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ABSTRACT

The inhibitor of growth (ING) family of type II tumor suppressors are encoded by five genes in
mammals and by three genes in Caenorhabditis elegans. All ING proteins contain a highly conserved plant
homeodomain (PHD) zinc finger. ING proteins are activated by stresses, including ionizing radiation,
leading to the activation of p53. ING proteins in mammals and yeast have recently been shown to read the
histone code in a methylation-sensitive manner to regulate gene expression. Here we identify and
characterize ing-3, the C. elegans gene with the highest sequence identity to the human ING3 gene. ING-3
colocalizes with chromatin in embryos, the germline, and somatic cells. The ing-3 gene is part of an
operon but is also transcribed from its own promoter. Both ing-3(RNAi) and ing-3 mutant strains
demonstrate that the gene likely functions in concert with the C. elegans p53 homolog, cep-1, to induce
germ-cell apoptosis in response to ionizing radiation. Somatically, the ing-3 mutant has a weak kinker
uncoordinated (kinker Unc) phenotype, indicating a possible neuronal function.

HE founding member of the irhibitor of growth
(ING) family was first identified as a growth inhi-
bitor and type II tumor suppressor expressed in nor-
mal, but not in cancerous, cells (GARKAVTSEV et al. 1996).
ING proteins have since been implicated in diverse
biological processes, including angiogenesis, apoptosis,
DNA repair, cell cycle regulation, oncogenesis, regu-
lation of gene expression, and stress signaling (re-
viewed in RUSSELL et al. 2006) . ING proteins bind a wide
range of cellular proteins, including proliferating cell
nuclear antigen (ScoTT et al. 2001) as well as histone
acetyltransferase (HAT) and histone deacetylase (HDAC)
complexes (reviewed in RUSSELL et al. 2006). In par-
ticular, ING proteins interact genetically and physically
with the p53 tumor suppressor during stress responses
and apoptosis (GARKAVTSEV el al. 1998; NOURANI et al.
2003).

More than 60 /NG genes have been identified in a
broad range of species on the basis of sequence similarity
(HE et al. 2005), and all contain a highly conserved plant
homeodomain (PHD), a Cys4-His-Cys3 form of zinc
finger (Bienz 2006) associated with chromatin remod-
eling. The PHD region of ING proteins interacts directly
with histone H3, and a subset of ING proteins does this
in a methylation-sensitive manner (MARTIN et al. 2006;
PENA et al. 2006; SHI et al. 2006). These properties,
combined with observations that the ING proteins serve
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as receptors and transducers of stress-activated phos-
phoinositides (GozaNI et al. 2003; KAADIGE and AYER
2006), suggest that ING proteins link key pathways
involved with regulating chromatin structure, histone
methylation, and histone acetylation.

The five mammalian ING genes (NAGASHIMA et al.
2001, 2003; FENG et al. 2002) fall into three subgroups
(HE et al. 2005). Although the mammalian ING family
subgroups (ING1-5) share structural (HE et al. 2005)
and functional features (DoYON et al. 2006) and appear
to play roles in interpreting the epigenetic histone code
(MARTIN et al. 2006; Pavracrios et al. 2006; PENA et al.
2006; SHI et al. 2006), little is known about their func-
tion in intact organisms. In Saccharomyces cerevisiae,
deletion of any of the three ing homologous genes,
yngl, yng2, and yng3, results in pleiotropic phenotypes
(LoEwrTH et al. 2000). For example, most mutants and
mutant combinations germinate and grow, but yng2
knockout cells grow slowly and are enlarged and multi-
budded, with buds frequently devoid of DNA. Triple yng
mutants are viable but show severe growth inhibition
and more exaggerated morphological and multibud-
ded phenotypes. Mutants in each gene are hypersensi-
tive to heat shock. Deletion of yng2 alone results in
sensitivity to UV irradiation but not to y-irradiation or
treatment with alkylating agents (LOEWITH et al. 2000).
The yngstress-associated functions may be related to the
observation that mammalian /NGI and ING2 both
induce hsp70 heatshock protein (FENG et al. 2006).

As with humans, mice harbor five ING genes. The only
reported knockout, ING1I, is viable, but animals have an
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increased incidence of B-cell ymphomas and sensitivity
to y-radiation (KicHINA et al. 2006; COLES et al. 2007),
consistent with /NGI being a type II tumor suppressor.
However, although previous cell culture results clearly
indicate that /NG proteins interact both physically and
genetically with p53 (GARKAVTSEV el al. 1998; SHINOURA
et al. 1999; SHISEKI et al. 2003; reviewed in SOLIMAN and
RiaBowor 2007), neither INGI deletion mice nor their
derived cell lines demonstrated that INGI function
depends upon p53 or that pb53 function is perturbed
in INGI knockouts (COLES et al. 2007).

