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ALR (MLL2) is a member of the human MLL family, which belongs to a larger SET1 family of histone
methyltransferases. We found that ALR is present within a stable multiprotein complex containing a cohort of
proteins shared with other SET1 family complexes and several unique components, such as PTIP and the
jumonji family member UTX. Like other complexes formed by SET1 family members, the ALR complex
exhibited strong H3K4 methyltransferase activity, conferred by the ALR SET domain. By generating ALR
knockdown cell lines and comparing their expression profiles to that of control cells, we identified a set of genes
whose expression is activated by ALR. Some of these genes were identified by chromatin immunoprecipitation
as direct ALR targets. The ALR complex was found to associate in an ALR-dependent fashion with promoters
and transcription initiation sites of target genes and to induce H3K4 trimethylation. The most characteristic
features of the ALR knockdown cells were changes in the dynamics and mode of cell spreading/polarization,
reduced migration capacity, impaired anchorage-dependent and -independent growth, and decreased tumor-
igenicity in mice. Taken together, our results suggest that ALR is a transcriptional activator that induces the
transcription of target genes by covalent histone modification. ALR appears to be involved in the regulation of
adhesion-related cytoskeletal events, which might affect cell growth and survival.

Epigenetic regulation of transcription is a major mechanism
of gene regulation in eukaryotes. Methylation of histones on
lysine residues is one such epigenetic mechanism (18, 42). At
least five lysine residues of histone H3 (K4, K9, K27, K36, and
K79) and single lysine residues of histones H4 and H1 (K20
and K26, respectively) have been shown to be sites for meth-
ylation (8, 24). The effects of methylation on gene expression
are dependent on the particular lysine residue. For example,
methylation of histone H3 on lysine K4 (H3K4 methylation) is
linked to transcriptional activation, whereas H3K27 methyl-
ation is associated with transcriptional repression (24, 40).

The hallmark of proteins possessing lysine methyltransferase
activity is the evolutionarily conserved catalytic SET domain.
The SET domain methyltransferases can be divided into seven
main families. Proteins within each family have a higher level
of homology within the SET domain and in the SET domain-
surrounding sequences and catalyze methylation of a specific
lysine residue(s) (8). One such family is SET1, whose members
methylate the K4 residue on histone H3. The family includes
the Saccharomyces cerevisiae Set1 protein and its human ho-
molog, hSet1; the Drosophila Trithorax (TRX) and TRR
(Trithorax-related) proteins; and their closely related human
homologs, designated MLL group proteins. Human SET1 fam-

ily members are present in multiprotein complexes that appear
to be structurally and functionally similar to the yeast Set1
complex (9, 13, 16, 25, 29, 48, 51).

The best-studied MLL group member is MLL (for mixed-
lineage leukemia; also termed MLL1 and ALL-1). MLL is
often involved in chromosome translocations in human acute
leukemia and, like its Drosophila homolog TRX, is required for
maintaining the expression of homeobox (Hox) genes during
embryo development (2). Subsequent to the cloning of MLL,
the human genome was found to contain at least four more
genes encoding MLL-like proteins, each carrying some or most
of the MLL motifs. These proteins include MLL4 (the former
MLL2), which is highly similar to MLL (12, 17); the closely
related ALR (MLL2) and HALR (MLL3) proteins (31, 33,
45); and MLL5 (11). Despite extensive research done on MLL,
little is known about the functions of the other MLL-related
proteins.

Recently, new insights were obtained regarding ALR
(MLL2) and its Drosophila homolog, TRR. ALR is a gigantic
5,262-residue-long protein containing a SET domain, five PHD
fingers, an HMG-I binding motif, a zinc finger, and FY-rich
motifs (31). Analysis of its expression in the mouse embryo and
in adult human tissues suggests that ALR might have multiple
functions during development, as well as in the adult organism
(31). Consistent with these data, some important aspects of
TRR activity during Drosophila development were uncovered
(36). TRR was shown to regulate ecdysone-dependent transcrip-
tion of a principal developmental-factor gene, HEDGEHOG
(HH). Upon ecdysone addition, TRR bound the ecdysone re-
ceptor and, together with the latter, was recruited to the pro-
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moter of the HH gene. In the promoter region, TRR methyl-
ated H3K4, thus activating HH transcription (36).

Like its Drosophila counterpart, ALR also appears to par-
ticipate in nuclear receptor-dependent transcriptional activa-
tion. ALR was identified as a component of a stable protein
complex formed by the nuclear receptor coactivator ASC-2.
Besides ASC-2 and ALR, this complex, termed ASCOM, in-
cluded the ALR homolog HALR (MLL3), ASH2, RBQ3, and
�/� tubulins. ASCOM was shown to bind in a ligand-depen-
dent fashion to the retinoic acid-responsive elements to induce
gene expression (13). The subsequently purified estrogen re-
ceptor alpha (ER�) coactivator complex was reported to con-
tain MLL2 (ALR), ASH2, RBQ3, and WDR5 proteins. Upon
estrogen stimulation, the complex interacted with ER� and
was recruited to promoters of ER� target genes (28).

While Drosophila TRR was clearly demonstrated to be an
H3K4 methyltransferase (36), such enzymatic activity of the
ALR protein remains questionable. Thus, although Goo and
colleagues reported very weak H3K4 methylation by ASCOM,
this activity was demonstrated only for the SET domain of the
ASCOM component HALR, but not for the ALR SET domain
(13). Further, Mo and colleagues were unable to show meth-
yltransferase activity of the ALR SET domain or of the ER�
coactivator complex, which contains ALR but not HALR (28).
Additional unresolved issues include the identification of
ALR target genes and elucidation of the biological func-
tion(s) of ALR.

Here, we report the purification of a stable multiprotein
ALR complex whose composition is similar, but not identical,
to those of the ER�-interacting MLL2 complex and ASCOM.
The ALR complex exhibited strong H3K4 methyltransferase
activity conferred by the ALR SET domain. By generating
ALR knockdown cell lines and comparing their expression
profiles to that of control cells, we identified a set of genes
whose expression is activated by ALR. Some of these genes
were identified by chromatin immunoprecipitation (ChIP) as
direct ALR targets. We also show evidence that the ALR
protein is involved in the regulation of adhesion-related cy-
toskeletal events and of cell growth.

MATERIALS AND METHODS

Some materials (antibodies [Abs]) and methods (immunoprecipitations, im-
munofluorescence, time-lapse video microscopy, terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling [TUNEL], cell growth, cell
scratch, agar colony growth, and tumorigenicity assays) can be found in the
supplemental material.

