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Background: Elongator is an acetylase complex that regulates cell migration.

Results: DERP6 (ELP5) and C30ORF75 (ELP6) are characterized as Elongator subunits that control cell motility and tumorige-
nicity of melanoma cells. ELP5 ensures Elongator integrity by connecting ELP3 to ELP4.

Conclusion: ELP5 and ELP6 are new players for migration and tumorigenicity of transformed cells.

Significance: Elongator may be involved in both tumor initiation and progression.

The Elongator complex is composed of 6 subunits (Elp1-Elp6)
and promotes RNAPII transcript elongation through histone
acetylation in the nucleus as well as tRNA modification in the
cytoplasm. This acetyltransferase complex directly or indirectly
regulates numerous biological processes ranging from exocyto-
sis and resistance to heat shock in yeast to cell migration and
neuronal differentiation in higher eukaryotes. The identity of
human ELP1 through ELP4 has been reported but human ELP5
and ELP6 have remained uncharacterized. Here, we report that
DERP6 (ELP5) and C30RF75 (ELP6) encode these subunits of
human Elongator. We further investigated the importance and
function of these two subunits by a combination of biochemical
analysis and cellular assays. Our results show that DERP6/ELP5
is required for the integrity of Elongator and directly connects
ELP3 to ELP4. Importantly, the migration and tumorigenicity of
melanoma-derived cells are significantly decreased upon Elon-
gator depletion through ELP1 or ELP3. Strikingly, DERP6/ELP5
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and C3ORF75/ELP6-depleted melanoma cells have similar
defects, further supporting the idea that DERP6/ELP5 and
C3ORF75/ELP6 are essential for Elongator function. Together,
our data identify DERP6/ELP5 and C30ORF75/ELP6 as key play-
ers for migration, invasion and tumorigenicity of melanoma
cells, as integral subunits of Elongator.

The Elongator complex (Elp1-Elp6) was initially identified as
a component of a hyper-phosphorylated RNA polymerase II
(RNAPII)® holoenzyme isolated from budding yeast chromatin
and subsequently from human cells (1-4). Elp3, the catalytic
subunit, harbors motifs found in the GNAT family of histone
acetyltransferases (HATSs) (5) and is essential for the ability of
Elongator to acetylate histone H3, and to a lesser extent H4, in
vitro (2, 5, 6). As a result, yeast e/lp3 mutation causes decreased
histone H3 acetylation levels in chromatin in vivo (6, 7). These
data, combined with studies describing the association of Elon-
gator with nascent RNA emanating from elongating RNAPII
along the coding region of several yeast genes (8) and with the
preferential recruitment of Elongator to the transcribed regions
of human genes (9 -11), support a role for this complex in tran-
scriptional elongation.

A substantial fraction of Elongator is cytoplasmic (2, 3, 13),
raising the possibility that this complex performs additional
molecular functions in the cell (14). In this context, genetic data
in yeast demonstrated that Elongator is required for the pres-
ence of 5-methoxycarbonylmethyl (mcm?®) and 5-carbamoyl-
methyl (ncm®) groups on uridines at the wobble position of
some tRNAs (15-17). Although it is still unclear how Elongator
precisely acts in the early step of the enzymatic cascade that
ultimately generates these correctly modified tRNAs, this func-

® The abbreviations used are: RNAPII, RNA polymerase II; HAT, histone acetyl-
transferase; mcm?, 5-methoxycarbonylmethyl; ncm?, 5-carbamoylmethyl;
FD, familial dysautonomia; DERP, dermal papilla-derived protein.
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tion is conserved, at least in Saccharomyces cerevisiae, Caenorh-
abditis elegans as well as in Arabidopsis thaliana (18, 19).
Therefore, Elongator may act as a multitasking complex that
regulates both transcriptional elongation through histone
acetylation in the nucleus as well as translational fidelity
through tRNA modifications in the cytoplasm (20). These data
undoubtedly demonstrated that Elongator may not only acety-
late nuclear histones but also additional and still poorly charac-
terized substrates in the cytoplasm. In agreement with this
hypothesis, recent studies indicated that Elongator promotes
the acetylation of a-tubulin in both mice and C. elegans (21, 22)
as well as of the ELKS family member Bruchpilot in Drosophila
neurons (23).