To explore the developmental role(s) of ING pro-
teins, and particularly a relationship to p53, we studied
the function of Caenorhabditis elegans ing-3, the ING gene
most similar in worms and humans. We found that ING-
3 is widely expressed and localizes to chromatin. Unlike
yeast (LOEWITH et al. 2000), no changes were seen in
response to UV damage after ing-3(RNAi). However,
similar to what is seen in mice, reduction or loss of C.
elegans ING-3 alters the response to vy-radiation, as
indicated by decreased germline apoptosis, which in
turn leads to increased embryonic lethality. Unlike the
mouse /NGI mutant, we find that ing-3 does operate in
concert the C. elegans pb3 homolog cep-1 to mediate
apoptosis. The phenotypes that we report are the first to
demonstrate a role for an ING protein in the germline
or embryo.

MATERIALS AND METHODS

Strains: Animals were cultured at 20° as described (BRENNER
1974). Wild type was Bristol N2, and mutant strains include
cep-1(gk138), rrf-3(pk1426), and mcd-1(tm2169) (http:/www.
wormbase.org; WS170 data freeze). ing-3(tm2530) and ing-
3(ttTi5439)were generously provided by the Japanese National
Bioresource Project for the Nematode (GENGYO-ANDO and
Mirant 2000) and the Mos transposon insertion from the
NEMAGENETAG Consortium (GRANGER et al. 2004), respec-
tively. ing-3 mutants were outcrossed three times.

Identification of homologs: Homologs of the ing-3 gene
were identified in Caenorhabditis briggsae, Drosophila, Xeno-
pus, mice, and humans with the BLAST program at the
National Center for Biotechnology Information (NCBI) (http:
/www.ncbi.nlm.nih.gov/BLAST). The multiple sequence
alignments of ING3 were created with the CLUSTAL W
program at the European Bioinformatics Institute (http:/
www.ebi.ac.uk/clustalw/).

Nomarski differential interference contrast microscopy:
Worms were observed on 3% agarose pads and anesthetized
with 10 mm levamisole (SHAHAM 2006). Worms, both by
Nomarski and immunofluorescence, were visualized using
an Axioscope microscope (Zeiss) and images were processed
using AxioVision (Zeiss) and Photoshop 7.0 (Adobe) software.

Antibody production and Western blots: Mouse polyclonal
antibodies against C. elegans ING-3 were generated at the
Southern Alberta Cancer Research Institute Antibody Services
against the keyhole limpet hemocyanin-conjugated peptide
CEMEADNSGVTEMIE [amino acid residues 108-122, a highly
conserved hydrophilic motif within the lamin interacting
domain (LID)]. Gravid adults were used in Western blots, which
were performed as described (FENG et al. 2006) using a 2000-fold
dilution of anti-ING-3 antiserum incubated overnight at 4°.

Immunostaining: Adult hermaphrodite gonads were fixed
in 100% methanol as described (HANSEN et al. 2004). Dis-
sected gonads were incubated overnight at 4° with mouse anti-
ING-3 antiserum, diluted 1:100. Goat anti-mouse IgG-Texas
Red (Sigma) was used at 1:100 dilution as the secondary
antibody. DAPI (4',6-diamidino-2-phenylindole) was added at
0.5 pg/ml to stain DNA.

Embryos were fixed and permeablized by freeze-cracking as
described (MILLER and SHAKEs 1995). Staining was at the
same antibody concentrations as for the gonads, but incuba-
tions with primary and secondary antibodies were for 45 min
and 1 hr, respectively.

Plasmid construction: To determine the structure of ing-3
transcripts, a cDNA pool of mixed-stage worms was subjected
to PCR amplification. A pair of specific primers (F1 and R1,
listed below) flanking the start and stop codons amplified the
coding region. A poly(T) primer and nested gene-specific
primers (F2 and F3) amplified the 3’-end while the splice
leaders SL1 and SL2 and the nested gene-specific primers (R2
and R3) amplified the 5’-end. PCR products were gel purified
and then sequenced by the University of Calgary DNA lab.

The genomic sequences of the operon promoter (600 bp)
and the ing-3 internal promoter (880 bp) were obtained by
PCR and subcloned into the promoterless GFP-LacZ repor-
ter vector pPD96.04 (gift from Andrew Fire, Stanford Univer-
sity) to create the transcriptional ing-3 promoter-gfp-LacZ
fusions.

