype embryos at 1 hour
likewise had a detrimental effect on embryo survi-
vability, with only 16/51 embryos surviving to the
adult stage, but no developmental anomalies were
observed in surviving animals. Low rates of survi-
val into the adult stage following embryonic heat
shock have been reported previously by Bergh and

Arking [25], but increase significantly as heat
shock is applied at later stages of embryonic devel-
opment. We also note a significant increase in
survivability when heat shock is applied at later
times after egg laying (data not shown).

To confirm eRpL22-like knockout and to identify
what tissues were affected when heat shock was
applied at 1 hour post-egg laying, we dissected
three of the four individuals (except the adult female
with eye bristle defects) that developed beyond the
1* instar larval stage (1 larva, 1 midpupa, and 1 adult;
Table S1). PCR analysis confirmed eRpL22-like
knockout in the midpupa and adult since the pre-
dicted PCR product of 1221bp was observed (Figure
2(b)). In each individual, the presence of PCR pro-
ducts representing the full length eRpL22-like FRT
cassette (4396bp) and the deleted version (1221bp) is
likely due to mosaicism resulting from variable heat
shock effects applied throughout the entire organism
to generate gene excision in some cells, but not in
others (Figure 2(b)).

Larval phenotypes included defects in tracheal
branching and growth (Figure 2(c)) and compara-
tively smaller and less developed Malpighian
tubules (Figure 2(d,e)) with less eRpL22-like
expression compared to wildtype (Figure 2(f)).
Malpighian tubule diameter is significantly
reduced at 10 um compared to controls (~30
um). The reduction in eRpL22-like staining with-
out heat shock in the Malpighian tubules may be
due to changes in eRpL22-like expression resulting
from insertion of the FRT cassette within the
eRpL22-like locus. Age-matched wildtype or CKO-
FLP larvae were >3X longer than the heat-shocked
CKO-FLP larva (Figure 2(c), Table S2), suggesting
considerable growth retardation in the absence of
eRpL22-like function.

In each case where heat shocked embryos
developed beyond embryonic stages, progeny
displayed behavioral abnormalities. Larval move-
ments were sluggish, suggesting muscle move-
ment phenotypes. In fact, eRpL22-like and actin
staining of wildtype 1% instar larval muscle tissue
shows the presence of eRpL22-like, suggesting
that eRpL22-like expression may be required for
normal muscle development (Figure S1). It is
also noteworthy that eRpL22-like and actin stain-
ing do not completely overlap in this tissue,
suggesting that actin expression at this stage



FLY (&) 151

a.
F_ Flank
wia voe - | T X CKO; Hs FLP1/+
: R_ Flank C
L 2111 bp A B 1 2
[ 1
F_ FIank:
co N e T e o N - e -
S R_Flank -
| 4396 bp {
F_Flank :
ccows r1e RN
: R_ Flank
| 1221 bp |
f 1
Wild type CKO FLP Trachea
C.
~
%}
o
oL
%)
—
©
[
= =
1
~
[s}
o
<
7]
)
©
g ,
ri
+
_.50
E
=2
1540
5
2
(V] = *
o T
g [l
2
I s o
v Wild type Wild type HS CKO FLP CKO HS FLP
f_ Genotype
8
L=
=8
X &6
o) 38
M = c% Q4
(%] T @
- 58
© 882
[ == ll
= 0 - - ——
+ Wild type Wild type HS CKO FLP  CKO HS FLP

Genotype

Figure 2. Conditional, heat shock-induced knockout of eRpL22-like. a) Diagram of the eRpL22-like locus (top) and diagram of the FRT
flanked eRpL22-like locus before (middle) and after heat shock induced FLP expression (bottom). b) PCR confirmation of eRplL22-like
knockout showing an expected shift in PCR products corresponding to FLP-FRT mediated excision of genomic sequence. c)
Dissecting scope images show gross morphological consequences of eRpL22-like knockout on larval development. Differences in
overall larval growth are apparent. White arrows how differences in trachea development with and without heat shock. Scale bar:
400 pm, red box scale bar: 100 um. d) IHC analysis of Malpighian tubules (white arrow) at day 5 post embryo deposition. Tissue is
stained against eRpL22-like (Green) and DAPI (Blue) is used as a nuclear stain. Scale bar: 20 um. Heat shock treatment shows no
effect on eRpL22-like expression and localization. CKOFLP tissue does not recapitulate wild type eRpL22-like staining, indicating
potential differences in eRpL22-like expression between wild type and CKOFLP. Heat shock treatment results in dramatic defects in
Malpighian tubule development. e) Diameter of Malpighian tubes was quantified using ImageJ. Malpighian tubules are significantly
smaller. Error bars represent one standard deviation, *p < 0.01 according to t-test. f) Overall fluorescence was measured and
normalized to the number of cells within the area measured to control for growth differences. The number of cells was determined
by counting nuclei of each tube.