Loss of function models for Elongator in distinct organisms
revealed a variety of cellular processes that rely on this acetylase
complex. Indeed, while Elongator yeast mutants (elp pheno-
types) have slower growth adaptation, temperature sensitivity
at 39 °C as well as exocytosis, telomeric gene silencing and DNA
damage response defects (5, 24-26), Elongata mutants of
A. thaliana showed impaired root growth due to decreased cell
division rate (27). Moreover, deletion of Elp3 in Drosophila
melanogaster resulted in larval lethality, at least because of an
aberrant expression of stress response genes (28). Elongator
deficiency is also lethal in mice (29) while migration and differ-
entiation defects were observed in Elp3-depleted cortical neu-
rons during embryogenesis (21). The consequence of impaired
Elongator function in humans is exemplified by familial dysau-
tonomia (FD), an autosomal recessive disease characterized by
defects in the development and maintenance of autonomic and
sensory system neurons (30, 31). FD is caused by a mutation in
a splice site of the IKBKAP gene, which ultimately leads to
decreased expression of ELP1, the scaffold protein that assem-
bles Elongator, in a tissue-specific manner (32, 33). Interest-
ingly, some ELP3 variants are associated with amyotrophic lat-
eral sclerosis, a progressive motor neuron disease (34), thus
strongly suggesting that the Elongator-dependent pathways
may be deregulated in distinct neurological disorders (35).

We and others (11, 36 —38) have reported that Elongator crit-
ically regulates cell migration, independently of the cell type
studied. Indeed, primary or transformed cells depleted for
Elongator systematically showed cell motility defects, suggest-
ing that Elongator-dependent protein acetylation plays an
important role in cell migration (11, 21). It is however still
unclear whether and how other Elongator subunits beside ELP1
and ELP3 contribute to this process.

We report here the characterization of dermal papilla-de-
rived protein 6 (DERP6) and C30RF75 as human homologues
of yeast Elp5 and Elp6, respectively. Moreover, we show that
DERP6/ELPS5 is essential for Elongator integrity as it connects
ELP4 to ELP3. Importantly, ELP5- or ELP6-depleted mela-
noma-derived cells do not migrate properly and fail to efficiently
generate colonies in soft agar, similar to what is observed in
ELP1- and ELP3-depleted cells. Wild type DERP6/ELP5, but
not a mutant that does not bind ELP1 or ELP3, restores motility
in DERP6/ELP5-deficient cells. Taken together, our data iden-
tify the genes encoding ELP5 and ELP6 in human cells, define
Elongator as a key actor for the tumorigenic potential and
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motility of melanoma cells, and provide further mechanistic
insights into the function of DERP6/ELPS5.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—ORFs encoding human ELP4 and
DERP6/ELP5 were cloned into pIRESpuro (Clontech, Palo
Alto, CA) with a FLAG tag at the C terminus. The pCMV-Myc
ELP3, FLAG-ELP3, and FLAG-ELP1 expression constructs
were previously described (21). DERP6/ELP5 mutants were
generated by PCR and subcloned into the pcDNA3.1 expres-
sion vector (Invitrogen). Full-length DERP6/ELP5 was also sub-
cloned into the pCMV-Myc expression construct (Clontech).
Antibodies used were mouse anti-FLAG, mouse anti-a-tubulin
(Sigma Aldrich), rabbit anti-Myc (Santa Cruz Biotechnologies),
and rabbit anti-Histone H3 (Abcam, Cambridge, UK). The rab-
bit anti-Elp1, -Elp3, -Elp4, -Elp5, and Elp6 antibodies were pre-
viously described (39).

Cell Culture, Stable Cell Line Establishment—HEK293 cells
were cultured as previously described (40). The mouse mela-
noma-derived B16-F10-luc-G5 Bioware cells (Caliper Life-
Sciences, Hopkinton, MA) were maintained in DMEM supple-
mented with 10% fetal bovine serum, 1% antibiotics, 1%
L-glutamine, and G418. To generate HEK293 stably expressing
ELP4- or DERP6/ELP5-FLAG proteins, cells were transfected
with the relevant pIRESpuro construct and selected in 1 ug/ml
puromycin (Sigma Aldrich). Cells were maintained in selecting
media for 3 weeks and surviving cells used for experiment after
transgene expression was checked.