The following primers were used: F1, 5-CATTGCAT
GCCTCTTCCTCGATGATTTTTT-3'; R1, 5-CAGAAGCTTT
TAGACTTCTCCCTCTTCGG-3'; SL1, 5'-GGTTTAATTACCC
AAGTTTGAG-3'; SL2, 5'-GGTTTTAACCCAGTTACTCAAG-3';
R2, 5-ATTTGCGTTGAGCTAGCACG-3'; R3, 5'-CGGTCACTC
CTGAATTGTCG-3'; F2, 5-AGAAGAGCTATGGAGATATG-3';
and F3, 5"-ATCGGAGG ATGAGGAGGATG-3'.

Transgenesis: Transgenic strains were created by injecting
50 ng/ml of the promoter-gfp-LacZ plasmid DNA with 50 ng/ml
of pRF4 [rol-6(sul006dm)] into the gonad of young adult
hermaphrodites (MELLO et al. 1991). The presence of the
constructs was confirmed in Roller offspring by PCR. All six
transgenic lines made for each promoter plasmid showed the
same GFP and LacZ expression patterns. For B-Gal staining,
worms in M9 buffer were dried on slides for 10 min, fixed, and
permeablized with acetone for 30 min and then incubated
overnight with X-Gal (ZDINAK et al. 1997).

RNA interference: RNA interference (RNAi) for ing-3 was
performed using standard bacterial feeding and injection
methods (TIMMONS et al. 2001). A 463-bp fragment of ing-3
(see Figure 1C) was cloned into the RNAi feeding vector
1.4440, transformed into Escherichia coli HT115, and induced
with isopropyl-B-p-thiogalactopyranoside. Wild-type worms
fed on E. coli HT115 containing the vector 1.4440 were used
as controls. The following primers were used: ING3F (5'-
ACAGTCTCCATTCCAAGTGCTCT-3") and ING3R (5"-AAC
TCGGTCCTTCCTCATCATCA-3").

For injection, double-strand RNA (dsRNA) was generated by
in vitro transcription with a MEGAscript purification kit (Am-
bion) and dsRNA gfp was used as a control. Sense and antisense
RNAs were transcribed separately and mixed together in equi-
molar amounts. dsRNA was injected at 1 pg/pl into the gonads
of young adult hermaphrodites, worms were transferred to new
plates 12 hr later, and phenotypes were scored in the next 24-hr
brood. ing-3 feeding and injection gave similar results.

Ionizing radiation-induced embryonic lethality: One-day
post-L4 gravid adults treated with RNAi were exposed to dif-
ferent doses of +y-radiation using a '"’Cs source. Following
irradiation, worms were immediately transferred to new plates,
and eggs laid during the first 0-8 hr (irradiated at diakinesis
through embryogenesis) or 8-22 hr (irradiated at pachytene;
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TArRANAMI et al. 2000) were scored for hatching 24 hr after
removal of the parents.

Ionizing radiation-induced germ-cell death: I.4-stage larvae
were treated with 120 Gy of +y-radiation. The number of
apoptotic germ cells per gonad arm was counted 24 hr later
using Nomarski optics (GUMIENNY et al. 1999; GARTNER el al.
2000) or acridine orange (AO; GARTNER et al. 2004; LETTRE
et al. 2004). Worms were incubated with 500 pl of 100 mm AO
on plates for 1 hr, transferred to new plates in the dark, and
1 hr later were mounted on slides and observed by fluores-
cence microscopy.

Statistical analyses: The mean number of apoptotic germ
cells per gonad and mean embryonic death rate * standard
deviation (SD) are presented. Hypotheses were tested with the
two-sided Student’s ttest.

RESULTS

C. elegans has three ING genes: To identify genes with
the highest similarity to human ING genes, multiple
searches were conducted using the NCBI BLAST pro-
gram. Three genes, T06A10.4, Y51HIA.4, and CI11G6.3,
encode ING-related proteins, corresponding to human
INGI1-2, ING3, and ING4-5 subgroups, respectively. As
shown in supplemental Table 1, ING3 and Yb1HI1A.4
had the most significant reciprocal scores in BLAST
searches (the human-to-worm score was 1.9 X 107%%),
However, in phylograms drawn by different methods
(HE et al. 2005), there isnota consistent correspondence
between these C. elegans genes and the three vertebrate
ING subgroups. Using parsimony analysis, Y51HIA.4
and C11G6.3 group with ING3, with Y51HIA.4 being
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closer, while neighbor-joining analysis suggests that the
three worm genes form an outgroup from the vertebrate
genes. We chose to focus on the most similar of the worm
genes, Y51HI1A.4,which we designated ing-3because this
gene and human ING3 have the highest reciprocal
BLAST scores.