152 (&) C. M. MAGEENEY ET AL.

may not be ‘ubiquitous’ in all tissues (Figure S1).
A more complete larval eRpL22-like expression
profile is currently in progress (Gershman,
Pritchard, and Ware, unpublished). Incomplete
overlap of actin and eRpL22-like expression in
critical tissues may account for insufficient
Actin-GAL4 driven RNAi-mediated knockdown,
resulting in enough residual eRpL22-like to sup-
port development into the adult stage.

Based on previous work of Shigenobu et al. [10]
showing eRpL22-like mRNA expression in gonads
and the stomatogastric nervous system of develop-
ing embryos by in situ hybridization, we reasoned
that tissues of the enteric system (innervated by
the stomatogastric nervous system) might be
impacted by deletion of eRpL22-like. In the heat
shocked embryo that survived to the midpupal
stage, gut defects were indeed apparent. A well-
developed gut was completely absent, with only
immature tubes attached to the body wall. Based
on the presence of sex combs, this animal was
determined to be male, but external genitalia
were severely deformed (data not shown).

Internal dissection of the adult that succumbed
shortly after eclosure revealed no clearly distin-
guishable tissues or organs. Tissue death was par-
ticularly apparent in bristles, midgut, and the eye.
Taken together, we conclude that expression of
eRpL22-like in embryonic and larval tissues is
necessary for complete animal development.
Whether or not eRpL22-like has a special role in
tubular organogenesis (e.g., trachea, gut, testis,
Malpighian tubules) remains to be determined.

Variation in the timing of heat shock following
egg deposition allowed us to probe eRpL22-like
knockout effects at different times in development.
When heat shock was applied at 24-36 hours after
egg deposition, only 5/20 (25%) embryos devel-
oped to adulthood whereas 62/97 (~64%) wildtype
embryos developed to adulthood. Improvement in
survivability with heat shock at later stages of
development is consistent with increases in survi-
val rates for wildtype flies after heat shock, pre-
viously disclosed by Bergh and Arking [25]. F1
progeny from this heat shock experiment were
then allowed to mate to determine if reproductive
potential was affected. The female deposited 125
eggs over the course of approximately 21 days, but
none of them developed, suggesting that fertility

was compromised in the male or female or in
both. When the CKO female was mated with two
wildtype males, 11 embryos were deposited, even-
tually yielding five F1 progeny. These data indicate
that eggs produced by the 24-36 hour heat shock
CKO female could be fertilized and suggest that
the original male (from a heat-shocked at 24--
36 hours after egg deposition experiment) was
sterile. We note that while the CKO female was
fertile, there were noticeable anomalies in ovaries,
including nurse cell death and follicle cell polarity
defects within some egg chambers (data not
shown). Expression of eRpL22-like has been docu-
mented within germline stem cells in adult ovaries
[26], but the impact of eRpL22-like depletion
within the ovary remains to be investigated.

Subsequent dissection of the reproductive sys-
tem from the sterile CKO male revealed several
abnormalities compared to wildtype or CKO par-
ental lines (Figure 3(a)). The most obvious defect
was incomplete testis development. Testis tube
elongation and coiling were noticeably absent in
the heat-shocked CKO case. Fully formed seminal
vesicles were not apparent. Accessory gland mor-
phology appeared similar to wildtype. PCR con-
firmed eRpL22-like knockout in the reproductive
system from this male (Figure 3(b)). The repro-
ductive systems of three other heat-shocked CKO
males (confirmed by PCR and from a separate heat
shock experiment in the 24-36 hour window)
appeared relatively normal in organization and
morphology, with elongated and coiled testes and
motile sperm present (data not shown). We pos-
tulate that differences in timing of heat shock
application within the 24-36 hour window of egg
laying most likely account for variation in repro-
ductive system development, as seen for CKO
males in this experiment.

