THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 46, pp. 3860038608, November 9, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Sumoylation Is Important for Stability, Subcellular
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Background: SALL4 is a key stem cell transcription factor that transactivates OCT4.

Results: SALL4B is modified by sumoylation.

Conclusion: Sumoylation plays an important role in regulating SALL4B stability, subcellular localization, and transcriptional

activities.

Significance: Sumoylation functions a major post-translational mechanism for regulating stem cell transcription factors.

SALL4 is a transcription factor that plays a key role in the
maintenance and self-renewal of embryonic stem cells and
hematopoietic stem cells. Given that little is known about regu-
lation of SALL4, we studied biochemical modifications of
SALL4B, a major splicing variant of SALL4, and elucidated their
biological function. SALL4B was primarily modified by ubiq-
uitination when it was expressed in both §f9 and HEK293T cells.
A significant fraction of SALL4B was further modified by
sumoylation when it was expressed in HEK293T cells. Constitu-
tive SUMO-modification of SALL4B was also detected in
Tera-1, a cell line of the teratocarcinoma origin. SALL4B
sumoylation was independent of ubiquitination and lysine resi-
dues 156, 316, 374, and 401 were essential for sumoylation.
Chromatin fraction contained more SUMO-deficient SALL4B.
Despite a shorter half-life than the wild-type counterpart, SUMO-
deficient SALL4B interacted with OCT4 more efficiently than the
wild-type SALL4B. RNAi-mediated silencing of SALL4 expression
caused significant down-regulation of both OCT4 and SOX2,
which was rescued by ectopic expression of SALL4B but not by
SUMO-deficient mutant. Significantly, compared with the wild-
type SALL4B, SUMO-deficient mutant exhibited compromised
trans-activation or trans-repression activities in reporter gene
assays. Combined, our studies reveal sumoylation as a novel form
of post-translational modification for regulating the stability, sub-
cellular localization, and transcriptional activity of SALLA4.

Transcription factors are crucial for maintaining and self-
renewing the pluripotency of embryonic stem cells. Recent
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studies have shown that merely manipulating expression of a
set of transcription factors including OCT4, SOX2, and Nanog
can reprogram differentiated cells into pluripotent stem cells
(1-3). SALLA4 is also an essential transcription factor that func-
tions to maintain pluripotency of embryonic stem cells and
hematopoietic stem cells (4, 5), in part through physically and
functionally interacting with OCT4, SOX2, and Nanog (6-—8).
SALL4 also functions to increase the efficiency of reprogram-
ming of induced pluripotent stem (iPS)* cells (9). Extensive
studies in the past have focused on the transcriptional regula-
tion of stem cell transcription factors. SALL4 positively regu-
lates expression of OCT4 through binding to the conserved
regulatory region of the OCT4 promoter (10). However, SALL4
negatively regulates its own gene expression through a feedback
loop whereas SALL4 and OCT4 work in concert to balance the
expression of genes of the SALL family (10). Given the critical
role of SALL4 in stem cell maintenance and self-renewal, dereg-
ulated expression of SALL4 or its structural abnormalities fre-
quently leads to developmental abnormalities or malignant
transformation (11-14).

Post-translational modifications play an essential role in the
regulation of the activities of stem cell factors including OCT4,
SOX2, and Nanog. Transcription factor OCT4 is the master
regulator for the maintenance of pluripotency and self-renewal
(15). A recent study reveals that OCT4 is phosphorylated on
multiple sites and that phosphorylation in its homeobox
domain reduces its transactivation activity through interfering
with the DNA binding (16). OCT4 is also a target for modifica-
tion by SUMO (17), a small ubiquitin-related modifier that
post-translationally regulates protein molecules that are
involved in many cellular processes, including gene transcrip-
tion (18). Sumoylation of OCT4 enhances it stability, as well as
its DNA binding and transactivation (17). Transcription factor
SOX2 is essential for maintaining the pluripotency of embry-

2The abbreviations used are: iPS, induced pluripotent stem; CHX,
cycloheximide.
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onic stem cells (19). SOX2 is modified by several post-transla-
tional mechanisms including phosphorylation, acetylation,
methylation, and ubiquitination (20 -22). For example, SOX2 is
associated with CARM], an arginine methyltransferase, and is
methylated by the enzyme; the methylation enhances its self-
association (21). SOX2 is also SUMO-modified at K247 and
sumoylation appears to negatively regulate its transcriptional
activity (23).