Subcellular Fractionation—HEK293 cells were divided into
cytoplasmic and nuclear fractions as previously described (41).
Briefly, cells were trypsinized, washed in PBS, and lysed in cyto-
plasmic lysis buffer (10 mm Tris-HCI, pH 7.9, 340 mm sucrose, 3
mM CaCl,, 2 mm Mg(OAc),, 0.1 mm EDTA, 1 mm DTT, 0.5%
Nonidet P-40, protease inhibitors). Nuclei were pelleted by cen-
trifugation at 3,500 X g for 15 min, washed in cytoplasmic lysis
without Nonidet P-40 and lysed in nuclear lysis buffer (20 mm
Hepes pH 7.9, 250 mm KOAc, 1% SDS, 1 mm DTT, protease
inhibitors). For ease of comparison, equal proportion of cyto-
plasmic or nuclear fractions was loaded on SDS-page gel.

Lentiviral Cell Infections—Control shRNA as well as shRNA
Elpl, -Elp3, -Elp5, and -Elp6 lentiviral constructs were pur-
chased from Sigma Aldrich. The corresponding sequences are
listed in the supplemental Table S1. Lenti-X 293T cells (Clon-
tech) were transfected with VSV-G, gag, and pol expressing
constructs as well as with the vector (pLKO.1-puro) containing
the shRNA sequence of interest. Infectious supernatants were
collected 48 —52 h post-transfection, and cleared by centrifuga-
tion. Polybrene was added (5 ng/ml), and the cleared superna-
tants were used to transduce B16-F10 or HEK293 cells. Infected
cells were maintained in puromycin-containing media to pro-
duce stable knock down cells. The efficiency of the RNA inter-
ference was validated by either Western blot or qRT-PCR
analysis.

Purification and Identification of Human Elongator Complex

from Cytoplasmic Fractions—10°® cells stably expressing ELP4-
FLAG were lysed with cytoplasmic lysis buffer (10 mm Tris-
HCl, pH 7.9, 340 mm sucrose, 3 mMm CaCl,, 2 mm Mg(OAc),, 0.1
mMEDTA, 1 mmDTT, 0.5% Nonidet P-40, protease inhibitors).
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FIGURE 1. Identification of DERP6 and C30RF75 as Elongator subunits. A, Elongator was purified from the cytoplasmic fraction of ELP4-FLAG expressing
cells. Equal amount of the M2 chromatography eluates from Mock (M) and ELP4-FLAG (E) were separated by 4-12% SDS-PAGE and stained with Sypro Ruby.
Bands were extracted and analyzed by mass spectrometry. Arrows indicate the co-eluting Elongator subunits as well as Hsp70, a- and B-tubulin (* shows
nonspecific bands). B, Western blot analysis of M2 eluates from control (Mock) or DERP6/ELP5-FLAG expressing cells. Proteins were detected with antibodies
as shown on the left. C, Anti-ELP6 Western blot analysis on anti-FLAG immunoprecipitates from control or DERP6/ELP5-FLAG-expressing cells (top panel). At the
bottom, anti-ELP5 Western blot performed on the crude cell extracts (input). D, endogenous ELP4 was immunoprecipitated from Mock or DERP6/ELP5-FLAG
expressing cells and proteins detected with antibodies listed on the right. E, M2-purified Elongator complex from B was analyzed by size exclusion chroma-
tography. V, is the void volume fraction. Proteins were detected by Western blotting using the antibodies indicated on the /eft.

Nuclei were then pelleted by centrifugation at 3,500 X g for 15
min and discarded. The cytoplasmic fraction was further
cleared by centrifugation at 20,000 X g for 30 min, and the
supernatant was collected. For negative control purification,
the same extracts were prepared from the same amount of
untagged cells. The sample was then applied to M2-agarose
beads (Sigma Aldrich) and incubated for 4 h at 4 °C. After bind-
ing, beads were washed extensively with washing buffer (20 mm
Hepes pH 7.9, 250 mm KOAc, 1% Triton X-100, 10% glycerol, 3
mM EDTA, 1 mm DTT, protease inhibitors). Finally, proteins
were eluted by using FLAG elution buffer (20 mm Hepes pH 7.9,
100 mm KOAc, 3 mm EDTA, 1 mm DTT, 200 pug/ml 3xFLAG
peptide, protease inhibitors). Eluates were resolved by 4—12%
bis-Tris gradient SDS-PAGE and analyzed by Sypro Ruby stain-
ing (Invitrogen). In-gel digestion of each band was then per-
formed by addition of modified trypsin (Promega, Madison,
WI) in 50 mM ammonium bicarbonate at 37 °C overnight and
further analyzed by LC-Chip nano high performance liquid
chromatography (HPLC) electrospray MS-MS using an XCT
iontrap mass spectrometer (Agilent, Santa Clara, CA). The
HPLC separations were performed on an RP C18 Zorbax col-
umn from Agilent. The mobile phase was a 60 min gradient
mixture formed as follows: mixture A, water-acetonitrile-for-
mic acid (97/3/0.1 [v/v/vol]); mixture B, acetonitrile-water-for-
mic acid (90/10/0.1 [v/v/vol]). The flow rate was fixed at 300
nL/min. The collision energy was set automatically depending
on the mass of the parent ion. Each MS full scan was followed by
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MS-MS scans of the first four most intense peaks detected in
the prior MS scan. A list of peptide masses was subsequently
introduced into the database for protein identification searches
using MASCOT (Matrix Sciences). For size exclusion chroma-
tography, samples were loaded on superdex 200 in buffer A (20
mM Hepes-KOH, 0.01% Nonidet P-40, 10% glycerol, 250 mm
KOAc). 250 ul fractions were collected, and sizes were esti-
mated by running protein size markers (Bio-Rad) in parallel.