When heat shock was applied at 48-60 hours
after egg deposition, testis development was not
noticeably altered and appeared similar to that of
CKO flies (compare Figure 3(a)). Testis tube elon-
gation was apparent and other reproductive organs
were more clearly developed than when heat shock
was applied earlier in development. F1 males and
females derived from the 48-60 hour heat shock
time point were fertile, confirmed by the appear-
ance of at least 30 F2 progeny. These experiments
establish that eRpL22-like expression early in
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testis tissue compared to untreated control tissue.

embryogenesis is essential for proper development
of critical organ systems required for viability and
for testis development and subsequent germ cell
production.

eRpL22-like levels remaining after incomplete
knockdown in mitotic cysts are sufficient for
normal germline development and fertility

To test the requirements for each paralogue in
germline development and fertility in adults, we
used the mitotic cyst germline-specific bam-GAL4-
VP16 driver [22] for germline-specific RNAi
knockdown. Bam is an important differentiation
factor required during the transition of mitotic
spermatogonia to the spermatocyte stage; yet its
downregulation in spermatocytes is necessary for
differentiation of mature spermatids [27]. Thus,
based on the pattern of bam expression during
spermatogenesis, we would expect most efficient
depletion of eRpL22 paralogues in the window up
to the spermatocyte stage.

Knockdown of eRpL22-like with bam-GAL4-VP16
shows significant reduction (~80% KD) in eRpL22-
like protein levels compared to control by Western
analysis, confirming knockdown (Figure 1(c)).

Incomplete eRpL22-like knockdown with the bam-
GAL4 driver (active in mitotic germ cells: late sper-
matogonia and early spermatocytes; reviewed by [28])
may be a consequence of post-mitotic transcription of
eRpL22-like after RNAi expression or the existence of
stable eRpL22-like transcripts that await translation in
later stages of spermatogenesis, as is the case for many
testis-specific transcripts (e.g., see review by [28]).
Phase microscopy revealed no obvious phenotypes
and motile sperm were evident and capable of fertili-
zation (Figure S2 and Figure 4). No significant levels
of knockdown were observed for bam>eRpL22.IR.

Overexpression of eRpL22-like-FLAG in
eRpL22-depleted flies rescues embryonic
viability but results in both reduced fertility
and life span

Despite insufficient buildup of morphological phe-
notypes that would arrest or impede spermatogen-
esis progression in germline paralogue knockdown
experiments, ubiquitous knockdown of eRpL22
(with an Actin-GAL4 driver) results in embryonic
lethality. We therefore asked if eRpL22-like-FLAG
overexpression could rescue viability in flies
depleted in eRpL22 (cross shown in Figure S3).
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Figure 4. Assessment of fertility in paralogue knockdown and rescue genotypes determined by number of eclosed progeny. F1 male
fertility was assessed by number of eclosed progeny per male when mated with a single wildtype female. Compared to all other
genotypes, eRpL22-like-FLAG rescue males have a significant decrease in number of progeny per male. eRpL22-like paralogue
knockdown was performed with bam-GAL4-VP16. eRpL22-like-FLAG overexpression was driven by Actin-GAL4. The eRpL22-like OE and
eRpL22 OE rescues were driven with Actin-GAL4. FLAG (FL), knockdown (KD), overexpression (OE), and rescue are listed below
genotypes. Error bars represents one standard deviation, * represents a p < 0.01 according to t-test, graph represents the mean of 10
males. The genotypes of males from each fertility cross are listed from left to right: Wildtype, bam>eRpL22-like.IR, Act>eRpL22-like-

FLAG, Act>eRpL22-like-FLAG/eRpL22.IR, Act>FLAG-eRpL22/eRpL22.IR.

eRpL22-like overexpression was confirmed by
Western blot (Figure 5(a)), showing accumulation
of eRpL22-like in adult bodies where it is not
normally expressed. Knockdown of eRpL22 (15%
for unmodified 33kD and 65% for > 55a) is also
observed in bodies (Figure 5(a)). Overexpression
of eRpL22-like-FLAG in an eRpL22 knockdown
background produced F1 progeny (Figure 4), but
specific testis and longevity phenotypes were
noticed (Table 1). As a control to determine if
eRpL22-like overexpression phenotypes were due
to insufficient expression of eRpL22-like from the
Actin driver, we overexpressed FLAG-eRpL22 in an
eRpL22 knockdown background as well. Viable F1
progeny were also produced and noticeably, no
fertility or longevity phenotypes were evident
(Figure 4, Table 1). In this case, testis morphology,
fertility, and longevity were indistinguishable from
wildtype. Therefore, we conclude that phenotypes
observed with eRpL22-like-FLAG overexpression
are not the consequence of inadequate expression
from the Actin driver.