Comparison of the primary amino acid sequence of
the ING3 proteins from different organisms showed that
several regions appeared well conserved (Figure 1A and
supplemental Figure 1), including the PHD domain, the
leucine zipper-like domain (LZL), the nuclear localiza-
tion sequence (NLS, although itis in different locations
in human and worm proteins), and the lamin interacting
domain (LID, SoLimaN and RiaowoL 2007; HAN et al.
2008).

The ing-3 gene is expressed in a broad range of
tissues: The C. elegans ing-3 gene is the second gene in a
predicted operon that includes mitochondrial dehydro-
genase (Y51HIA.3), histone deacetylase hda-6, and the
mediator of the cell death gene mcd-1 (Figure 1B). As
confirmed by RT-PCR, ing-3 is encoded by six exons
(Figure 1C). In C. elegans, most mRNAs are trans-spliced
to one of two 22-nucleotide spliced leaders, SL1 or SL.2
(BLUMENTHAL and STEwWARD 1997). SL2 is spliced onto
the downstream genes in operons, whereas SL1 is used
by the first gene in operons and for most non-operon
genes. Some downstream genes in operons are also
transcribed from both the operon promoter and an
internal promoter, in which case the transcripts can be
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spliced to either SL1 or SL2 (BLUMENTHAL and
STEWARD 1997). Our RT-PCR analysis indicates that
ing-3 transcripts are spliced to both SLland SL2 (data
not shown).

To determine promoter activity of the regions imme-
diately upstream of the operon and upstream of ing-3
itself, 600 bp of the 5’ genomic sequence of the first
gene in the operon (the “operon promoter”) and the
880 bp between ing-3 and the immediate upstream gene
(the “internal promoter”) were separately inserted into
a GIP-LacZ reporter and used to generate transgenic
lines (Figure 2A). Expression of the operon promoter:: gfp-
LacZ was first detected during embryogenesis at gastru-
lation and persisted through adulthood (data not
shown). As shown in Figure 2, B-E, GFP and LacZ
expression included pharynx, vulva, spermatheca, neu-
rons, and epidermal cells, but not the intestine. In
contrast, the expression of the internal promoter:: gfp-LacZ
reporter was first detected at the comma stage, which is
later in development than when the operon promoter:: gfp-
LacZ is first detected. Unlike the operon promoter, the
internal promoter drives expression in the anterior and
posterior intestine cells (Figure 2, F and G), where it
persists through adulthood.

ING-3 immunolocalization: Since C. elegans trans-
genes are frequently silenced in the germline (KELLY
and Fire 1998), we produced polyclonal antibodies
against a unique and highly conserved hydrophilic re-
gion within the LID region of ING-3 (Figure 1A; sup-
plemental Figure 1). Western blots were used to test the
specificity of the ING-3 antibody. As shown in Figure 3A,
the antibody recognizes only a single band in ing-3(+)
worms. ing-3(tm2530) has a partial deletion in the fourth
intron and the fifth exon (Figure 1C) and would
potentially encode a truncated product of 28 kDa. In
ing-3(ttTi5439)worms, the gene is interrupted by a Mos-1
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insertion in the fourth exon and would result in a
predicted product of 17 kDa. Our mouse polyclonal
antibodies recognize a motif encoded before both
mutations and so potentially detect these mutant pro-
teins. However, Western blots showed that the wild-type
45-kDa band was missing in both strains and no smaller
bands appeared (Figure 3A), suggesting that mutant
proteins (or mRNA) are degraded. Thus, these alleles
likely represent strong losses of function if not nulls.
We next examined ING-3 localization patterns, par-
ticularly in adult germlines and embryos. Figure 3B
shows that ING-3 was present in the newly fertilized
embryo, where it colocalized with DNA. Similar locali-
zation of ING-3 and DAPI continued throughout the
embryonic cell cycle, including during mitosis (Figure
3B). This suggests that ING-3 is tightly bound to
chromatin at all stages of the cell cycle and so differs
from mammalian ING1, which is found throughout the
cell during mitosis (HAN et al. 2008). ING-3 was also
present in the gonad (Figure 3C). Staining was weak in
the mitotic proliferating germ cells (region I) but was
stronger in the transition zone (region II) and the fol-
lowing early pachytene stages (region III). It decreased
by late pachytene and diplotene (region IV). As shown
in the higher magnification of gonadal cells, nuclear
ING-3 staining, although sometimes uneven, overlap-
ped extensively with DNA. Nuclear staining was absent
when antisera were preincubated with the immunizing
peptide as well as in the deletion allele ing-3(tm2530),
demonstrating antibody specificity. However, nonspe-
cific background staining persisted between cells (this is
an unlikely cross-reaction with the other worm ING pro-
teins since they share at most 3/5 consecutive identical
amino acids with the immunizing peptide). ING-3 was
also expressed in somatic cells where it again overlapped
with DAPI, and strong staining was seen for some cells in



ing-3 Functions in C. elegans Apoptosis 477

A H D B
0 &P
& ,ﬂ.»\‘(o A A
kD M Ry ‘\(‘Q’ ®
175
83 e 5
62 —~
g;g g T = - «ING-3
25 =
16 8