Biochemical fractionation of nuclear extracts. All steps of the biochemical
fractionation of nuclear extracts were carried out at 4°C. The presence of ALR
during all fractionation steps was monitored by Western blotting. Nuclear ex-
tracts were obtained from 150 liters of K562 cells by a modified Dignam proce-
dure as previously described (30) and dialyzed against CB buffer (25 mM Tris
[pH 7.8], 0.2 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmeth-
ylsulfonyl fluoride, and 2 �g/ml each of leupeptin, aprotinin, and pepstatin A)
supplemented with 0.1 M KCl (CB100). An aliquot of 600 mg was loaded on a
P11 phosphocellulose column of 100 ml and eluted sequentially with CB buffer
supplemented with 0.1, 0.3, 0.5, and 1 M KCl (CB100, CB300, CB500, and
CB1000, respectively). The majority of ALR was eluted at 0.3 M KCl, and after
dialysis versus CB100, it was loaded onto a 10-ml Q Sepharose column and
eluted with a gradient of 0.1 to 1 M KCl. The majority of ALR was eluted from
Q Sepharose at 0.25 to 0.35 M KCl. The ALR peak fractions were pooled,
concentrated with a BioMax centrifugal device (Millipore) to a volume of 3 ml,
loaded onto a preparative Superose 6 column (270-ml bed volume), and eluted
subsequent to the void volume in 4-ml fractions. The majority of ALR was eluted

from the Superose 6 column at a volume of 100 to 124 ml (corresponding to
fractions 25 to 30). The enriched ALR complex was further concentrated with a
BioMax centrifugal device and subjected to immunoaffinity purification.

Immunoaffinity purification of the ALR complex and mass spectrometry. The
immunoaffinity purification procedure was performed as described previously
(30). Five hundred micrograms of control rabbit anti-glutathione S-transferase
(GST) or affinity-purified anti-ALR (�G or �492), anti-PTIP, or anti-UTX
antibodies were cross-linked to 0.5 ml protein G-Sepharose 4 Fast Flow (Phar-
macia Biotech) in the presence of 50 mM dimethyl pimelimidate (Pierce),
blocked overnight in 0.2 M ethanolamine (pH 8.2), and pretreated with 0.1 M
glycine (pH 2.8). An aliquot of enriched ALR preparation derived from 300 mg
of K562 nuclear extract was used for each immunoaffinity column. Complex
binding was done in CB150 containing 0.2% Tween 20 and was carried out at 4°C
for 8 h on a rotation wheel. The beads were then extensively washed with CB500
containing 0.2% Tween 20 and transferred into a Poly-prep column (Bio-Rad) in
CB100 containing 0.2% Tween 20. Bound proteins were eluted at room temper-
ature with 0.1 M glycine (pH 2.8) and immediately neutralized with 1/10 volume
of 1 M Tris (pH 9.0). The affinity-purified ALR complex was then adsorbed on
Strataclean beads (Stratagene), eluted by the addition of 1� Laemmli sample
buffer, boiled, and resolved on 4% to 15% linear-gradient sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein bands were
visualized by staining with Gelcode blue stain reagent (Bio-Rad), excised from
the gel, and sent for mass spectrometry analysis, performed at the Smoler Protein
Research Center, Technion, Israel.

Histone methylation assays. ALR complex and ALR SET polypeptides were
immunoprecipitated as described in the supplemental material. The immuno-
precipitates were then washed four times with CB150 buffer supplemented with
0.5% NP-40 and one time with histone methyltransferase (HMTase) buffer (25
mM Tris [pH 8.0] 75 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, and 10%
glycerol). The methyltransferase assay was performed essentially as described
previously (30). The reactions were carried out in HMTase buffer at a final
volume of 20 �l. Each reaction mixture contained 2 �l of S-adenosyl-L-[methyl-
3H]methionine (Amersham Biosciences; approximately 1 �M final concentra-
tion) and 2 �g of recombinant histone H3 (Upstate Biotechnology) or 5 �g of
synthetic peptides corresponding to the first 21 N-terminal histone H3 residues
with or without dimethylation on K4 and/or K9 (Upstate Biotechnology). The
qualities and methylation statuses of the peptides were ascertained by mass
spectrometry. Reaction mixtures were incubated for 2 h at room temperature. To
stop the reaction, Laemmli sample buffer was added to the samples to 1�
concentration. Following 5 min of boiling, the samples were fractionated on 15%
SDS-PAGE (when the recombinant H3 was used as a substrate) or on 20%
SDS-PAGE (when the H3 peptides were used) and stained with Gelcode blue
stain reagent. The gel was then amplified for 30 min (Amplify; Amersham
Biosciences), dried, and exposed to film.

Retroviral shRNA expression constructs and retroviral infection. For the
expression of short hairpin RNAs (shRNAs) targeting ALR, we used the
pLPCXL-GFP retroviral siRNA expression vector kindly provided by E. Fein-
stein (QBI, Kiryat Weizmann, Rehovot, Israel). This vector is a relative of the
pLPCX retroviral vector, which contains within the U3 region of the right long
terminal repeat an H1 RNA promoter to drive small interfering RNA expres-
sion, as well as a cytomegalovirus promoter-driven green fluorescent protein
marker for tracking transfection efficiency and viral infection. Five 19-bp ALR
sequences were used for generation of the vector-based shRNA constructs. Two
ALR sequences, 5�-CCTAGCAGAAACCCAGAAG and 5�-GCAGTTTGTGC
ACTCCAAG, were used for the generation of constructs termed shALR D (the
control construct) and shALR A10, respectively. Three additional ALR se-
quences used for the generation of constructs termed shALR SP1, shALR SP3,
and shALR SP4 were obtained from Dharmacon. For retroviral infection, am-
photropic Phoenix packaging cells were transfected with 20 �g DNA of the
appropriate retroviral constructs by a standard calcium phosphate procedure.
Transfection efficiency was measured by green fluorescent protein fluorescence
and was estimated at �90%. Culture supernatants were collected 24 h after
transfection and filtered. HeLa and A549 cells were infected with the filtered
viral supernatants in the presence of 4 �g/ml Polybrene (Sigma). Fresh viral
suspensions were added to the cells every 8 h during the subsequent 48 h.
Infected cells were selected in a growth medium containing 1 �g/ml puromycin
for 7 days.

DNA microarray analysis. Affymetrix microarray analysis of the ALR knock-
down and of the control HeLa cells was performed at the Microarray Unit of the
Weizmann Institute of Science, Rehovot, Israel. Total RNAs were extracted
from subconfluent proliferating cells by using Tri reagent (Sigma). Ten-micro-
gram aliquots of total RNA were used to prepare biotin-labeled cRNA according
to the Affymetrix (Santa Clara, CA) protocol. The labeled cRNA was fragmented
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and subsequently hybridized to human HG-U133A oligonucleotide arrays cor-
responding to 22,000 probe sets for known human genes and expressed sequence
tags (ESTs) (Affymetrix). The arrays were scanned, and the expression value for
each gene was calculated by using Affymetrix software. These raw expression
data were rescaled to compensate for variations in hybridization intensity be-
tween arrays. The filtering criteria are described in Results below.

Semiquantitative reverse transcription (RT)-PCR and ChIP. First-strand
cDNA template was generated from 2 �g of total RNA in a final volume of 20
�l using oligo(dT)15 primer (Promega) and Superscript II reverse transcriptase
(Invitrogen). PCRs were performed in a total volume of 50 �l containing 1 �l of
cDNA template, 2 �M (each) specific primers, and 25 �l of Ready Mix PCR
master mix (BioLab). PCR cycle numbers were individually optimized for each
gene so that each reaction fell into the linear range of product amplification.
PCR conditions and primer sequences are available upon request.