Several notable phenotypes were observed in
testes from flies depleted of eRpL22 and rescued
by eRpL22-like overexpression. Phase contrast
microscopy images show testes that are ~20%
more narrow than in wildtype, based on Image]
measurements of 10 testes from each genotype
(SD: + 0.16) (Figure 5(b)). A larger zone of imma-
ture spermatocytes is apparent compared to wild-
type testes. It is unclear if accumulation of
immature early meiotic spermatocytes is due to
a delay in normal numbers of spermatocytes
(from continuous supply of mitotic cysts from
the hub) progressing to the spermatid stage or
alternatively, if greater numbers of mitotic cysts
are emerging from the stem cell niche at the hub,
but the spermatocyte-to-spermatid transition is
not delayed. IHC shows that numerous degenerat-
ing cysts are apparent in rescued testes (Figure 5
(c)). Fertility was significantly reduced (Figure 4)
and flies had reduced longevity (Table 1). It is
likely that reduced fertility is associated with sper-
matogenesis phenotypes previously described.
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Table 1. Overview of outcomes of RNAi or overexpression crosses described. Viability was assessed using longevity assays. Motile
sperm was assessed using testes squashes from phase contrast imaging; fertility was assessed in a 1:1 female: male ratio as
described in Methods. Effects of paralogue depletion or overexpression were determined by Western analysis and Image)

quantification.

Cross Viable Motile Sperm Fertile Effect on Paralogue
Act>eRplL22.IR No - -
Act>eRplL22-like.IR Yes (>30 days) Yes Yes Increase eRplL22
bam>eRpL22-like.IR Yes (>30 days) Yes Yes Increase eRplL22
Act>eRpl22-like-FLAG Yes (>30 days) Yes Yes Decrease in 33kD eRplL22

)

Act>eRplL22-like-FLAG/eRpL22.IR Yes (~14 days

Act>FLAG-eRpL22/eRplL22.IR
bam>eRpL22-like-FLAG/eRpL22.IR

Yes (>30 days) Yes
Yes (>30 days) Yes

Yes, Reduced

Yes, Reduced Bodies: Decrease eRpL22, Increase eRpl22-like
Testes: No significant change
Yes No significant change

Yes No significant change

It is noteworthy that longevity phenotypes with
the Actin driver are unlikely consequences of tes-
tis-specific anomalies, but are likely outcomes of
downregulation of eRpL22 in somatic tissues and
not consequences of eRpL22-like-FLAG overex-
pression, since neither longevity nor fertility
defects were present in flies that ubiquitously over-
express eRpL22-like-FLAG from the Actin driver
(Figure 4, Table 1). eRpL22-like expression is suffi-
cient to rescue complete development in flies ubi-
quitously depleted of eRpL22; however, some
functions required for completion of normal sper-
matogenesis to produce an abundance of fertile
sperm, as well as functions affecting lifespan are
not completely restored. Roles for eRpL22 and
eRpL22-like in development and spermatogenesis
are not completely interchangeable, and must
include functionally distinct roles.

Mitotic germline depletion of eRpL22 paralogues
alters expression levels of the opposing
paralogue

To explore possible compensatory mechanisms
from the effect of 80% eRpL22-like knockdown,
we assessed eRpL22 expression levels in eRpL22-
like RNAi-depleted tissue (knockdown seen in
Figure 1(c)) given the increase in eRpL22 staining
shown by IHC (Figure S2B). Interestingly, all
molecular mass species of eRpL22 increase
(although in varying amounts) in eRpL22-like-
depleted tissue when compared to the control
(Figure 6(a)). Unmodified 33kD (known to be in
polysomes in S2 «cells [20]) and =255kD
(SUMOylated and phosphorylated, but not
a component of translating ribosomes in S2 cells

[20]) eRpL22 species are the most upregulated,
with a 42% increase in the amount of unmodified
eRpL22 and a ~ 40% increase in the >55kD spe-
cies. RpL23a levels are not altered, suggesting
a specific effect relevant to eRpL22 paralogues
rather than a global increase in ribosomal protein
expression. Molecular confirmation of an increase
in eRpL22 in eRpL22-like-depleted testes by
Western blot mirrors the increased eRpL22 stain-
ing pattern seen in IHC images of eRpL22-like-
depleted testes (Figure S2B).

To characterize this effect, we analyzed eRpL22
mRNA levels to determine if the increased eRpL22
accumulation correlates with an increase in mRNA
level. qRT-PCR shows a statistically significant
increase (average 31%; 1.31 fold change) in testis
eRpL22 mRNA levels compared to the control
when eRpL22-like is depleted in the male germline
(Figure 6(b)). The increase may be attributable to
an increase in eRpL22 transcription and/or eRpL22
mRNA stability. Together, testis eRpL22 protein
and mRNA levels increase when eRpL22-like levels
are depleted (Figure 6(a,b), respectively), suggest-
ing a negative regulatory effect of eRpL22-like on
eRpL22 levels, mediated through an effect on
eRpL22 mRNA. Thus, eRpL22 protein levels may
be regulated by a direct or indirect role of eRpL22-
like in processes that inhibit eRpL22 transcription
and/or promote eRpL22 mRNA turnover in germ
cells.