40KD —> "= e—n assm@ms < Actin

C ) Gonad

ing-3(tm2530)

DAPI ING-3

WT

Gonad Gut

WT peptide ing-3
block (tm2530)

_----
—g" BN
_----

F1Gure 3.—Immunolocalization of ING-3. (A) Mouse polyclonal anti-ING-3 recognized endogenous ING-3 as a single 45-kDa
band on Western blots of wild-type gravid hermaphrodites. This band was absent in the two ing-3 mutants but was present in cep-I
lysates. Actin was used as the loading control. (B) ING-3 colocalized with chromatin in the newly fertilized embryo (top left) but s
absent from ing-3(1m2530) (top right). ING-3 was also found on chromatin at mitosis in developing embryos (arrows, bottom row).
(C) Immunostaining of dissected wild-type adult gonads (left-most column) shows that ING-3 overlapped DAPI. Lower levels were
present in the mitotic region (I) compared to the transition zone (II). High ING-3 persisted into the early pachytene region (III),
but then decreased as cells proceeded through meiosis. Low levels, mainly on chromosomes, were seen at diplotene (IV). Higher
magnification of the early pachytene section of the gonad (columns 2—4) showed extensive overlap between ING-3 and DAPI. The
nuclear signal disappeared when antisera was preincubated with the immunizing peptide (peptide block) or in ing-3(tm2530).
Thus the low level of ING-3 staining between cells likely represents background. The right-most column shows the staining pattern

for ING-3 in the anterior nuclei of a dissected gut.

the anterior gut (Figure 3C), consistent with results
obtained with internal promoter-reporter constructs
(Figure 2, F and G).

Depletion of ing-3 inhibits ionizing radiation-induced
germ-cell apoptosis: Since we were particularly inter-
ested in the functional relationship between ing-3 and
cep-1/pb3, we investigated the role of ing-3 in germline
apoptosis, for which cep-1 has a well-documented phe-
notype (DERRY et al. 2001; SCHUMACHER et al. 2001;
HorMANN et al. 2002). In mammals, ING proteins also
play roles in apoptosis (HELBING et al. 1997; NAGASHIMA
et al. 2003; WANG and L1 2006). We found strong
suppression of programmed cell death following ioniz-
ing radiation (IR) from <y-rays upon ing-3 depletion.
Twenty-four hours after exposure to 120 Gy of IR, wild
type showed a large number of pachytene germ cells
undergoing programmed cell death, but many fewer

dying cells were present in irradiated ing-3(RNA?)
animals (Figure 4A). Although the basal level of germ-
line apoptosis was unchanged from wild type in un-
irradiated ing-3(RNA:) animals, the average number of
germ-cell corpses was half that of wild type following
radiation (Table 1; P < 0.001). The Mos insertion allele
ing-3(ttTi5439) was similar to RNAi, while the internal
deletion allele ing-3(tm2530) had a slightly stronger
phenotype (the phenotypes are due to ing-3rather than
to unknown linked mutations since they are present in
two independent alleles). RNAi alone results in a strong
loss of function and RNAI treatment did not alter the
phenotype of tm2530, indicating that tm2530 is null.
Decreased levels of IR-induced apoptosis when ing-3 was
depleted could represent a delay rather than a block to
cell death. However, the time course in Figure 4B
indicates that this was not the case.
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showed a significantly reduced number of apoptotic germ
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DNA-damaged germ cells that survive due to loss of
ing-3 should give rise to inviable zygotes. The 0- to 8-hr
brood after IR corresponds to post-pachytene fertilized
embryos or germ cells at the time of exposure. These
cells are not sensitive to DNA-damage-induced apopto-
sis (GARTNER et al. 2000; TaraNaMmI et al. 2000), and
therefore apoptosis cannot prevent cells damaged
during this time from giving rise to inviable zygotes.
Hence, as expected, no change was seen in the viability
of wild-type vs. ing-3(RNA7) embryos laid 0-8 hr after IR
exposure (data not shown). In contrast, ing-3(RNAi)
nearly doubled the level of embryonic inviability in the
8- to 22-hr brood compared to wild type (Table 2; P <
0.001; all data reported below are for this time window).
In contrast to IR, we did not find differences in the
sensitivity of wild type and ing-3(RNA:) to UV (data not