Given that SALL4 physically and/or functionally interacts
with OCT4, SOX2, and Nanog (7, 10) and that the transcription
factor is crucial in the regulation of stem proliferation and dif-
ferentiation (5, 9, 11), we focused on characterization of post-
translational modifications of SALL4B, a major splicing variant.
We observed that SALL4B existed primarily as a ubiquitinated
form and that a fraction of SALL4B was modified by sumoyla-
tion. Mass spectrometry analysis revealed that SALL4B was also
phosphorylated. Our detailed biochemical and molecular stud-
ies reveal that several lysine residues were essential for SALL4B
sumoylation, which plays an important role in its stability and
subcellular localization. Moreover, SALL4B sumoylation also
affects its trans-activation/trans-repression activities.

EXPERIMENTAL PROCEDURES

Cell Culture—Tera-1, HEK293T, HeLa, Jurkat, and Sf9 cell
lines were obtained from the American Type Culture Collec-
tion (ATCC). Cells were cultured under conditions as described
in the manual provided by the supplier.

Antibodies—Antibodies to SALL4 and ubiquitin were pur-
chased from Abcam (Boston). Antibodies to HA, FLAG, and
B-actin were purchased from Cell Signaling Technology Inc.
Antibodies to OCT4 and Nanog were purchased from Santa
Cruz Biotechnology. Mouse anti-SUMO-1 and mouse anti-
SUMO-2/3 antibodies were kindly provided by Dr. Michael
Matunis (Johns Hopkins University) and Dr. Xiang-dong
Zhang (Wayne State University).

Plasmids, Mutagenesis, and siRNAs—The original SALL4B
expression plasmid was described previously (11). SALL4B
c¢DNA was subcloned into pcDNA3 plasmid with the in-frame
addition of 3-tandem HA tags and the His, tag in the C-termi-
nal. SALL4B mutants with lysine 156 (K156), K316, K374,
and/or K401 residues replaced with arginines (R) were gener-
ated using the QuickChange Lightning Multi Site-directed
Mutagenesis Kit (Strategene). Individual mutations were con-
firmed by DNA sequencing (Seqwright). Synthetic siRNA spe-
cific to SALL4A mRNA (5'-GCA UCG AUG UAG AGG AAG-
3’) and to the SALL4 gene 3'-untranslated region (5'-CAA
UGC AGA CAC AGU GAA A-3'), as well as the control siRNA,
were purchased from Dharmacon RNAi Technology. Transfec-
tion of plasmids or siRNAs was carried out using Lipofectamine
2000 according to the protocol provided by the supplier
(Invitrogen).

Western Blot—SDS-PAGE was carried out using the mini-gel
system purchased from Bio-Rad. Fractionated proteins were
transferred to PVDF membranes. After blocking in TBS/T con-
taining 5% nonfat dry milk for 1 h, the membranes were incu-
bated with primary antibodies overnight followed by incuba-
tion with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology) for 1 h at room temper-
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ature. After thorough washing with TBS/T buffer, specific sig-
nals on the membranes were developed with an enhanced
chemiluminescent system (Pierce).

Protein Co-immunoprecipitation—For immunoprecipita-
tion, cells were lysed in a lysis buffer (20 mm Tris, pH 7.5, 150
mM NaCl, 1% Triton, 2 mm sodium pyrophosphate, and 1 mm
EDTA, 1 mm NaF, 1 mMm sodium orthovanadate, 500 um PMSF,
2 uM pepstatin A, 10 units/ml aprotinin, 20 mm NEM). The
antibody (1 png) and protein-G-agarose slurry (40 ul) (50/50,
Millipore) were added to cell lysates and incubated at 4 °C over-
night followed by thorough washing with the lysis buffer. Pro-
teins specifically bound to resin were eluted in the SDS-PAGE
sample buffer. After boiling for 5 min, protein samples in the
supernatant were analyzed by SDS-PAGE followed by Western
blotting.

Nickel-affinity Pull-down—For pull-down assays under the
denaturing condition, HEK293T cells transfected with various
expression plasmids were lysed in the lysis buffer (8 m urea, 50
mwm Na,HPO,/NaH,PO, (pH 7.4), 300 mm NaCl, 0.1% Triton
X-100) containing 20 mm imidazole. Ni Superflow Resin (Clon-
tech) was added to the cell lysates and incubated with gentle
agitation at the room temperature for 2 h. The resin was then
washed five times at room temperature with the lysis buffer
containing 40 mM imidazole. After last wash, His,-tagged pro-
teins were eluted in the lysis buffer containing 300 mm imidaz-
ole and blotted for SALL4, the HA tag, or the FLAG tag. For
pull-down assays under the native condition, HEK293T cells
transfected with various expression plasmids were lysed in the
lysis buffer (50 mm Na,HPO,/NaH,PO, ( pH 7.4), 300 mm
NaCl, 20 mm NEM, 0.2% Triton X-100) containing 20 mm imid-
azole. Ni-IDA Superflow Resin (Clontech) was the added to the
cell lysates and incubated with gentle agitation overnight at
4 °C. The resin was then washed five times at 4 °C with the lysis
buffer containing 40 mMm imidazole. After last wash, His,-
tagged proteins were eluted in the lysis buffer containing 300
mM imidazole and blotted for SALL4, the HA tag, and/or
OCT4.