As a further test of the hypothesis that eRpL22-
like has an inhibitory effect on eRpL22 levels, we
overexpressed eRpL22-like-FLAG with an Actin
driver and measured eRpL22 protein accumulation
in testes and gonadectomized flies, predicting that
eRpL22 levels would be diminished in this case.
Indeed, ubiquitous overexpression of eRpL22-like-
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VP16) when compared to control (wildtype). The most notable increase occurs in the unmodified (33kD) species (arrow). Testis
eRpL23a levels remain constant. b) gRT-PCR shows a statistically significant increase (average: 31% [1.31 fold change]; range:
17-47%) in testis eRpL22 mRNA levels when eRpL22-like is depleted from the germline. Error bars represent standard error,
n =3, *p < 0.01 according to t-test. ¢) eRpL22-like overexpression (using an Actin-GAL4 driver) results in a decrease of eRpL22
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species of eRpL22 (arrow). FLAG signal confirms the presence of the overexpression construct eRpL22-like-FLAG. Tubulin was
used as loading control for testes samples and protein assays were used as a loading control for gonadectomized bodies. d)
gRT-PCR shows a statistically significant increase (average: 311% [fold-change 4.11]) in gonadectomized bodies eRpL22-like
mRNA levels when eRplL22-like is ubiquitously overexpressed. Error bars represent one standard deviation, n = 3, *p < 0.01
according to t-test. €) qRT-PCR shows a reduction (average: 44% [0.56 fold-change]) in eRpL22 mRNA levels in gonadectomized
bodies from ubiquitous overexpression of eRpL22-like. Error bars represent one standard deviation, n = 3. f) qRT-PCR shows
a significant reduction (average: 69% [0.31 fold-changel]) in testis eRpL22 mRNA levels when eRplL22-like is ubiquitously
overexpressed. Error bars represent one standard deviation, n = 9, *p < 0.01 according to t-test g) gRT-PCR shows a significant
reduction (average: 53% [0.47 fold-change]) in testis eRpL22-like mRNA levels upon ubiquitous eRpL22-like overexpression. Error
bars represent one standard deviation, n = 9, *p < 0.01 according to t-test.

FLAG had an inverse effect on eRpL22 accumula-
tion in testes and gonadectomized flies: eRpL22
levels were diminished by ~50% in testes and in
residual bodies, consistent with a negative regula-
tion model (Figure 6(c)). We used qRT-PCR to
confirm paralogue mRNA levels from testes and
gonadectomized bodies in these flies. A 4.11-fold

increase in total eRpL22-like mRNA was observed,
confirming eRpL22-like overexpression in bodies
(Figure 6(d)). There was a 0.56-fold reduction in
eRpL22 mRNA in gonadectomized bodies when
eRpL22-like was overexpressed, confirming
a negative regulation model at the mRNA level
(Figure 6(e)). Given that the eRpL22-like negative
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effect on eRpL22 levels could be recapitulated out-
side of the testis environment, we posit that testis-
specific factors are not required for basic features
of this regulatory mechanism.

Based on knockdown of eRpL22-like showing an
increase in eRpL22 mRNA levels, we would predict
a decrease in eRpL22 mRNA levels when eRpL22-like
is overexpressed. Depletion of eRpL22 resulted in
a decrease in eRpL22-like. qRT-PCR confirmed
a 0.31-fold (69%) decrease in eRpL22 mRNA in
eRpL22-like overexpression testes, but eRpL22-like
mRNA levels were diminished by 0.47 fold (53%)
(Figure 6(f,g)). Taken together, resulting eRpL22-like
protein levels may be explained by a regulatory feed-
back loop. We propose that mitotic germline knock-
down of eRpL22 paralogues affects accumulation of
opposing paralogue levels, but that different mechan-
isms for each paralogue are likely in play. The increase
in eRpL22 upon eRpL22-like depletion is unlikely to
be explained as a simple compensatory global increase
in ribosome production in response to depleted
eRpL22-like levels, since no increase in RpL23a (an
early rRNA binding RP required for ribosome biogen-
esis; e.g. [29],) was noted. Changes in the proportion
of ribosomes containing each paralogue might be
predicted as an outcome of paralogue knockdown;
however, the impact of those changes on progression
of spermatogenesis within maturing mitotic sperma-
togonia or early spermatocytes is unknown.
Determination of possible changes in the proportion
of ribosomes containing each paralogue after oppos-
ing paralogue knockdown must await future experi-
mental analysis.