TABLE 1

Effects of ing-3 on germ-cell apoptosis 24 hr after exposure
to 120 Gy of IR

Germ-cell

corpses/gonad N
Genotype arm (*=SD) (gonad arms)
Wild type (no radiation) 3.0 (x1.4) 40
Wild type 13.5 (£2.0) 40
ing-3(RNAi) (no radiation) 2.8 (+1.3) 40
ing-3(RNA1) 6.3 (£1.5) 40
ing-3(Ti5439) 6.7 (£1.8) 45
ing-3(tm2530) 4.8 (£1.2) 40
ing-3(tm2530; RNAw) 4.9 (*£1.4) 30
cep-1(null) 5.4 (£0.8) 30
ing-3(RNAI); cep-1(null) 5.9 (£1.2) 40
ing-3(tm2530); cep-1(null) 5.8 (*1.5) 30

shown). As we found for the prevention of germline
apoptosis, the Mos insertion allele (7:5439 was similar
to RNAi in increasing embryonic death, while the
internal deletion allele tm2530 showed a stronger, likely
null phenotype, since its phenotype was not altered by
RNAi (Table 2). We generated an IR dose-response
curve for embryonic lethality and found that ing-3(RNA?)
differed from wild type at both 120 and 180 Gy, with the
maximum fold difference (twofold) occurring at 120 Gy
(Figure 4C). The RNAi effects were specific as feeding of
control unc-86 dsRNA did not affect embryonic viability
(Table 2, Figure 4C).

ing-3 is in the same operon as hda-6 histone deacety-
lase (Figure 1B). This is intriguing because mammalian
and yeast ING proteins are found in chromatin acetyla-
tion and deacetylation complexes (LOEwWITH et al. 2000;
VIEYRA et al. 2002b; DoYON et al. 2006), and functionally
related genes are sometimes found in the same C.

TABLE 2

Unhatched embryos among the brood laid 8-22 hr following
exposure of adult hermaphrodites to 120 Gy of IR

% embryonic

Genotype death (*SD) N

Wild type (no radiation) 0.4 (+0.3) 1753
Wild type 9.4 (£0.6) 3078
ing-3(RNAi) (no radiation) 0.2 (+0.1) 1524
ing-3(RNAi) 16.8 (£1.3) 4266
ing-3(ttTi5439) 18.9 (£2.1) 3340
ing-3(tm2530) 22.7 (£2.5) 3431
ing-3(tm2530; RNAi) 23.3 (£4.3) 3125
unc-86(RNAi) 7.9 (£0.8) 2283
hda-6(RNAi) 9.6 (£0.7) 2372
med-1(tm2169) 10.2 (£0.9) 2275
cep-1 (no radiation) 0.5 (£0.4) 1602
cep-1 18.2 (£1.9) 3789
ing-3(RNAi); cep-1 20.0 (=1.7) 3672
ing-3(tm2530); cep-1 21.8 (£2.9) 2120
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elegans operons (CLARK el al. 1994; HUANG et al. 1994;
TREININ et al. 1998). However, Figure 4C and Table 2
indicate that hda-6(RNA:i) did not influence embryonic
viability following IR (with the caveat that the RNAI is
sometimes not effective). Similarly, another member of
the operon, mcd-1, whose gene product promotes
somatic apoptosis (REDDIEN ¢t al. 2007), had no effect
in our assay (Table 2; the allele used is predicted to
truncate the protein in the second exon, prior to the
zinc finger).