ChIP assays were performed as previously described (30). An equivalent of
1 � 107 to 1.5 � 107 cells were used for each ChIP. Antibodies against ALR (�G
and �492), PTIP, and UTX, as well as normal rabbit immunoglobulin G (IgG),
were used at 5 �g per reaction. Anti-trimethylated H3K4 Ab was used at 2 �g per
reaction. For PCR, 1 to 3 �l out of 40 �l DNA extracts was used. To allow
comparison among primer sets, unprecipitated input samples were serially di-
luted and used as a standard for all PCRs. Each PCR mixture contained 1 to 3
�l DNA template, 2 �M of each primer (the primer sequences are available
upon request), and 25 �l of Ready Mix PCR master mix (BioLab) in a total
volume of 50 �l. After 36 cycles of amplification, the PCR products were sepa-
rated on a 1.5% agarose gel and identified by ethidium bromide staining.

RESULTS

Purification and characterization of the ALR complex. For
purification of the ALR complex, a combination of conven-
tional column chromatography and immunoaffinity chroma-
tography was used (Fig. 1A). Nuclear extracts prepared from
the K562 cells were subjected to two purification steps on
Phosphocellulose P11 and Q Sepharose columns, followed by
size fractionation on a preparative Superose 6 column. This
enriched preparation was divided and applied to two immuno-
affinity columns composed of rabbit polyclonal antibodies di-
rected against ALR residues 3020 to 3192 and 4121 to 4284

(anti-ALR G and anti-ALR 492, respectively). An anti-GST
immunoaffinity column was used as a control. The eluted pro-
teins were electrophoretically separated, visualized by Coo-
massie blue staining, and subsequently subjected to mass spec-
trometry analysis. As seen in Fig. 1B, the ALR complex eluted
from the immunoaffinity columns was about 6,000-fold purified
over nuclear extract. Twelve proteins were unambiguously
identified by mass spectrometry analysis (listed alongside the
Coomassie blue-stained polyacrylamide gel in Fig. 1B). Six of
them (ALR, ASC-2, ASH2, RBQ3 [RbBP5], and tubulins �
and �) were previously reported to constitute the activation
signal cointegrator (ASC-2) complex, ASCOM (13). The only
ASCOM protein that was not detected in the ALR complex
was HALR. However, this is consistent with the results of a
very recent study demonstrating that ASCOM represents a
pool of similar complexes, each containing only a single MLL
group protein (either ALR or HALR) (22). This revised ver-
sion of ASCOM was now shown to contain the WDR5 protein,
also present in our complex.

Additional proteins that were recognized in our complex
included UTX (GenBank accession no. 108639430), PTIP (ac-
cession no. 27481075), matrin 3 (accession no. 21626466), hy-
pothetical protein MGC 4606 (accession no. 13375654), and
hDPY30 (the human homolog of the Caenorhabditis elegans
protein DPY-30, accession no. 14211889).

To ascertain the authenticity of the identified proteins as
genuine constituents of the ALR complex, we generated rabbit
polyclonal antibodies directed against the UTX and PTIP pro-
teins and used them for preparation of immunoaffinity col-
umns. The enriched ALR complex was subjected to purifica-
tion on these two columns, and the eluted proteins were
identified by mass spectrometry (Fig. 1B) and immunoblot
analysis, using the available antibodies (Fig. 1C). The pattern

FIG. 1. Purification of the ALR complex and identification of ALR-associated proteins. (A) Scheme for four-step purification of the ALR
complex. IAC, immunoaffinity column. (B) Coomassie staining of proteins eluted from anti-ALR, anti-PTIP, anti-UTX, and control immunoaf-
finity columns. About 50 �g of affinity-purified complex was eluted from each IAC (except for the control column); 98% of this amount was used
for Coomassie staining and subsequent mass spectrometry analysis. For comparison of protein pattern complexities before, during, and after
complex purification, Coomassie staining patterns of 50 �g of crude K562 nuclear extract (lane 1) and 50 �g of the ALR-enriched Superose 6
pooled fractions (lane 2) are shown, corresponding to 1/6,000 and 1/60, respectively, of the total material used for complex purification and
subjected to IAC. The positions of molecular mass markers are indicated on the left. *, components of SET1-like histone methyltransferase
complexes. (C) The identities of ALR complex components were verified by immunoblotting.

VOL. 27, 2007 ALR TARGET GENES 1891



of proteins eluted from the anti-PTIP and anti-UTX immuno-
affinity columns was nearly identical to that obtained from the
anti-ALR columns; moreover, all columns bound the same
proteins, supporting our contention that these proteins are
integral components of the ALR complex.

Further evidence in support of the observed composition of
the ALR complex was obtained by size-dependent gel filtration
chromatography. The distribution of the ALR-associated pro-
teins (subsequent to enrichment of the ALR complex on P11
and Q Sepharose columns) across a Superose 6 elution profile
was assayed by immunoblotting. The ALR protein was distrib-
uted from the void to fraction 31, peaking in fractions 25 to 29.
All the ALR complex components tested were identified in
these fractions as well (Fig. 2A). This finding reinforces the
results of immunoaffinity analysis. Further, while ASH2,
RBQ3, WDR5, and �/� tubulins were also detected in other
(ALR-negative) Superose 6 fractions, implying their associa-
tion with additional protein complexes, three proteins—
ASC-2, PTIP, and UTX—comigrated exclusively with the ALR
peak, suggesting that, at least in the ALR-enriched prepara-
tion, these proteins are present mainly within the ALR com-
plex. Similar stoichiometries of the ALR complex components
precipitated by anti-ALR, -PTIP, and -UTX immunoaffinity
columns (Fig. 1B and C) further support this suggestion.

To confirm that components of the ALR complex purified
from the K562 cells are also associated with ALR in other cell
types, reciprocal coimmunoprecipitation experiments using
A549 nuclear extracts were performed. As seen in Fig. 2B,
anti-ALR, anti-PTIP, anti-UTX, and anti-RBQ3 antibodies,
but not the control rabbit IgG, specifically coprecipitated all of
the complex components tested. Similar results were obtained
with nuclear extracts prepared from 293T, ML2, U2OS, and
HeLa cells (it should be noted that the amount of the UTX
protein present in HeLa cells was lower than in other cell types
tested).

Taken together, these results demonstrate that ALR-inter-
acting proteins identified initially by mass spectrometry are
genuine constituents of the ALR complex. From its composi-
tion, the ALR complex appears to be a classical SET1-like
H3K4 methyltransferase complex. Such complexes contain a
subset of proteins (they include ASH2, RBQ3, WDR5, and
sometimes hDPY30) homologous to the components of the S.
cerevisiae Set1 complex but with a different Set1 homolog. It
should be emphasized that the composition of the ALR com-
plex resembles, but is not identical to, that of ASCOM. Thus,
it is possible that ASCOM is a variant of the ALR complex.