Luciferase Reporter Gene Assays—Expression constructs for
the firefly (Photinus pyralis) luciferase gene driven by the
SALL4 or OCT4 promoter were described previously (10, 24).
Tera-1 cells seeded in 12-well plate for 16 h were co-transfected
with the firefly reporter plasmid (0.5 wg/well), pRL Renilla
luciferase reporter plasmid (50 ng) (for monitoring transfection
efficiency), and a SALL4B expression plasmid (0.5 ug) (or con-
trol pcDNA3 vector). To reduce the effect of endogenous
SALL4, these cells were also transfected with 40 nm siRNAs
specific to the 3'-untranslated region of SALL4 gene. 48 h after
transfection, cells were lysed, and luciferase activities were
measured using the Dual-Luciferase Reporter Assay System
(Promega). Aliquots of the cell lysates were also blotted with
antibodies to SALL4 and HA, respectively.

Protein Fractionation—Cells washed twice with cold PBS
were lysed in buffer #1 (10 mm Tris-HCI (pH7.9), 10 mm KCI,
1.5 mm MgCl,, 1 mm DTT) and left on ice for 10 min. After
centrifugation (2000 X g X 10 min), the supernatant (the cyto-
plasmic extract) were collected, The pellet fraction was re-sus-
pended in buffer #2 (20 mm Tris-HCI (pH 7.9), 1.2 m KCl, 1.5
mm MgCl,, 25% (w/v) glycerol, 0.2 mm EDTA) and left on ice for
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30 min. The supernatant (the nucleoplasmic fraction) were har-
vested after centrifugation (16,000 X g X 10 min). The pellets
were re-suspended in buffer #3 (10 mm Tris-HCI (pH 7.9), 10
mM NaCl, 3 mm MgCl, 1.5 mm CaCl,) containing Benzonase
(Novagen). The suspension was then mixed at room tempera-
ture for 5 min followed by incubation on ice for 30 min, after
which the supernatant (S1) was collected (2000 X g X 10 min).
The pellets were again re-suspended into buffer #3 containing
0.25 M EDTA and incubated on ice for 30 min, after which the
supernatant (S2) was collected after centrifugation (16,000 X
g X 15 min). Fractions S1 and S2 were designated as the chro-
matin-associated protein extract.

Half-life Assays—HEK293T cells were transfected with
either His-HA-SALL4B-W'T or His-HA-SALL4B-4R plasmids
for 24 h. Transfected cells were then collected by trypsinization
and reseeded into new dishes. After 16 h of incubation, cyclo-
heximide (CHX, Sigma) was added to the culture to a final con-
centration of 10 ug/ml. At various times of CHX treatment,
cells were harvested and lysed. Equal amounts of total proteins
were blotted with antibodies to HA and B-actin.

Statistical Analysis—The Student’s ¢ test was used to evalu-
ate the difference between two groups. A value of p < 0.05 was
considered to be statistically significant.

RESULTS

SALL4B Is Post-translationally Modified—SALL4 is primar-
ily expressed in embryonic stem cells and lineage-specific stem
cells (8). Deregulated expression of SALL4 is also observed in
transformed cells (11-13). As the first step to study post-trans-
lational regulation of SALL4, we examined several common cell
lines for SALL4 expression. We noticed that HeLa and Jurkat
cells, but not HEK293T cells, expressed a major form of SALL4
that migrated at about 95 kDa (Fig. 14). Tera-1, a cell line of the
teratocarcinoma origin, expressed two major forms of SALL4
with estimated molecular weights of about 160 and 90 kDa,
respectively. Both HEK293T cells and insect Sf9 cells trans-
fected with a SALL4B plasmid expressed SALL4AB with a slower
mobility than endogenous SALL4B in Tera-1 cells due to fusion
with both His, and HA tags. Of note, ectopically expressed
SALLAB apparently co-migrated with SALL4 detected in HeLa
and Jurkat cells. Intriguingly, HEK293T cells transfected with
His,-tagged SALL4B plasmid also contained several additional
bands with an apparent molecular mass of 165, 130, and 70 kDa,
respectively. These bands were SALL4B-specific as they were
all positive to the HA tag antibody and no corresponding bands
were present in vehicle-transfected control cells (Fig. 1A4).
Moreover, these SALL4B-related bands were also detected in
an independent study (25). Given that the predicted molecular
weight of SALL4B is about 70 kDa, our results strongly suggest
that ectopically expressed SALL4B with a slow mobility was
modified by unknown post-translational mechanisms.