ing-3 acts in the same pathway as cep-1/p53: To
determine if ing-3acts in concert with p53, we examined
genetic interactions between ing-3 and cep-1/p53. Com-
pared to wild type, a cep-1 deletion allele decreased
the number of IR-induced germ-cell corpses and de-
creased embryonic viability (Tables 1 and 2) to a similar
extent as the loss of ing-3 did [unlike previous reports
(SCHUMACHER et al. 2001; QUEVEDO et al. 2007), we
found that the irradiated cep-1I levels were slightly above
unirradiated controls]. The dose response of embryonic
inviability to IR was also similar in ing-3(RNA:7) and cep-1
(Figure 4C). If the two mutations act in independent,
parallel pathways (and at least one mutation is a null),
then the double mutant would show additive effects.
However, if the genes act in the same or in convergent
pathways, as reported for mammalian ING1 and p53 in
some studies (GARKAVTSEV et al. 1998) but not in others
(Corkgs et al. 2007), then the double mutant should
resemble the individual single mutants. As shown in
Table 1, the behavior of ing-3(RNAi); cep-1 or ing-
3(tm2830); cep-1 indicates that the genes act together
since the amount of apoptosis in the double mutants did
not decrease below that in the single mutants and re-
mained substantially higher than the basal level of
apoptosis in unirradiated wild type (P < 0.001). Like-
wise, the level of embryonic lethality in ing-3(RNAi); cep-1
or ing-3(tm2830); cep-1 was similar to cep-1 alone (Table 2,
Figure 4C). In addition, loss of cep-1 did not affect the
level of ING-3 expression (Figure 3A), consistent with
reports in other species that expression of ING proteins
is independent of p53 (CHEUNG et al. 2000; COLES et al.
2007). We observed no changes to the intracellular
localization of ING-3 following IR (data not shown).

Since loss of ing-3 function results in a hyposensitive
DNA-damage-induced apoptosis phenotype, we tested if
overexpression of ING-3 sensitized germ cells to DNA-
damage-induced apoptosis using a heat-inducible con-
struct. No changes in the rate of germ-cell apoptosis
after IR were noted (data not shown). However, we did
not detect a stronger immunofluorescence signal in the
germline, likely due to poor germline transgene expres-
sion (KeLLy and FIre 1998).

ing-3 results in a kinker Unc phenotype: Applying
RNAI to ing-3in wild type or to the RNAi-sensitive strain
/-3 (SIMMER et al. 2002) resulted in no overt morpho-
logical phenotypes. The brood size of ing-3(tm2530) was
similar to that of wild type (201 * 62 vs. 220 * 29 for N2,

n = 8 and 7 hermaphrodites, respectively). However,
both the Mos insertion and the ing-3 mutants showed a
weak, but fully penetrant, kinker Unc phenotype. This
indicates possible neuronal function, which was likely
not seen with dsRNA exposure because neurons are
refractory to RNAi (SIMMER et al. 2002).

DISCUSSION

C. elegans ing-3 and IR-induced apoptosis: Mamma-
lian ING proteins have well-documented roles in apo-
ptosis (HELBING et al. 1997; GARKAVTSEV et al. 1998;
SHINOURA ¢t al. 1999; ScoTT et al. 2001; SHIMADA et al.
2002; VIEYRA et al. 2002a; WAGNER and HELBING 2005;
ZHU et al. 2005, 2006; FENG et al. 2006; WANG and L1
2006; CoLES et al. 2007). Specifically, overexpression of
human /NG3, a putative homolog of the C. elegans ing-3
gene studied here, promotes apoptosis (NAGASHIMA
et al. 2003; WANG and L1 2006), and low levels of nuclear
ING3 are associated with decreased survival of mela-
noma patients (WANG et al. 2007). In C. elegans we found
that IR-induced germ-cell apoptosis was inhibited in
both ing-3(RNAi) knockdown and ing-3 knockouts (Fig-
ure 4, Table 1). As a result, many DNA-damaged germ
cells survived and went on to form inviable zygotes
(Figure 4, Table 2). Western blotting showed that RNAi
reduced ING-3 levels by 50-80% (data not shown)
whereas in the knockouts ING-3 was completely de-
pleted. However, the phenotypes of the internal de-
letion mutant ing-3(tm2530) were only slightly stronger
than those of the RNAI, suggesting that C. elegans is
sensitive to relatively small changes in ING-3 levels or
that the residual ING-3 after RNAi was in tissues not
relevant to the phenotype.

Unlike +y-radiation, ing-3(RNAZ) did not elevate the
embryonic death rate following non-ionizing DNA-
damaging treatments, including UV radiation, paraquat
treatment, and heat shock (data not shown). These
results suggest that, in contrast to mammalian ING
proteins, C. elegans ING-3 may transduce signals gener-
ated by ionizing irradiation but not by other stresses.
These functions may be carried out by the other two
worm INGrelated genes, and a division of labor might
be expected since mammalian ING genes appear to
function in a variety of histone acetylation complexes
with potentially overlapping function (FENG et al. 2002;
DoyoN et al. 2006).

It is possible that the decreased number of pro-
grammed cell deaths in ing-3 following IR resulted from
the mutants simply having fewer germ cells. A number
of lines of evidence argue against this possibility. First,
the brood size of ing-3(tm2180) is similar to that of wild
type. Second, if there were fewer cells that could die,
then there would not have been a corresponding
increase in the percentage of dead embryos following
IR as we observed (Figure 4). Third, the response to IR
and UV differed for ing-3, with only the former showing
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increased embryo lethality in the mutants; alterations in
germ-cell populations would affect UV and IR similarly.
Fourth, if the decrease in apoptosis following IR were
due to a decrease in germ-cell numbers, then the effects
of ing-3 and cep-1 would have been additive because they
were mechanistically different, which is contrary to what
we found.