Discussion

eRpL22 paralogues are partially functionally
redundant but specify unique roles in
development and in spermatogenesis

A major goal of the work described here was to deci-
pher aspects of the functional complexity of eRpL22
and eRpL22-like by exploring the degree to which
roles for these proteins overlap or are unique in devel-
opment and in spermatogenesis. Our first considera-
tion was to confirm the essential requirement for
eRpL22 [15,16] and eRpL22-like (FB2017_3) in fly
development using our RNAi-mediated system to
deplete ubiquitous expression of each paralogue in

development. Interestingly, eRpL22 has not uniformly
been characterized as an essential gene: it is essential
for viability in the fly and C. elegans but not in other
eukaryotic systems studied (fly: [15,16]; C. elegans:
[30]; rat: [31]; yeast: [32]; zebrafish and mice: [33,34].
In zebrafish and mice, knockdown of Rpl22 dramati-
cally affects differentiation in the T-cell lineage
[33,34]. The absence of a requirement for eRpL22 for
viability in other organisms suggests that an additional
function(s), critical for developmental progression in
flies and worms, may be specified. Our RNAi data
demonstrate an essential requirement for eRpL22 in
Drosophila development (summarized in Figure 7).
An essential requirement for eRpL22-like had
also been proposed based on reports that
a P-element insertion 156 nucleotides upstream
of the eRpL22-like transcription start site is homo-
zygous lethal (FB2017_3). Our ubiquitous RNAi
knockdown experiments using an Actin-GAL4 dri-
ver were insufficient to block fly development or
negatively impact male fertility compared to wild-
type, despite localized disruptions in some cysts.
However, our conditional eRpL22-like knockout
experiments demonstrate that eRpL22-like expres-
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sion (and not expression of an upstream regula-
tory element) during early embryogenesis is essen-
tial for normal fly development. Given the degree
of eRpL22-like expression in several 1*" instar larval
tissues, it is not surprising that lethal phenotypes
result when eRpL22-like gene knockout occurs in
early embryonic development. It is interesting that
levels of eRpL22-like remaining (40%) after ubi-
quitous RNAi depletion must have been sufficient
to sustain development overall in critical tissues
(and in developing germ cells) and may be
explained by partial overlap between eRpL22-like
and actin expression (as seen in Figure S1).

Germline knockdown of eRpL22-like was insuffi-
cient to block sperm production and fertility com-
pared to wildtype controls, despite the presence of
some morphological phenotypes. One explanation
that may account for the absence of an overall fertility
effect is that eRpL22 (mRNA and protein levels upre-
gulated following eRpL22-like knockdown) replaces
functions lost when eRpL22-like is depleted. In the
latter case, it would be expected that eRpL22 would act
to rescue eRpL22-like ribosomal functions in the
germline. What remains unclear is the extent to
which eRpL22 and eRpL22-like ribosomes may be
functionally equivalent.

Rescue experiments clearly demonstrate that
eRpL22 paralogues, at a minimum, retain a set of
overlapping ribosomal functions, but are not com-
pletely functionally redundant since rescued adults
display fertility and longevity deficiencies. It
remains to be determined if defects result from
functional differences between eRpL22-specific
and eRpL22-like-specific  ribosomes, unique
expression profiles for paralogues in some larval
tissues, and/or  extraribosomal roles for
SUMOylated eRpL22 within meiotic spermato-
cytes and/or in other cell types (e.g., as shown in
S2 cells) that are not replaced by eRpL22-like.

Widespread evidence is accumulating that para-
logous RPs are not completely functionally redun-
dant. Early studies showed that overexpression of
one RP often rescued the growth defect resulting
from genetic or biochemical depletion of its para-
logue, thereby supporting the notion of functional
redundancy [35]. Further, Deutschbauer et al. [32]
reported that duplicated RP genes have less severe
haploinsufficiency defects than their non-duplicated
partners, indicating that duplication provides fitness
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to the organism. Yet, many of the 14 duplicated RPs
in Drosophila are not equally associated with the
haploinsufficiency-related Minute phenotype [17],
suggesting non-redundancy.

If paralogues are functionally redundant, one
would expect to see identical phenotypes upon dele-
tion or alteration. Komili et al. [36] provided very
compelling evidence for non-redundancy as they
reported RP deletions in yeast that exhibit paralogue-
specific effects on transcription profiles and cause
unique phenotypes under different physiological con-
ditions. Whether the differential effects seen between
yeast paralogues are due to changes in the translation
machinery (and ultimately which mRNAs are trans-
lated) or are the result of a secondary effect from
extraribosomal functions of RPs remains to be
investigated.