Co-immunoprecipitation analysis coupled with immuno-
blotting revealed that SALL4 bands detected in Tera-1 cells
were specific (Fig. 1B). Moreover, endogenous SALL4B
migrated at about 130 kDa was also enriched by immunopre-
cipitation. As the large form (~160 kDa) of the endogenous
SALL4 in Tera-1 cells migrated at the similar position as the
minor form of ectopically expressed SALL4B, we transfected
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these cells with siRNAs specific to SALL4A, as well as siRNAs
corresponding to the 3’-untranslated region (3'-UTR) of
SALL4 mRNA. Immunoblotting revealed that transfection with
SALL4A siRNAs specifically silenced the 160 kDa form, but not
the 130 kDa form (Fig. 1C), indicating that the large form is
SALL4A. Consistent with this observation, transfection with
3'-UTR siRNAs (SALL4 siRNAs) knocked down both SALL4A
and SALL4B (Fig. 1, C and D). Moreover, SALL4 siRNAs spe-
cifically down-regulated the minor form of SALL4B that co-mi-
grated with ectopically expressed 130 kDa SALL4B (Fig. 1D,
long exposure).

SALL4B Is SUMO-modified—Given the significant increase
in the size of 95 and 130 kDa SALL4B bands, we suspected that
these bands could be the result of post-translational modifica-
tion by ubiquitination and/or sumoylation. SALL4B-trans-
fected HEK293T cells lysates before and after Ni-IDA pull-
down were blotted with antibodies to SUMO-1, SUMO-2, or
ubiquitin, respectively. SALL4B band migrated at 130 kDa was
positive to both SUMO-1 and SUMO-2 antibodies (Fig. 1E),
indicating that it is modified by both SUMO-1 and SUMO-2.
On the other hand, SALL4B migrated at 95 kDa was only posi-
tive to ubiquitin, indicating that it was modified by ubiquitina-
tion. Our further analysis confirmed that the 95 kDa band was a
ubiquitinated one (supplemental Fig. S1). SALL4B with a
molecular weight at about 70 kDa was positive to neither
SUMO nor ubiquitin antibody, consistent with the prediction
that this is an unmodified form. Additional signals (above 72
kDa marker) that occurred in pull-down samples blotted with
the anti-ubiquitin antibody were nonspecific as they were also
present in vehicle-transfected cells.

As the first step in determining whether SALL4B was sumoy-
lated in vivo, we transfected Tera-1 cells with a plasmid con-
struct expressing SENP1, an isopeptidase specifically removing
the SUMO moiety (26, 27). Ectopic expression of SENP1, but
not the enzymatically inactive SENP1 (SENP1-Mut) signifi-
cantly diminished 130 kDa SALL4B but left other SALL4 sig-
nals intact (Fig. 24), suggesting that SUMO-modified SALL4
was constitutively present in Tera-1 cells. To confirm sumoy-
lation of SALL4, HEK293 cells were co-transfected with
SALLA4B expression plasmid and the plasmid expressing SENP1
(or SENP2). Ectopic expression of SENP1 or SENP2, but not
SENP1 mutant, greatly reduced 130 kDa SALL4B signal. In
contrast, SENP1 or SENP2 expression did not reduce 95 or 70
kDa signals at all (Fig. 2B). These observations are thus consis-
tent with the sumoylated nature of 130 kDa band. We next
co-transfected HEK293T cells with FLAG-tagged SUMO-1 and
His-HA-tagged SALL4B expression constructs, along with
plasmids expressing SENP1, SENP2, and/or FLAG-USP28. Ni-
IDA pull-down samples, along with the cell lysate input, were
blotted with antibodies to the FLAG and HA tags, respectively.
Ectopic expression of FLAG-SUMO-1 resulted in the appear-
ance of numerous FLAG-tagged proteins and co-transfection
with either SENP1 or SENP2, significantly reduced the incor-
poration of FLAG signals, thus confirming their biochemical
activities after expression (Fig. 2C, upper panel). Pull-down
analysis revealed that ectopically expressed SALL4B was heav-
ily modified by FLAG-SUMO-1, which was significantly
reduced by co-transfection of either SENP1 or SENP2. An addi-
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FIGURE 1. SALL4B is post-translationally modified. A, equal amounts of protein lysates from HEK293T, Hela, Tera-1, and Jurkat cells, as well as from 5f9 and
293 cells transfected with HA-Hisg-SALL4B, were blotted for SALL4. HEK293T cells transfected with or without SALL4B were also blotted for the HA tag. B, Tera-1
cell lysates in duplicates were immunoprecipiated with either control IgG or SALL4 IgG. Immunoprecipitates, along with lysate controls, were blotted with the
anti-SALL4 antibody. C, Tera-1 cells transfected with SALL4A-specific siRNA or SALL4 siRNA (corresponding to the 3'-untranslated region) or luciferase siRNA for
48 h, after which equal amounts of cell lysates were blotted with antibodies to SALL4 and B-actin. D, Tera-1 cells transfected with SALL4 siRNA or luciferase
siRNA for 48 h, after which equal amounts of cell lysates, along with the lysates from HEK293T cells transfected with SALL4B expression construct, were blotted
with antibodies to SALL4 and B-actin. Blots of short and long exposures are shown. E, HEK293T cells transfected with SALL4B expression plasmid (or vector
control) for 48 h were incubated with Ni-IDA resin. Proteins specifically bound to the resin, along with the lysate inputs, were blotted with antibodies to HA,
SUMO-1, SUMO-2, and ubiquitin. S-SALL4B and U-SALL4B denote sumoylated and ubiquinated SALL4B, respectively.