Immunoprecipitations and Immunofluorescences—Immu-
noprecipitations involving ectopically expressed proteins were
conducted as previously described (40). For immunostainings,
HEK?293 cells were washed twice in PBS, fixed in 4% PFA for 20
min at room temperature and washed three times in washing
buffer (PBS, 0.1% Tween). Cells were subsequently permeabi-
lized in PBS supplemented with 0.5% Triton X-100 for 15 min,
incubated in a blocking buffer containing PBS, 0.3% Triton
X-100 and 5% Donkey Serum for 30 min at room temperature,
and then incubated with primary antibodies for 1 h. After three
washes in the blocking buffer, cells were incubated with
Alexa546- (Invitrogen) or FITC- (Jackson Immunoresearch
Laboratories, West Grove, PA) conjugated secondary antibod-
ies in the same buffer for 1 h at room temperature and subse-
quently washed three times. Cells were counterstained with
To-Pro (Invitrogen), washed once and mounted in ProLong
Gold antifade reagent (Invitrogen) between slide and coverslip.
Images were acquired with a Leica TCS SP2 confocal (objective
63X with oil immersion).
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Wound Healing, Soft Agar Colony, and Three-dimensional
Cell Culture Assays—Wound healing assays were conducted
as previously described (11). Briefly, 3 X 10°> B16-F10 cells
expressing shCTR, shElp1, -3, -5, or -6 were seeded in 24-well
plates in triplicates. The next day, cells were treated with Mito-
mycin C (1 pug/ml) for 2 h before performing a linear scratch in
the confluent cell monolayer. For each well, one picture was
taken at time O (just after the scratch) and after 6 or 7 h. Cells
were imaged using a Nikon Eclipse TS100 phase-contrast
microscope equipped with a 10X objective. For soft agar assays,
2 X 10% B16-F10 cells expressing shCTRL, shElp1,-3, -5, or -6
lentiviral constructs were plated in 6-well plates in triplicates in
culture media containing 0.4% agar on top of media containing
0.8% agar. Cells were incubated for 2 weeks and culture media
was replaced every 2-3 days. At the end of the experiment,
macroscopic colonies were stained with crystal violet 0.005%
and scored with the Image] sofware. Three-dimensional cell
culture assays were carried out mainly as described (42). Briefly,
type I collagen from rat tail (a generous gift from A. Colige,
Laboratory of Connective Tissues Biology, GIGA Cancer, Uni-
versity of Liege, Belgium) was diluted to a concentration of 2
mg/ml, and the pH was neutralized by adding 1:3 volume of
DMEM. 800 wl aliquots were immediately added to 12-well
culture plates and incubated at 37 °C until gelation occurred. A
drop of collagen containing 2 X 10° control or Elp1-depleted
cells was added on top of solidified collagen. After 30 min incu-
bation at 37 °C, overlying collagen gels were generated. Wells
were then filled with culture media and incubated for 3 weeks at
37 °C. The culture media was replaced every 2—3 days. Satellites
colonies were stained using a solution of 0.2% methylene blue in
50% methanol and imaged with a Canon camera.

Statistical Analysis—Comparison between 2 groups was car-
ried out by doing Student t-tests. Significance was reached
when p < 0.1% p < 0.05 **, p < 0.01 ***.