Differential expression of RP paralogues may be
indicative of specialized functions of ribosomes
expressed in particular tissues or cells. Indeed, com-
pelling evidence for ribosome heterogeneity at the
level of core RPs affecting mRNA translation has
recently been shown (reviewed by [4]). Certainly,
extensive structural diversity within eRpL22 paralo-
gues adds structural heterogeneity to the ribosome
pool within germ cells (where paralogues are known
to be co-expressed) beyond that provided by core
RPs. Based on mounting evidence for the existence
of specialized ribosomes [e.g., 3, 4,37] (Mageeney
and Ware, unpublished), we propose that ribosomes
containing eRpL22 or eRpL22-like are not function-
ally equivalent, and thus the failure of eRpL22-like
expression to fully rescue wildtype phenotypes in
eRpL22-depleted flies may result from differences
in translation capacity of paralogue-specific ribo-
somes. A complete analysis of mRNAs translated
on eRpL22 and eRpL22-like-specific ribosomes (as
one of several possible regulatory differences
between ribosome types) is currently in progress
and should clarify if distinctive and/or overlapping
ribosomal roles (at the level of mRNA translational
specificity) exist for these paralogues in spermato-
genesis (Mageeney and Ware, in preparation).

On the other hand, co-expression of RP paralogues
adds an additional consideration beyond a specialized
ribosome function: that RP paralogues confer unre-
lated functions in cells that are exempt from the
translation pathway. Over the course of evolution,
duplicated RPs may have segregated functions
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previously ascribed to an ancestral protein or dupli-
cated proteins may acquire novel functions that are
extraribosomal in nature. Both ribosomal and extra-
ribosomal roles have been documented for several
RPs [1], allowing consideration of eRpL22 paralogue
functionality within the ribosome cycle and in extra-
ribosomal pathways in the Drosophila male germline.
Is there evidence that eRpL22 paralogues function in
extraribosomal pathways in the testis?

Mitotic germline deposition of eRpL22 and
eRpL22-like shows both proteins in the nucleolus
and cytoplasm, consistent with a ribosomal role
[20]. It is not clear if eRpL22 has a predominately
ribosomal function in post-meiotic cells undergoing
extensive morphological and genomic remodeling to
become mature sperm. A shift in eRpL22 function
may occur in meiotic spermatocytes that separates
predominant roles for eRpL22 paralogues in germ
cell differentiation. Polysome profiles confirmed that
SUMOylated eRpL22, found in a wide variety of cell
types, does not co-sediment with actively translating
ribosomes in S2 cells, supporting an extraribosomal
role for SUMOylated eRpL22. The presence of addi-
tional testis-specific posttranslational modifications
correlates with nuclear distribution of eRpL22 [20].
Cytoplasmic distribution of eRpL22-like is consistent
with a ribosomal role throughout spermatogenesis,
although additional possibilities have not, as yet,
been examined rigorously.

A proposed auxiliary function provided by
SUMOylated eRpL22 may be required for
Drosophila development. Drosophila eRpL22 harbors
a fly-specific N-terminal extension of unknown func-
tion, but is homologous to the C-terminus of histone
H1 [18]. Interestingly, our previous work has shown
that deleting this N-terminal domain does not hinder
incorporation of the residual, truncated protein into
functional ribosomes in S2 cells [20], leading to the
interpretation that the fly-specific extension is neither
required for assembly into ribosomes nor for ribo-
some function. Therefore, the eRpL22 N-terminal
extension may be necessary for a proposed extraribo-
somal role of this paralogue in the fly and provides an
explanation for why eRpL22 is essential in the fly.
Even though SUMOylation motifs are predicted for
each paralogue within the structurally diverse
N terminal domain at different positions within the
domain [20], there is no expectation that eRpL22-like
would assume the proposed nuclear function for

SUMOylated eRpL22 in somatic cells or in the male
germline, possibly contributing to abnormalities in
longevity and fertility.

Overall, these studies attribute unique functions
to eRpL22 paralogues in the male germline in
addition to common roles as ribosomal compo-
nents. Further explorations are forthcoming to
reveal the extent of overlap in ribosomal functions
and the role of modified eRpL22.