H3K4 methyltransferase activity of the ALR complex. We
further found that, similar to other SET1-like complexes, the
ALR complex possesses HMTase activity. As is apparent from
Fig. 3A, the ALR complex, precipitated from K562 nuclear
extracts with anti-ALR, anti-PTIP, or anti-UTX antibodies,
specifically methylated histone H3 within core histones. To
confirm that this enzymatic activity was conferred by the SET
domain of ALR, recombinant ALR SET domain polypeptides
were used. Since the polypeptides expressed in bacterial cells
were insoluble, the ALR SET domain was expressed in mam-
malian cells. Two GST-fused ALR SET domain polypeptides
of different lengths overexpressed in 293T cells were immuno-
precipitated from the cell lysates with anti-GST Ab and incu-
bated with synthetic H3 peptides in the presence of the methyl

donor H3-SAM. The H3 peptides used in the reaction were
21-residue-long H3 N-terminal tails containing unmodified K4
and K9, dimethylated K4, dimethylated K9, or trimethylated
K9. Both the longer and the shorter versions of the ALR
SET-GST fusions (designated SET a and SET b, respectively),
but not the control GST protein, exhibited HMTase activity
(Fig. 3B). Since the ALR SET polypeptides methylated only
H3 substrates in which K4 was unmodified, our conclusion was
that ALR, like other members of the SET1 family, methylates
the K4 residue on histone H3. (It should be noted that the

FIG. 2. Confirmation of ALR complex composition. (A) Size frac-
tionation of the enriched ALR complex. The ALR-enriched K562
nuclear extracts, obtained from subsequent purification steps on P11
and Q-Sepharose columns, were applied to a preparative Superose 6
column. One percent of each fraction collected from Superose 6 was
analyzed by immunoblotting using Abs directed to various ALR com-
plex components. fr#, fraction number. The positions of molecular
mass markers determined in a parallel run are indicated at the top.
(B) Coprecipitation of ALR with other ALR complex components
from A549 cells. Crude nuclear extracts obtained from A549 cells were
utilized in reciprocal coimmunoprecipitations. Proteins coprecipitated
(IP) with anti-ALR, anti-PTIP, anti-UTX, and anti-RBQ3 Abs, as well
as with control IgG, were separated on SDS-PAGE and immuno-
blotted (IB) with the indicated Abs. Since different amounts of Abs
were used in some IPs, the analysis is qualitative rather than quanti-
tative.
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absence of signal when the H3K4-dimethylated peptide is used
as a substrate [Fig. 3B] excludes unmodified K9 as a target for
ALR SET. We have not ruled out the possibility that mono-
and dimethyl H3K9 may serve as substrates for the SET do-
main of ALR. However, the latter possibility is contradicted by
the similar signal intensities obtained with the H3 peptides
containing di- or trimethylated K9 [Fig. 3B]).

Although lysine residues may be mono-, di-, or trimethyl-
ated, in vivo trimethyl H3K4 is preferentially associated with
promoter and transcribed regions of active genes (34, 35).
Recent studies have demonstrated that efficient dimethylation,
and especially trimethylation, of H3K4 by SET1-related com-
plexes requires the presence of the complex-associated con-
served core components ASH2, RBQ3, and WDR5 (10, 41,

49). This explains previous observations demonstrating that
dimethylated H3K4 peptide can be further methylated by en-
dogenous SET1-like complexes, such as hSet1 and MLL com-
plexes (9, 48), but not by recombinant SET domains (26, 30).
Our finding that the recombinant ALR SET domain failed to
methylate the dimethylated H3K4 peptide is fully consistent
with these data. As expected, the GST-ALR SET domain also
did not interact with endogenous ASH2, RBQ3, and WDR5
(Fig. 3C).

We next examined whether the endogenous ALR complex,
which does contain the components mentioned above, could
further methylate the H3 peptide dimethylated on K4. For this,
the ALR complex, precipitated from the K562 nuclear extracts
with anti-ALR, anti-PTIP, or anti-UTX antibodies, was incu-

FIG. 3. Histone methyltransferase activities of the ALR complex and of the ALR SET domain. (A) The ALR complex methylates histone H3.
Anti-ALR, anti-PTIP, anti-UTX, or control immunoprecipitate (IP) was incubated with core histones and the methyl donor H3-SAM. Samples
were resolved on 15% SDS-PAGE, stained with Coomassie blue (right), amplified, dried, and fluorographed (left). Histone subunits are indicated
on the right. (B) ALR SET domain methylates H3K4. Two ALR SET domain-containing fragments, encompassing the ALR amino acids 5009 to
5261 and 5089 to 5261 (designated SET a and SET b, respectively), were fused to GST and overexpressed in 293T cells. Cells overexpressing GST
only were used as a control. The overexpressed polypeptides were immunoprecipitated from cell lysates using anti-GST Ab and incubated with
N-terminal H3 peptides containing unmodified K4 and K9, dimethylated K4, dimethylated K9, or trimethylated K9. Samples were resolved on 20%
SDS-PAGE, stained with Coomassie blue (bottom), and fluorographed (top). (C) The recombinant ALR SET domain does not interact with the
ASH2, RBQ3, and WDR5 proteins. GST-SET fusions or control GST was precipitated from 293T cell lysates with anti-GST Ab and analyzed by
immunoblotting using anti-GST, -ASH2, -RBQ3, or -WDR5 Abs. Five percent of each GST-SET- or control GST-overexpressing lysate was loaded
as an input control. (D) The ALR complex methylates H3 peptides containing either unmodified or dimethylated K4. Anti-ALR, anti-PTIP,
anti-UTX, or control immunoprecipitate was incubated with unmodified or appropriately methylated H3 peptides. The reaction was analyzed as
described above.
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bated with nonmethylated or appropriately modified synthetic
H3 peptides. In contrast to the ALR SET polypeptides, the
endogenous ALR complex was indeed capable of methylating
the H3 peptide containing dimethylated K4 (as well as H3
peptides with unmodified K4); the only H3 peptide that failed
to be methylated by the ALR complex was trimethylated H3K4
(Fig. 3D). These results further demonstrate the K4 specificity
of the ALR complex and imply that H3K4 modification carried
out by the complex is trimethylation, similar to the modifica-
tion carried out by other SET1-related complexes.

Generation and gene expression analysis of cell lines with
ALR knockdown. As previously shown, ALR is involved in
nuclear hormone receptor-dependent transcriptional activa-
tion (13, 28). Therefore, many ALR target genes are suppos-
edly expressed in a hormone-inducible manner. In this work,
we wished to determine whether ALR regulates the transcrip-
tion of constitutively expressed hormone-independent genes.
The expression of ALR in HeLa cells was knocked down by
small interfering RNA methodology using an efficient retrovi-
rus-derived gene delivery system. A retroviral vector for short
hairpin RNA expression was utilized to make several con-
structs encoding ALR-targeting shRNAs. Four constructs
termed shALR SP1, shALR SP3, shALR SP4, and shALR A10
were used to generate virus stocks for infection of HeLa cells
and subsequent generation of four stable ALR shRNA-ex-
pressing cell lines (termed SP1, SP3, SP4, and A10). In addi-
tion, two control cell lines were generated: one infected with
an empty vector and the second infected with an ALR shRNA
construct, termed shALR D, impaired in elimination of the
ALR protein (these control cell lines were designated Vector
and D, respectively).

Immunoblotting (Fig. 4A) and immunostaining (see Fig. S1
in the supplemental material) analyses indicated that the abun-
dance of the ALR protein was significantly reduced in all cell
lines expressing the ALR shRNA constructs SP1, -3, and -4
and A10. The abundances of other representative components
of the ALR complex were not affected (Fig. 4A).

To identify genes regulated by ALR directly or indirectly,
microarray analysis using RNAs isolated from the ALR-under-
expressing cell line SP3 and from the control vector-infected
cells was carried out. Three independent experiments (i.e.,
separate RNA isolations and microarray assays) were per-
formed. Genes were considered as up- or downregulated if
they met the following criteria: (i) differential expression was at
least twofold in all three experiments and (ii) the correspond-
ing P values were significant, as judged by application of an
Affymetrix algorithm.