RESULTS

Identification of DERP6 and C3ORF75 as Elongator
Subunits—Human Elongator was previously purified from
HelLa cells, which led to the identification of ELP1, ELP2, and
ELP3 as subunits of the so-called “core” complex (2, 3). Elon-
gator also exists as a larger six-subunit complex referred to
as the “holo-complex” that has HAT activity and includes
ELP4 as well as two uncharacterized polypeptides, namely
p38 (ELP5) and p30 (ELP6) (3). These products are likely to
be encoded by one of the several homologues of yeast elp5
and elp6 in human cells, but their identity has not been
reported. To identify the p38 and p30 proteins, we generated
HEK293 cells stably expressing FLAG-tagged ELP4, and
used it as a bait to purify human Elongator (Fig. 1A4). Eluted
proteins were subjected to SDS-PAGE analysis and bands
were identified by mass spectrometry (MS) (see supplemen-
tal Figs. S1 and S2) (43). They included ELP1, ELP2, ELP3,
ELP4 as well as two products, namely DERP6 and C30RF75,
whose apparent molecular weights (38 and 30 kDa, respec-
tively), matched that of the uncharacterized subunits of
human Elongator (Fig. 14, lane 2) (3). Sequence alignment
confirmed that DERP6 and C30RF75 correspond to human
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FIGURE 2. ELP1, ELP3, ELP4, and ELP5 are mainly cytoplasmic. A, HEK293
cells were transfected with the indicated expression plasmids and immuno-
fluorescence analysis were conducted using anti-Myc or -FLAG antibodies
(left column). To-Pro (blue) was used to visualize the nuclei (middle and right
columns). B, DERP6/ELP5-FLAG was transfected in HEK293 cells and cytoplas-
mic versus nuclear extracts (C and N, respectively) were isolated from the
resulting cells. Those extracts were subjected to anti-FLAG, -a-tubulin, and
-Histone H3 (cytoplasmic and nuclear markers, respectively), as indicated. A
quantification of the cellular distribution of DERP6/ELP5 is illustrated as well.
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homologues of yeast Elp5 and Elp6, respectively (supple-
mental Figs. S3 and S4).

To further substantiate the notion that DERP6 and C30ORF75
are part of the human Elongator complex, we established a sta-
ble cell line expressing FLAG-tagged DERP6/ELP5 and applied
the same purification protocol. DERP6/ELP5-FLAG co-immu-
noprecipitated endogenous ELP1, ELP3, ELP4 as well as
C3ORF75/ELP6 (Fig. 1, B and C). Endogenous ELP4 immu-
noprecipitation also brought down DERP6/ELP5-FLAG (Fig.
1D). Moreover, ELP1, ELP3, ELP4 and DERP6/ELP5-FLAG co-
eluted as a 600 kDa complex on gel filtration analysis, as previ-
ously described (1, 45) (Fig. 1E). We next performed immuno-
fluorescence analysis to determine DERP6/ELP5 subcellular
localization. Ectopically expressed ELP1 and ELP3 were mainly,
but not exclusively, located in the cytoplasm, as previously
described (Fig. 24) (3, 21, 36, 46). ELP4 and DERP6/ELP5 were
also mainly found in this cell compartment, showing that holo-
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FIGURE 3. Elp1 and Elp3 regulate cell motility of melanoma-derived B16-F10 cells. A, generation and characterization of Elp1-deficient B16-F10 cells.
Anti-Elp1, -Elp3, and -a-tubulin (loading control) Western blot analysis were carried out using cell extracts from B16-F10 infected with lentiviral constructs
delivering small hairpin RNAs targeting two distinct sequences of the Elp1 transcript, or a control sequence as a negative control (“shRNA Elp1#1,” “shRNA
Elp1#2,” and “shRNA control (CTR),” respectively). B, migration of control (CTR) or Elp1-depleted (Elp1#1 or Elp1#2) melanoma-derived cells was measured by
wound healing assay. Pictures were taken at the indicated times after the wound. A quantification of the data obtained is illustrated on the right. For each
experimental condition, the width of the wound was set to 100% at time 0 and the width in other time points expressed relative to that. The figure shows the
data from a representative experiment performed in triplicates (mean values + S.D.). C, generation and characterization of Elp3-depleted melanoma-derived
cells. mRNA levels from B16-F10 cells infected with lentiviral constructs delivering small hairpin RNAs targeting two distinct sequences of the Elp3 transcript,
or a control sequence (shRNA Elp3#1, shRNA Elp3#2, and shRNA CTR, respectively), were assessed by qRT-PCR. EIp3 mRNA levels in control B16-F10 cells were
set to 100%, and mRNA levels in other experimental conditions are relative to that. The figure shows the data from a representative experiment performed in
triplicates (mean values + S.D.). D, same as B, but using Elp3-depleted melanoma-derived generated in C. E, wound healing assays were conducted with shRNA
control, shRNA Elp3 B16-F10 cells or with shRNA Elp3 B16-F10 cells transfected with full-length Myc-ELP3. A quantification of the data obtained isillustrated on
the right. For each experimental condition, the width of the wound was set to 100% at time 0 and the width in other time points expressed relative to that. The
figure shows the data from a representative experiment performed in triplicates (mean values + S.D.). On the left, anti-Myc Western blots were carried out with
protein extracts from the indicated cells collected at the end of the wound healing assay. “Mock” denotes experimental conditions in which cells were
transfected with a control plasmid.