The roles of ing-3 and cep-I in promoting stress-
induced apoptosis: While dispensable for physiological
germ-cell death and developmental programmed cell
death (SALINAS et al. 2006), cep-1, the C. elegans pb>3
homolog, is required for DNA-damage-induced apopto-
sis (DERRY et al. 2001; SCHUMACHER et al. 2001). In
mammalian cells, ING proteins can promote p53-
dependent apoptosis, but a recent report indicates that
p53 and INGI operate independently regarding sensi-
tivity to apoptosis (CoLEs et al. 2007). In contrast to
INGI1 function in mammals, our data show that the IR-
induced phenotypes of ing-3, cep-1, and ing-3; cep-1 are
verysimilar (Tables 1 and 2, Figure 4). This indicates that
the two genes function in the same apoptotic pathway;
otherwise additive effects would have been seen. Con-
sistent with this idea, ING-3 localizes in the pachytene
nuclei (Figure 3) as CEP-1 does (SCHUMACHER et al.
2005). The simplest model is that the two genes act
together to induce transcription of genes required for
apoptosis. However, although CEP-1 induces transcrip-
tion of the proapoptotic gene egl-1 (HOFMANN et al. 2002;
SCHUMACHER ¢t al. 2005; QUEVEDO et al. 2007), pre-
liminary evidence indicates that ing-3(1m2830) does not
reduce the level of the egl-I transcript (S. SHAH, un-
published results). Thus, ing-3 may influence only a
subset of cep-1 targets, it may act downstream of CEP-1-
mediated transcription, or it could function in a parallel,
but nonredundant, pathway.

The function of CEP-1 and ING-3 also differs in that
CEP-1 is required for both UVand IR-induced germ-cell
apoptosis (DERRY et al. 2001; SCHUMACHER et al. 2001,
2005; STERGIOU et al. 2007) while we found no role for
ING-3 in the UVresponse. In addition to ing-3 and cep-1,
genes such as abl-1, lin-35, dpl-1, efl-2, clk-2, hus-1, mrt-2,
ced-3, ced-4, and ced-9 are also involved in DNA-damage-
induced C. elegans germ-cell apoptosis (DENG et al. 2004;
ScHERTEL and CONRADT 2007). How ing-3 operates
within pathways represented by these genes is unknown,
although mammalian ING3 has been reported to
function with the apoptotic caspase 8 in melanoma
cancer cells (WANG and L1 2006).

Although we examined ing-3 phenotypes only in the
germline and embryo, ING-3, like CEP-1, is widely
expressed. In addition, ing-3 appears to be expressed
differently when transcribed as part of an operon or
from its own internal promoter (Figure 2). This may
allow differential expression in different tissues, which
in turn might reflect different functions. Both ing-
3(tm2530) and ing-3(ttTi5439) mutants possess a weak
kinker Unc phenotype. The kinker phenotype usually

indicates a defect in neurons (GENG et al. 2003), a cell
type in which ING-3 is expressed (Figure 2). It will be
interesting to determine if ING-3 neural function is
evolutionarily conserved in vertebrates (WAGNER and
HereiNG 2005).

Itis intriguing that ing-3resides in an operon with two
other genes that could potentially influence similar
processes. hda-6 encodes a histone deacetylase while
med-1 encodes a C2H2 zinc-finger mediator of somatic
cell death (REDDIEN e/ al. 2007). Although we did not
detect genetic interactions between these genes and ing-
3 during germline apoptosis, they may interact with ing-
3in other processes.

ING-3 and chromatin regulation: In both mammals
and yeast, ING proteins interact with histone acetyl-
transferase or deacetylase complexes (reviewed in
RuUsseLL et al. 2006). We found that ING-3 overlapped
the DAPI pattern throughout the cell cycle, suggesting
that ING-3 might function in chromatin regulation as
suggested by reports showing a direct interaction
between the PHD regions of mammalian ING proteins
and histone H3 (MARTIN et al. 2006; PENA et al. 2006;
SHI et al. 2006). The staining of ING-3 was not evenly
distributed on chromatin, suggesting that ING-3 might
accumulate in specific regions. If so, ING-3 might
regulate chromatin structure with associated HAT and
HDAC complexes and influence gene silencing or
transcription in C. elegans as previously reported in cell
culture systems.
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