Overall, 74 genes (including ESTs) were downregulated,
whereas only 2 were upregulated, in the ALR-deprived cells.
These results suggest that generally ALR acts to activate tran-
scription. The 20 genes most strongly downregulated by ALR
knockdown are shown in Table 1. The downregulated genes
comprised various functional categories (see Table S1 in the
supplemental material). Notable among them were groups of
genes involved in cell adhesion, in cytoskeleton organization,
or in transcriptional regulation. Many of these genes have a
role in development (see Table S1 in the supplemental mate-
rial), suggesting that ALR might be important during embryo-
genesis.

A semiquantitative RT-PCR analysis of the top 11 down-

FIG. 4. (A) Effects of ALR shRNAs on the level of ALR. Four
stable cell lines generated by infection of HeLa cells with retroviruses
carrying four different ALR shRNA constructs (lanes shALR SP1 to
shALR A10) and two control HeLa cell lines, infected with the retro-
viral vector or with noncompetent ALR shRNA D, were examined by
immunoblotting for expression of the ALR protein and some ALR
complex components. (B) Confirmation of the microarray results by
RT-PCR analysis. RNAs isolated from the above-described cell lines
were used for semiquantitative RT-PCR analysis to monitor the ex-
pression of selected genes. PCR cycle numbers were individually op-
timized for each gene so that each reaction fell into the linear range of
product amplification. The genes analyzed included 11 downregulated
genes (CSPG4, CRIP1, CRIP2, DKK1, FABP3, ENO3, LOXL1,
NT5E, GPR56, LAMB3, and MEOX1), 1 upregulated gene (DPT),
and 2 control genes (�-actin and HoxA9).
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regulated genes and of the upregulated DPT gene further
confirmed the changes in expression level of these genes in SP3
cells, as well as in other ALR-deficient cell lines (SP1, SP4, and
A10), in comparison to the control cells (Fig. 4B). The abun-
dances of control transcripts, such as �-actin or HoxA9, were
not affected by ALR knockdown.

Chromatin immunoprecipitation analysis reveals genes di-
rectly regulated by ALR. Genes whose expression is downregu-
lated by ALR knockdown represent both direct and indirect
ALR targets. To identify genes directly regulated by ALR, we
focused on the 10 most strongly downregulated genes and
examined the association of the ALR complex with these genes
by ChIP analysis. Chromatin from SP3 and control cells was
cross-linked, sheared to DNA fragments of sizes averaging
several hundred nucleotides, and immunoprecipitated with
two anti-ALR antibodies (�G and �492), as well as with anti-

bodies directed against two additional complex components:
UTX and PTIP. Protein G-purified normal rabbit IgG was
used as a negative control. Also included in the analysis were
antibodies against trimethylated H3K4. Following immunopre-
cipitation, sets of primers bordering DNA segments of 200 to
300 nucleotides, positioned upstream from or spanning the
transcription start sites of the genes of interest, were amplified
in PCR.

The most clear-cut and reproducible results were obtained
in analysis of the cysteine-rich protein 2 (CRIP2), melanoma-
associated chondroitin sulfate proteoglycan 4 (CSPG4), eno-
lase 3 (ENO3), and Drosophila Dickkopf homolog 1 (DKK1)
genes. As seen in Fig. 5A to D, in the vector-infected ALR-
positive cell line, the ALR, PTIP, and UTX proteins were
consistently bound to DNA regions adjacent to the transcrip-
tion initiation sites (regions a and c on the CRIP2 and ENO3

TABLE 1. The 20 genes most strongly downregulated in SP3 cellsa

GenBank accession no. Gene product symbol and name Change (fold)b Function, biological process

U36190 CRIP2, cysteine-rich protein 2 �25.9 � 4.8 Unknown
NM_005576 LOXL1, lysyl oxidase-like 1 �22.6 � 2.4 Formation and repair of extracellular

matrix, aging
X96753 CSPG4/MCSP, chondroitin-sulfate proteoglycan 4

(melanoma associated)
�21.3 � 2.3 Cell polarization, spreading, motility

and proliferation, tumor invasion
AL554008 GPR56, G protein-coupled receptor 56 �19.1 � 2.7 Cell adhesion, cell-cell signaling,

brain development
NM_002526 NT5E, 5�-nucleotidase, ecto (CD73) �17.6 � 3.5 Nucleotide metabolism
L25541 LAMB3, laminin beta-3 chain �17.6 � 5.1 Extracellular matrix component; cell

adhesion, epidermis development
NM_001976 ENO3, enolase 3 (beta) �17.2 � 0.6 Glycolisis, muscle development and

regeneration
NM_012242 DKK1, Dickkopf (Xenopus) homolog 1 �16.9 � 3.1 Signal transducer; development

(extracellular Wnt receptor
signaling antagonist)

X56549 FABP3, fatty acid binding protein 3 �15.0 � 2.3 Lipid transporter; regulation of cell
proliferation

NM_004527 MEOX 1, mesenchyme homeobox 1 �12.7 � 2.5 Transcription factor; development
(mesoderm induction and regional
specification)

NM_001311 Cystine-rich protein 1 (intestinal) �11.6 � 2.9 Cell proliferation, antimicrobial
humoral response

NM_005756 GPR64, G protein-coupled receptor 64 �11.3 � 3.0 Neuropeptide signaling pathway,
spermatogenesis

AF020769 TNNC1, troponin C type 1 (cardiac) �9.4 � 1.8 Regulation of muscle contraction,
muscle development

X79857 TNNT2, troponin T type 2 �9.1 � 2.5 Regulation of muscle contraction,
muscle development

NM_000638 VTN, vitronectin (serum spreading factor,
complement S protein)

�9.1 � 2.0 Cell adhesion, spreading, immune
response

NM_002589 PCDH7, BH-protocadherin (brain, heart) �7.7 � 1.3 Homophilic cell adhesion, regulation
of neuronal connections

NM_000908 NPR3, natriuretic peptide receptor C, guanylate
cyclase C

�6.9 � 1.7 Skeletal development

M64930 PPP2R2B, protein phosphatase 2, regulatory
subunit B (PR 52), beta isoform

�5.9 � 1.7 Signal transduction

NM_005585 MADH6, MAD (mother against decapentapledgic)
Drosophila homolog 6, SMAD6

�5.5 � 2.2 Intracellular antagonist of
transforming growth factor �/BMP
receptor signaling, regulation of
transcription

NM_001449 FHL1, four and a half LIM domains 1 protein �5.0 � 1.9 Muscle development and
differentiation, cell adhesion
(effector of integrin signaling),
cell growth

a Not including ESTs. Two genes overexpressed in SP3 cells are those encoding DPT, dermatopontin (accession number NM_001937), and ABCA5, ATP-binding
cassette, subfamily A (ABC1), member 5 (accession number AY028897), giving 8.00- � 3.57- and 3.20- � 1.12-fold change, respectively.