Elongator subunits colocalize. In agreement with our immuno-
fluorescence data, Western blot analysis performed on cyto-
plasmic versus nuclear fractions of HEK293 cells indicated that
DERP6/ELP5-FLAG was mostly found in the cytoplasm (Fig.
2B, top panel, lane 1). About 14% of this protein was neverthe-
less detected in the nucleus of those cells (Fig. 2B, top panel,
lane 2). Taken together, these data indicate that DERP6 and
C3OREF75 are part of the Elongator complex, as human homo-
logues of yeast Elp5 and Elp6. We therefore renamed these two
proteins ELP5 and ELP6.

Elongator-deficient Melanoma Cells Have Motility Defects—
We previously reported that Elongator-depleted HeLa cells dis-
play migration defects, at least partly due to a failure to properly
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express genes coding for proteins involved in cell motility (11).
To explore whether Elongator also regulates cell migration in
melanomas, we first generated B16-F10 cells deficient for Elp1l
through lentivirus based RNA interference using two distinct
sequences targeting the Elp1 transcript, or a control sequence
(“shRNA Elp1#1”7, shRNA Elp1#2” and “shRNA control (CTR)”,
respectively). Elp1 was efficiently depleted, as judged by West-
ern blot analysis (Fig. 34, top panel), which led to the destabi-
lization of the Elp3 protein, as previously shown (11, 39) (Fig.
3A, middle panel). The migrating capacity of these cells was
assessed by wound healing assay. Significant closure of the gaps
in cell monolayers had occurred after 7 h in control B16-F10
cells, whereas a clear delay was observed in Elp1-depleted cells,
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independently of the sequence used to target the Elpl tran-
script (Fig. 3B). We next generated Elp3-depleted B16-F10 cells
using the same experimental approach (Fig. 3C) and subjected
them to wound healing assays. Elp3 deficiency in B16-F10 cells
caused a significant delay in wound healing as well (Fig. 3D).
Importantly, ELP3 expression in these cells restored their
migration potential (Fig. 3E). These data suggest that both Elp1
and Elp3 Elongator subunits control cell migration in mela-
noma-derived cells.

Elongator Is Essential for Anchorage-independent Growth
and Invasive Potential of Melanoma-derived Cells—Wound
healing assays are used to assess the migrating capacity of any
cell type, but this assay does not address the question of tumor-
igenesis. To determine whether Elongator regulates this latter
process, we subsequently assessed the anchorage-independent
growth of control-, Elpl-, or Elp3-depleted B16-F10 cells by
counting colonies able to grow in soft agar. This cellular assay is
widely used to study tumorigenic potential of cells. Whereas
control B16-F10 cells efficiently generated colonies, Elpl or
Elp3 deficiency dramatically impaired the capacity of mela-
noma-derived cells to growth in an anchorage-independent
manner (Fig. 4, A and B, respectively).

To address the issue of tumor invasion and expansion
through the extracellular matrix, we used three-dimensional
(3D) cell culture systems (47). Briefly, this experimental
approach is based on the growth of invasive cancer cells in col-
lagen matrices, and the production of satellite colonies gener-
ated from the primary cancer cells. Consequently, key steps of
the metastatic process are recapitulated including cell motility
and invasion, expansion through a collagen matrix as well as
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cell survival at distant sites (42). We investigated to which
extent satellite colony formation of melanoma-derived cells
required Elongator. As expected, control B16-F10 cells gener-
ated multiple satellite colonies, a property that was dramatically
affected in Elpl-depleted cells (Fig. 4C). Taken together, our
data indicate that Elongator is crucial for transformation as well
as for the invasive potential of melanoma-derived cells.