Gene expression of eRpL22 paralogues is
uniquely coordinated in Drosophila

In yeast, ~70% of yeast duplicated RP genes are
asymmetrically expressed and are generally regulated
to maintain the expression ratio, rather than the
dosage of RPs [38]. Whether this regulatory pattern
is similar in higher eukaryotes remains to be deter-
mined. Parenteau et al. [38] demonstrated that yeast
eRpl22 paralogues (84.4% sequence identity and
95.6% sequence similarity [39]) display intergenic
intron-dependent regulation (e.g. the intron of
eRpI22A regulates the expression of eRpl22B, and
vice versa). Furthermore, deleting introns from both
genes leads to increased expression of both paralogues
at a level of 2-6 fold [38]. Coordinated gene expres-
sion between eRpL22 paralogues is evident in yeast,
but whether this is similar in Drosophila had yet to be
investigated until this point. In Drosophila, expression
of testis-specific (or testis-biased) genes with paralo-
gues is often coordinated [40], but specific mechan-
isms remain to be determined.

Unlike the ubiquitous expression profile for Rpl22
paralogues in zebrafish and mice, Drosophila eRpL22-
like has tissue-restricted expression and is co-
expressed along with eRpL22 in the adult male germ-
line. As such, some mechanistic differences might be
predicted to account for regulation of eRpL22 para-
logue expression in Drosophila compared to other
model systems. One common regulatory thread is
that one paralogue negatively regulates the expression
of the opposing paralogue. In Drosophila, eRpL22
expression increases when eRpL22-like is depleted in
the male germline. The absence of a change in RpL23a
levels appears to eliminate a general global effect on
RP synthesis in favor of a specific eRpL22 paralogue
effect. This physiological response to a decrease in the
level of eRpL22-like is consistent with a crosstalk



regulation model based on overall expression ratios of
eRpL22 and eRpL22-like.

Notable differences in eRpL22 paralogue cross-
talk are evident in Drosophila compared to zebra-
fish and mice with respect to which paralogue
functions as the negative regulator. In zebrafish
and mice, RpL22 functions as the negative regula-
tor impacting Rpl2211 mRNA stability through yet
undetermined mechanisms. In Drosophila, it is
currently unknown if eRpL22-like binds eRpL22
mRNA and impacts mRNA stability, in
a comparable manner as has been reported for
mouse Rpl22 effects on Rpl22]1 mRNA stability
[8]. Whether or not Drosophila eRpL22 paralogues
bind their own mRNA or the opposing paralogue
mRNA has not as yet been extensively investi-
gated. In preliminary polysome profiling experi-
ments, eRpL22 mRNA is co-immunoprecipitated
from fractions at the top of ribosomal gradients
using eRpL22-like-specific antibodies, showing
possible interactions between eRpL22 mRNA and
eRpL22-like protein (Mageeney and Ware, unpub-
lished). Further investigation of proposed interac-
tions should provide insight into mechanisms by
which paralogue expression levels are regulated.

Coordinated changes in gene expression for
eRpL22 and eRpL22-like may occur based on
shared regulatory elements for the two genes, ori-
ginally derived from gene duplication. Regulatory
elements (genomic and mRNA) in the eRpL22
gene family have not been reported in any model
system. RP promoter elements have been studied
in Drosophila, but those for eRpL22 paralogues or
other RP paralogues have not investigated [41].
Eukaryotic RP mRNAs, particularly in mammals,
often contain 5-TOP (5 terminal oligopyrimidine
tract) regulatory elements that respond to cellular
growth cues [42] and have recently been identified
as targets for miRNA regulation [43]. However,
Drosophila RP regulation through 5-TOP motifs
has not been thoroughly investigated [44].
Exploring cis-regulatory elements, shared or
unique to each paralogue, may provide insight to
the coordinated gene expression of eRpL22
paralogues.

Negative regulation of eRpL22 levels by
eRpL22-like may constitute part of a mechanism
that regulates ribosome composition in germ cells.
Additionally, these studies offer a perspective on
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mechanisms that may block incorporation of
a paralogue into tissue-specific ribosomes, and
divert the RP paralogue into new cellular functions
that are extraribosomal in nature. Zhang et al. [6]
have recently reported antagonistic roles for zebra-
fish RpL22 and Rpl2211 acting outside of the ribo-
some as modulators of splicing of pre-mRNAs
involved in gastrulation. Though the mechanism
by which zebrafish paralogues are diverted from
ribosomal function during gastrulation remains
unknown, no doubt a complex interplay of inter-
actions awaits discovery. In Drosophila, further
investigation of the precise role of post-
translationally modified eRpL22 will be crucial to
determine if eRpL22 assembles into ribosomes at
specific stages of male germline maturation
beyond early mitotic stages of spermatogenesis.
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