b Mean � SE of three independent experiments.
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FIG. 5. ChIP analysis of CRIP2 (A), ENO3 (B), CSPG4 (C), DKK1 (D), and HoxA9 (E) loci in vector-infected and SP3 cells. The presence
of the ALR, PTIP, and UTX proteins, as well as of histone H3K4 trimethylation, on several regions of CRIP2, ENO3, CSPG4, and DKK1 loci
and on the 5� end of the HoxA9 locus was examined. Chromatin was prepared from the control vector-infected cells and from the ALR-deprived
SP3 cell line. The analyzed portions of the genes are depicted to the right of panels A to D and at the bottom of panel E. The boxes shown on
the schemes indicate the first exons, and the dark areas correspond to the coding regions. The arrows point to the transcription initiation sites; a
to e correspond to the sequences amplified by PCR following immunoprecipitation with each of the six Abs (two anti-ALR Abs, anti-PTIP,
anti-UTX, control IgG, and anti-trimethylated H3K4). For input, 0.1% or 0.5% of the amount of sonicated chromatin to be subsequently processed
for ChIP was removed and PCR amplified.
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loci [Fig. 5A and B, respectively] and regions b and c on the
CSPG4 and DKK1 loci [Fig. 5C and D, respectively]). Exam-
ination of regions encompassing the beginnings of the open
reading frames of the ENO3 and CSPG4 genes (regions d in
Fig. 5B and C, respectively) indicated that ALR, PTIP, and
UTX occupied these domains, as well. Taken together, our
results demonstrated that the ALR complex is bound to the
promoter and to the first exon of the CRIP2, CSPG4, ENO3,
and DKK1 genes. H3K4 trimethylation, generally associated
with transcriptional activation, was detected in these regions,
as well.

Both H3K4 trimethylation and ALR binding were strongly
reduced in the ALR-deficient SP3 cells (Fig. 5A to D, lanes
SP3). In parallel, the PTIP and UTX proteins were largely
eliminated from the four genes examined in SP3 cells. This
further supported our contention that ALR binds to the target
genes as a complex.

To demonstrate that the binding of the ALR complex is
gene/promoter specific, ChIP analysis was also performed on
the promoter of the HoxA9 gene, which, as suggested from the
microarray and RT-PCR data, is not regulated by ALR. The
association of the ALR complex with the HoxA9 promoter
was hardly detected in both vector-infected and SP3 cells. In
addition, the level of promoter H3K4 methylation of this
actively transcribed gene was not affected by ALR knock-
down (Fig. 5E).

In summary, we found the following. (i) The CRIP2, CSPG4,
ENO3, and DKK1 genes are direct targets of the ALR com-
plex. (ii) The complex is associated with upstream regions
adjacent to the transcription start sites (probably promoter
regions) of these genes and with the first exons of two of the
genes examined. We note that the ChIP analysis was not ex-
tended into the downstream transcribed regions, which might
also be occupied by the ALR complex. (iii) The recruitment of
the complex to target genes is ALR-dependent. (iv) H3K4
trimethylation parallels ALR occupancy.

ALR-deficient cells exhibit different modes and dynamics of
spreading. As noted above, a large group of genes, whose
transcription was downregulated in ALR knockdown cells (ac-
cording to the DNA microarray data), comprised genes in-
volved in adhesion-related processes, especially in the regula-
tion and organization of the actin cytoskeleton (see Table S1 in
the supplemental material).

Examination of cell shape and immunofluorescence analysis
of focal adhesions and actin cytoskeleton in fully spread con-
trol and ALR-depleted cells did not reveal prominent morpho-
logical differences (Fig. 6B, right, and data not shown). There-
fore, we decided to examine whether ALR deficiency could
affect cell morphology during spreading. To this end, we used
time-lapse photography of spreading ALR-deprived and con-
trol cells during the 4 h subsequent to replating (Fig. 6A).
Alternatively, the cells were seeded on fibronectin-coated cov-
erslips and fixed at different time points during the subsequent
15 h. Representative photographs of the control and ALR-
deficient cell lines at the 6-h and 15-h time points are shown in
Fig. 6B. The video recording of cells revealed that the initial
phases of adhesion were not notably affected by the ALR
knockdown: after being plated, about 20 min was required for
most of the cells to adhere, and about 40 to 50 min was
required for the cells to spread out and become nonrefractile

(Fig. 6A). However, at later stages, significant morphological
differences were observed. At 1.5 to 2 h after being plated, the
control cells became polarized and started to assume the
rhomboidal shape characteristic of the fully spread HeLa cells.
At the same time, the ALR-deficient cells were still radial, with
multiple large protrusions, which are seldom seen in the con-
trol cells. Time-lapse video recording revealed that these pro-
trusions were highly dynamic, continuously disappearing and
reforming. Furthermore, whereas most of the control cells
acquired the characteristic rhomboidal shape at 3 to 4 h after
being plated (Fig. 6A), the ALR-deficient cells were multipolar
even after 6 h (Fig. 6B, left). At later stages, these morpho-
logical differences gradually disappeared, and at 13 to 15 h
after being plated, both the control and ALR-depleted cells
had the typical bi- or tripolar shape (Fig. 6B, right).

Next, we examined the properties of focal adhesion contacts
(FA) in the cells with ALR knockdown. Double staining of FA
with anti-paxillin and anti-vinculin antibodies revealed that in
the spreading ALR-deficient cells, the number of FA per cell
was significantly reduced in comparison to the control cells.
This difference was particularly significant at 2 and 4 h after
plating (correlating with the difference in cell shape and the
percentage of cells containing long protrusions) and disap-
peared as the cells assumed the typical polarized shape (Fig.
6C). Staining with anti-phosphotyrosine antibodies revealed
that the levels of tyrosine phosphorylation at FA sites were
similar in both cell types (data not shown), suggesting that
signaling events leading to FA tyrosine phosphorylation were
not affected by ALR knockdown. We also found that ALR
knockdown dramatically altered the organization of the actin
cytoskeleton during cell spreading. Whereas in control cells the
actin filaments formed well-organized FA-originated stress fi-
bers, ALR-deficient cells had fewer stress fibers (consistent
with reduced FA numbers). Instead, these cells formed an
intense meshwork of cortical actin, reflective of the more dy-
namic cell anchoring and delayed polarity acquisition (Fig.
6D). Taken together, our results suggest that ALR deficiency
affects cytoskeleton organization during cell spreading and po-
larization.

ALR knockdown impairs cell growth in vitro and decreases
cell tumorigenicity in vivo. To further assess the consequences
of ALR deficiency, we examined whether ALR knockdown
affects cell growth kinetics in vitro. The growth rate was mea-
sured in six-well plates for up to 4 days. As seen in Fig. 7A,
depletion of ALR resulted in a substantial decrease in cell
growth compared to the control HeLa cells. Examination of
the cell cycle profile did not reveal prominent differences be-
tween the control and ALR-deficient cells, except for some
increase in the sub-G1 population in the ALR knockdown
cells, indicative of higher cell death (see Fig. S2 in the supple-
mental material); this cell death appeared to be apoptotic, as
assessed by nuclear condensation (not shown) and TUNEL
assay (Fig. 7B). Increased intrinsic apoptosis might contribute
to the slower growth of the ALR-deprived cells.