ElpS and Elp6 Regulate Cell Migration and Tumorigenesis as
Elongator Subunits—As ELP5 and ELP6 were identified as
Elongator subunits, we next examined whether these proteins
also regulate cell migration. Elp5 or Elp6 were efficiently
depleted from B16-F10 cells, as judged by the dramatic decrease
in their corresponding mRNA levels in cells infected with two
distinct shRNA constructs (Fig. 5, A and C). Moreover, Elp5- or
Elp6-depleted cells also showed cell motility defects, as evi-
denced by the significant delay in wound healing observed com-
pared with control cells, independently of the shRNA sequence
used to deplete them (Fig. 5, B and D, respectively T6h). Finally,
Elp5- or Elp6-deficient B16-F10 cells also showed strong
defects in their capacity to form colonies in soft agar (Fig. 5, E
and F, respectively).

Having established the role of Elp5 and Elp6 in cell migration,
we next explored the structure-function relationship of the
Elp5 protein. We generated a variety of ELP5 mutants lacking
N- or C-terminal amino acids (“AN50, AN100, AN150 as well as
AC50, AC100, and AC150 ELP5”, respectively) (Fig. 64). These
mutants were subsequently tested for their ability to bind other
Elongator subunits in co-immunoprecipitation experiments.
While the AC50 mutant remained capable of binding endoge-
nous ELP4, the AN50 ELP5 mutant failed to do so, suggesting
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that the first 50 amino acids are required for the interaction of length ELP5 and the AN150 mutant were detected by Western
ELP5 with ELP4 (Fig. 6B, top panel, compare lanes 2, 3, and 6, blot analysis using extracts collected at the end of the wound
respectively). The AC100 ELP5 mutant also failed to efficiently  healing analysis (Fig. 6D, lanes 3 and 4). Interestingly, however,
bind ELP4, which might suggest that ELP5 harbors a second while full-length ELP5 completely restored the migration
ELP4-interacting domain between amino acids 216 and 265 potential of these cells, the AN150 mutant failed to do so (Fig.
(Fig. 6B, top panel, compare lanes 2 and 7). Interestingly, 6D). Therefore, these results show that ELP5 regulates cell
despite its inability to bind ELP4, the AN50 ELP5 mutant still motility as a subunit of Elongator.

bound endogenous ELP1, or ectopically expressed ELP3, as did ELPS Connects ELP4 to ELP3—To learn more on the molec-
the AC100 mutant, suggesting that ELP5 binds ELP4 and ELP3  ular mechanisms by which ELP5 is required for the activity of
(or ELP1) through distinct domains (Fig. 6C, top and second the Elongator complex, we experimentally assessed the interac-
panel from the top, lanes 4 and 8). Deletion of 150 N-terminal tion network of Elongator subunits in presence or absence of
or C-terminal amino acids was required to disrupt the interac- ELP5. As expected, endogenous ELP1 and ELP3 could be
tion of ELP5 with ELP3 and ELP1 (Fig. 6C, top panel and second  detected in an ELP4-FLAG pull down (Fig. 7A, top panel and
panel from the fop, lanes 6 and 9). Finally, as the AN150 ELP5  second panel from the top, lanes 3). However, whereas ELP1
mutant failed to bind any of the tested Elongator subunits, we could efficiently bind ELP4 in ELP5-depleted HEK293 cells,
checked whether this product would efficiently restore cell ELP3-ELP4 interaction required ELP5, indicating that ELP5
migration when expressed in Elp5-depleted cells. Both full- connects ELP4 to ELP3 (Fig. 7A, top and second panel from the
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32542 JOURNAL OF BIOLOGICAL CHEMISTRY

top, compare lanes 3 and 4). To validate these results, we immu-
noprecipitated FLAG-ELP3 from control or ELP5-depleted
HEK 293 cells and observed that although endogenous ELP1
was detectable in the immunoprecipitates in both experimental
conditions (Fig. 7B, top panel compare lanes 3 and 4), ELP4-
ELP3 association was decreased in the absence of ELP5 (Fig. 7B,
third panel from the top, compare lanes 3 and 4). Therefore,
ELP5 is dispensable for the interaction between ELP3 and ELP1
but is required for optimal binding of ELP3 to ELP4.