We next evaluated the effect of ALR underexpression on the
ability of cells to form colonies on plastic supports. The cells
were seeded on 10-cm plates. Two weeks later, the formed
colonies were stained and counted. Cells with ALR knockdown
produced 35 to 40% fewer colonies than the controls. The
ALR deficiency also resulted in considerable reduction of col-
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FIG. 6. Changes in the morphology of ALR knockdown cells during spreading. (A and B) Differences in dynamics and modes of cell spreading.
(A) Control (Vector) and ALR-deficient (SP3) cells were plated on fibronectin-coated dishes and analyzed by time-lapse photography during the
subsequent 4 h. The numbers represent the time after plating in min. (B) Two control (Vector and D) and two ALR-underexpressing (SP3 and A10)
cell lines were seeded on fibronectin-coated coverslips and fixed with 3.7% paraformaldehyde at different time points during the subsequent 15 h. Typical
photographs of the cells at 6 and 15 h after being plated are shown. (C and D) Decreased numbers of FA and alterations in actin cytoskeleton organization
in spreading ALR-deficient cells. (C) Control (Vector) and ALR knockdown (SP3) cells were processed as described for panel B, and FA were double
stained with anti-vinculin and anti-paxillin Abs. The numbers of FA formed by each cell type at the indicated time points were calculated. The data
represent the average FA number of 30 cells plus standard deviation. (D) The cells described above, fixed at 3 h after being plated, were stained for
filamentous actin with tetramethyl rhodamine isothiocyanate-phalloidin (red) and for FA with anti-paxillin Ab (green). Bars (A, B, and D), 50 �m.
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FIG. 7. ALR knockdown affects cell growth, apoptosis, and migration. (A) Cell growth assay. The growth rates of three ALR-deprived HeLa
cell lines (SP3, SP4, and A10) and of the control cells (Vector and D) were determined by plating 105 cells in triplicate on six-well plates and
counting the cells every 24 h during the subsequent 4 days. The error bars represent the standard deviations of three independent experiments.
(B) Increased apoptosis in the ALR-deprived cells. Control (Vector and D) and ALR-deprived (SP1, SP3, SP4, and A10) HeLa cells were stained
with the TUNEL assay kit. Percentages of TUNEL-positive (apoptotic) populations are shown. The error bars represent the standard deviations
of three independent experiments. (C) ALR knockdown inhibits soft-agar growth of HeLa cells. Five hundred and 1,000 cells/3-cm dish were
seeded on 0.3% agar in triplicate. Three weeks later, the dishes were photographed and the colonies were counted. The experiment was repeated
twice. Typical photographs of plates seeded with control (Vector) and ALR-deficient (SP3) cells are shown on the left. The histogram shows the
numbers of colonies formed in each cell line at both plating concentrations as a percentage of the control vector-expressing cells. Absolute colony
numbers are shown above the bars. (D) Effect of ALR knockdown on cell migration. A scratch injury was introduced with a micropipette tip into
confluent cultures of the control (Vector) and ALR-depleted (SP3) A549 cells. Phase-contrast images of cultures were taken either immediately
after scratching (0 h) or 16 h later.
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ony size: colonies formed by the ALR-underexpressing cells
were 2.5- to 3-fold smaller then those formed by the control
cells (see Fig. S3 in the supplemental material). Further, we
examined the effect of ALR depletion on anchorage-indepen-
dent colony formation in soft agar. ALR knockdown dramat-
ically abrogated anchorage-independent HeLa cell growth,
causing reduction in both colony number and size (Fig. 7C).

Next, we tested the effect of ALR deficiency on cell motility/
migration. For this, a monolayer scratch assay was performed.
Since HeLa cells do not migrate efficiently into the scratched
area (our observations) and therefore are not suitable for such
an assay, ALR shRNA constructs were transduced by retrovi-
ruses into A549 lung carcinoma cells to generate stable ALR-
underexpressing cell lines. The growth properties of A549 and
HeLa cells with ALR knockdown were quite similar (data not
shown). A549 cells were seeded on six-well plates, and a

scratch was introduced into a confluent monolayer by the use
of a pipette tip. To ensure that differences in cell migration
were not due to differences in cell growth, the cells were incu-
bated overnight in serum-free medium prior to scratch injury,
and the assay was performed in the presence of mitomycin C to
limit cell proliferation. As seen in Fig. 7D, the ALR-deprived
cells migrated to the scratched area much less efficiently than
the control cells.

Taken together, these results indicate that ALR knockdown
affects cell growth and motility in vitro. To determine whether
reduced ALR expression also influences the growth character-
istics of cells in vivo, a tumorigenicity assay was performed.
The ALR-deficient and control HeLa cells were injected sub-
cutaneously into athymic nude mice, and tumor development
was monitored. As seen in Fig. 8A, animals injected with ALR-
deficient cells showed delayed kinetics of tumor development
compared to the control groups. The tumors originating from
the cells with ALR knockdown were also much smaller and
lighter in weight than the tumors formed in the control groups
(Fig. 8A to C). Similar results were obtained in two indepen-
dent experiments. These data provide strong evidence that
ALR knockdown reduces cell growth in vivo.

DISCUSSION

ALR is a H3K4 methyltransferase that forms a conserved
SET1-like complex. Using a biochemical approach, we have
established that ALR is present within a multiprotein complex
that shares several characteristics with the S. cerevisiae Set1
and human SET1-like HMTase complexes. (i) All these com-
plexes contain enzymes with carboxy-terminal SET domains
that are highly conserved and define a specific branch of the
larger SET domain protein superfamily of HMTases (8). (ii)
All human SET1-like complexes share three core proteins:
ASH2 (also termed ASH2L), RBQ3 (RbBP5), and WDR5,
related to the components of the yeast Set1 complex (summa-
rized in reference 10). These core proteins appear to constitute
a structural platform that facilitates enzyme-substrate interac-
tions and regulates the enzymatic processivity of the SET do-
main (10, 41, 49). (iii) Some human SET1-like complexes (e.g.,
the MLL4 complex [16] and the ALR complex [our study])
contain homologs of the C. elegans DPY-30 protein, required
for X chromosome dosage compensation (15). The yeast Set1
complex also contains a DPY-30-related protein, Sdc1/Cps25,
which plays a role in determining the efficiency of H3K4 trim-
ethylation carried out by Set1 (20, 27).

We further demonstrated that the similarity between the
ALR complex and other SET1-related complexes is not only
compositional but also functional: the ALR complex shows a
robust H3K4 methyltransferase activity on H3 peptides and on
recombinant histone H3. Although lysine residues may be
mono-, di-, and trimethylated in vivo, usually H3K4 trimethyl-
ation (sometimes also dimethylation) is correlated with tran-
scriptional competence in both yeast and mammals (27, 34,
35). In S. cerevisiae, Set1 is the only H3K4 HMTase and can
methylate H3K4 to all three levels. In contrast, higher eu-
karyotes contain several H3K4 HMTases with various speci-
ficities, suggesting a more complex picture for the regulation
and function of H3K4 methylation (40). Recent studies have
demonstrated that at least three proteins, ASH2, RBQ3, and

FIG. 8. Decreased tumorigenicity of ALR knockdown cells in nude
mice. (A) Ten animals in each group were injected subcutaneously
with 106 cells of either control (Vector and D) or ALR-deficient (SP3
and A10) HeLa cell lines. Tumor volumes were determined at regular
time intervals. The experiment was stopped after 4 weeks, when the
tumors in the control groups reached 1 to 1.5 cm in diameter. The
results represent the means � standard errors (SE). (B) Photographs
and (C) mean weights of tumors formed in each group at 4 weeks after
injection. Error bars, SE.
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WDR5, which, along with the SET domain-containing catalytic
subunit, constitute a functional core of all SET1-related com-
plexes, are essential for efficient dimethylation and especially
trimethylation of H3K4 by MLL (10, 41, 49). Our findings that
only the entire ALR complex, and not the recombinant ALR
SET domain, is capable of methylating the H3 substrates with
dimetylated K4 are consistent with these data and provide
further experimental support for the importance of the com-
plex context in regulating the enzymatic activities of SET1-
related HMTases.

UTX and PTIP, the unique components of the ALR complex.
While sharing some core subunits described above, human
SET1-like complexes nevertheless contain unique or partially
shared sets of proteins (9, 30, 48, 51). The unique proteins
suggest nonoverlapping functions of these complexes. The
ALR complex also contains several unique components. Some
of these proteins (e.g., �/� tubulins and ASC-2) are associated
with the previously purified ASCOM complex (13), whereas
others are found only in the ALR complex. Among these
unique components, the major proteins are UTX and PTIP.
UTX is encoded by a gene present on the X chromosome that
escapes X inactivation and has an expressed homolog on the Y
chromosome (14). UTX belongs to the jumonji family of tran-
scription and chromatin regulators containing the highly con-
served JmjC domain (44). Very recently, members of the ju-
monji family were found to comprise a novel class of histone
demethylases that demethylate mono-, di-, and trimethylated
K9 and/or K36 residues on histone H3 in an enzymatic reaction
utilizing the JmjC domain-bound catalytic cofactors: 2-oxoglu-
tarate (2OG) and Fe(II) (6, 46, 47, 50). Although it remains to
be elucidated whether UTX also possesses such enzymatic
activity, it is tempting to speculate that in the ALR complex,
UTX and ALR could induce transcriptionally active chromatin
conformation by opposite mechanisms: whereas ALR places
an activating methylation mark on H3K4, UTX might remove
the repressive H3K9 methylation.

PTIP is another component present in the ALR complex,
but not in ASCOM. This BRCT domain-containing protein
was originally identified on the basis of its interaction with the
transcription factor PAX2 in mice (21). Recently, human PTIP
was isolated in a screen for proteins capable of interacting with
peptides phosphorylated by ATM/ATR protein kinases in re-
sponse to ionizing radiation (23). PTIP was shown to be re-
cruited to the sites of double-stranded DNA breaks and to be
a key component of the DNA damage response (19, 23). Anal-
ysis of mouse embryos deficient for PTIP showed extensive
unrepaired DNA ends, implicating the protein in DNA repair
during replication (4). The presence of PTIP in the ALR com-
plex raised the possibility of the involvement of the latter in
DNA damage response and in replication. However, while
upon treatment of cells with ionizing radiation, PTIP was re-
cruited to the sites of DNA damage, the ALR protein could
not be detected at these sites (see the supplemental material).
Similarly, during S phase transition, PTIP, but not ALR, was
found to localize to discrete nuclear foci (see the supplemental
material), which probably correspond to the sites of DNA
breaks arising during DNA replication. These data, in conjunc-
tion with the results of biochemical fractionation demonstrat-
ing that the elution profile of PTIP on P11 phosphocellulose is
broader than that of ALR (see the supplemental data), lead us

to suggest that (i) ALR is not involved in the DNA damage
response and (ii) PTIP is present in the cell in at least two
different cellular pools with nonoverlapping activities: the
PTIP pool present in the ALR complex is involved in tran-
scriptional regulation, as was previously shown for mouse PTIP
and its Xenopus homolog, Swift (21, 38), whereas another pool
of PTIP, not bound to ALR, has a role in the DNA damage
response and/or DNA repair.

ALR target genes. Like its Drosophila homolog, TRR, the
ALR protein was reported to participate in nuclear hormone
receptor-dependent transcription activation (13, 28, 36). In the
present study, we wanted to establish whether ALR is also
involved in transcriptional regulation of constitutively ex-
pressed genes. By using DNA microarray methodology, we
identified a set of genes whose expression was downregulated
due to knockdown of endogenous ALR in HeLa cells. These
genes include both direct and indirect targets of ALR. In an
attempt to identify primary ALR targets, we focused on a small
number of genes that were most strongly downregulated by
ALR knockdown (genes showing a higher differential in ex-
pression are more likely to correspond to direct targets). By
applying ChIP methodology, we found that four of these genes
are direct targets of ALR. They are CRIP2, ENO3, CSPG4/
MSCP, and DKK1. The conclusions we drew from the ChIP
experiments were the following. (i) ALR, together with all
complex components tested (and presumably with the entire
complex), is recruited to the target genes. (ii) The presence of
ALR on target genes correlates with H3K4 trimethylation. In
conjunction with the demonstration that the ALR complex and
the ALR SET domain methylate H3K4 in vitro, the most likely
interpretation of these data is that H3K4 trimethylation on
target gene loci is executed by ALR. Since none of the ALR
complex components appears to contain known sequence-spe-
cific DNA binding sites, the mechanism by which the complex
is recruited to the regulatory elements of the target genes
identified here is unresolved. However, our observation that,
following knockdown of ALR, other complex components are
not associated with the target genes implies that ALR is in-
strumental for the binding.

Further studies, such as ChIP-on-chip analysis, are required
to identify additional ALR target genes and to characterize
more precisely the ALR binding regions in the current subset
of targets. Identification of a larger pool of primary ALR
targets may also provide a statistically reliable data set to
determine whether such genes contain common regulatory el-
ements and to gain insight into the mechanism(s) of the re-
cruitment of the ALR complex to target DNA sequences.

ALR knockdown affects adhesion-related processes and sup-
presses cell growth. We demonstrated that reduction in the
level of the ALR protein resulted in prolonged dynamics and
different modes of cell spreading/polarization, accompanied by
decreased FA formation and aberrant actin cytoskeleton orga-
nization. The migration capacity of ALR knockdown cells was
reduced as well. It is likely that these changes were due to
decreased expression of ALR-dependent genes involved in cell
adhesion and motility, adhesion-dependent signal transduc-
tion, and actin-filament rearrangements (according to the mi-
croarray expression data). Some of the genes we identified
are associated with malignant transformation and are often
overexpressed in highly aggressive metastatic cancers. Exam-
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ples include the extracellulr matrix (ECM)-degrading enzyme
heparanase (39), the urokinase-type plasminogen activator
uPA/PLAU (7), adhesion molecules (BH-protocadherin [3],
L1CAM, and ALCAM [43]), the cytoskeletal protein keratin
17 (3, 5), the F-actin binding protein transgelin (32, 37), and
the melanoma-associated integrin coreceptor CSPG4/MSCP
(1). Consistent with decreased expression profiles of these and
several other cancer-related genes in the ALR-underexpress-
ing cells, we found that the growth characteristics of these cells
were significantly altered in comparison to their wild-type
counterparts. Thus, ALR knockdown cells demonstrated re-
duced growth kinetics, higher levels of intrinsic apoptosis, and,
most importantly, impaired anchorage-independent growth in
vitro. Moreover, the in vivo growth of these cells was compro-
mised, as well. These differences might be due to alterations in
cell adhesion and motility caused by ALR knockdown.
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