DISCUSSION

We report here the identification of two previously unchar-
acterized human Elongator subunits, namely DERP6/ELP5 and
C30ORF75/ELP6. We show that both proteins control cell
migration in melanoma-derived cells and provide evidences
that ELP5 fulfills this function at least partly by connecting
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ELP3 to ELP4. Our results also point to a role of Elongator in
regulating the growth of transformed cells in an anchorage-
independent manner. Our data further demonstrate that ELP1-
ELP6 act as integral Elongator subunits to control cell motility
and tumorigenicity of transformed cells and provide additional
insights into the structure-function of this acetylase complex.
Elongator is unique, as it includes two sub-complexes,
namely the core-elongator (ELP1, -2, and -3) that has the acetyl-
transferase activity and the ELP456 subcomplex, which has
recently been described as an hexameric RecA-like ATPase in
yeast (48, 49). Only very recent studies actually started to
explore the structure-function relationship of Elongator. In
yeast, deletion of any of the (ELP) genes encoding the 6 subunits
confers similar phenotypes, yet Elp2 deletion does not seem to
impair Elongator integrity in vitro (6, 50). On the other hand,
ELP3 is strongly destabilized in the absence of ELP1, thus defin-
ing this latter subunit as a crucial actor for assembling Elonga-
tor into a functional complex in yeast but also in human cells
(11, 39). Beside a C-terminal HAT domain, yeast Elp3 also har-
bors an N-terminal iron-sulfur (FeS) cluster motif with no
described catalytic activity but critical for the association of
Elongator with accessory factors such as Ktill and Ktil2 (51).
Here, we show that ELP5 constitutively binds ELP1 and ELP3
and also connects ELP3 to ELP4. Our data suggest that this role
underlies its ability to ensure Elongator integrity and function.
We demonstrated that ELP5 bound ELP1/ELP3 through two
distinct domains, namely a N-terminal motif spanning from
amino acids 101 and 150 as well as a second motif from amino
acids 166 to 216. It also binds ELP4 through amino acids 1 to 50
and also through amino acids 217 to 266 (Fig. 6, B and C).
Interestingly, the very C-terminal region of ELP5 that is highly
conserved throughout evolution is clearly located downstream
of the ELP1/3-interacting domain while the motif required for
binding to ELP4 only partially includes the most conserved res-
idues. Indeed, the last 50 amino acids of ELP5 are dispensable
for the interaction with ELP1/3 and 4, yet they include numer-
ous conserved residues, which may indicate that ELP5 fulfills
key functions that go beyond its capacity to connect Elongator
subunits. A recent study performed in yeast defined amino
acids E61 and D107 of Elp5 as critical residues for ATPase enzy-
matic activity (48). Surprisingly, these residues as well as their
flanking sequences are poorly conserved throughout evolution
(supplemental Fig. S3). Therefore, future work is needed to
confirm whether this enzymatic activity can also be detected in
human ELP5 and to examine to what extent this activity con-
tributes to the capacity of ELP5 to promote cell migration.
Our report provides key insights into the biological functions
of DERP6, a protein previously described as a positive regulator
of the p53-dependent pathways (44). We previously showed
that Elongator deficiency actually slightly stabilized p53 in
colon cancer-derived HCT116 cells, but that it did not impair
DNA damage-induced p53 phosphorylation (52). We also dem-
onstrated that some p53 target genes were aberrantly expressed
upon Elongator deficiency, which indicated that this acetylase
complex protects cells from an inappropriate expression of
p53-dependent genes rather than promoting p53 activation.
Furthermore, we did not observe significant change in p53 lev-
els upon Elp5 depletion (data not shown). Finally, a recent study
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in Drosophila pointed out for a role of Elongator as positive
regulator of the insulin-receptor-TOR signaling, which ulti-
mately control cell growth and cell death. Indeed, mutations in
the poly gene (encoding the Elp6 homologue in Drosophila) led
to increased apoptotic cell death in larvae (53). In support to
this hypothesis, Elongator deficiency is linked to FD, a neuro-
developmental and neurodegenerative genetic disorder in
which premature or excessive cell death is observed. Even if it is
currently unclear whether the progression of this disease
involves a deregulated p53 response, it provides enough evi-
dence for Elongator acting as a negative, rather than a positive
regulator of p53.

We show here that Elpl-, Elp3-, Elp5-, and Elp6-deficient
melanoma-derived cells do not efficiently form colonies in soft
agar. Therefore, Elongator is a protein complex that promotes
cell growth and/or survival in an anchorage-independent. The
molecular mechanisms by which Elongator is involved in this
process are however not known. Based on the role of this acety-
lase complex in tumorigenesis but also in the migration of mel-
anoma-derived cells, it is tempting to speculate that tumor ini-
tiation but also tumor progression may both rely on Elongator.
The potential contribution of each subunit of this acetylase
complex in both processes is currently under investigation.
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