tional SALL4B band that migrated more slowly than the 130
kDa band was also detected. Again, this signal was greatly
reduced or abolished upon transfection with SENP1 or SENP2,
indicating that it is also a super-sumoylated form of SALL4B
(arrow SS-SALL4B).

Blotting with the HA antibody also confirmed the expression
of both ubiquitinated and sumoylated SALL4B, signals of which
were significantly enriched after Ni-IDA pull-down (Fig. 2C,
middle panels). Again, ectopic expression of SENP1 or SENP2
but not USP28 greatly reduced sumoylated SALL4B. Moreover,
expression of neither SENP1 nor SENP2 affected the level of
ubiquitinated SALL4B. Of note, SUMO-modified SALL4B with
a fast mobility was also detected in cells without transfection of
FLAG-SUMO-1. This was likely due to the modification by the
endogenous SUMO molecule as transfected SUMO-1 was con-
jugated with three-tandem FLAG tags. Ectopic expression of
USP28 did not modulate the level of ubiquitinated SALL4B

asEve\
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either (Fig. 2C), which is not surprising as most de-ubiquitinat-
ing enzymes including USP28 exhibit substrate specificity (28,
29).

SALL4B Is SUMO-modified on Multiple Lysine Residues—To
identify the potential lysine residues of SALL4B that were
sumoylated, we analyzed SALL4B amino acid sequences for
optimal sumoylation sites using the criteria available at Abgent
Inc. (www.abgent.com). Four lysines sites (K156, K316, K374,
and K401) with the highest scores were subjected to mutagenic
analysis. The relative position of these sites to other domains is
shown in Fig. 3A. We first made plasmid constructs expressing
an HA- and His-tagged SALL4B (Wt), and its corresponding
mutants with different lysine residues replaced with arginines.
Immunoblotting with antibodies to SALL4 confirmed that both
Wt and mutant SALL4B were efficiently expressed (Fig. 3B).
However, SALL4B mutants all exhibited compromised sumoy-
lation and K401 was more critical for sumoylation than K156,
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FIGURE 2. SALL4B is SUMO-modified. A, Tera-1 cells were transfected with a
plasmid expressing SENP1, SENP1-Mut (enzymatically inactive), or vehicle for
48 h after which equal amounts of cell lysates were blotted with antibodies to
SALL4, SENP1 and B-actin. B, HEK293T cells co-transfectd with various expres-
sion plasmids as indicated for 48 h, after which equal amounts of cell lysates
were blotted with the anti-HA antibody. Arrow SS-SALL4B denotes super-
sumoylated SALL4B. C, HEK293T cells were transfected with various expres-
sion plasmids as indicated for 48 h. Cell lysates of various treatments were
incubated with Ni-IDA resin. Proteins specifically bound to the resin, along
with the lysate inputs, were blotted with antibodies to FLAG, HA, and B-actin.
Blots of both short and long exposure are shown. SS-SALL4B denotes super-
sumoylated form of SALL4B.

K316, or K347 (Fig. 3B, long exposure). Mutations of K156,
K316, and K401 or mutations of all four residues essentially
wiped out SALL4B sumoylation.

Mass spectrometry analysis of SALL4B that were expressed
and purified from Sf9 cells revealed two serine residues (Ser-57
and Ser-415) were phosphorylated (Fig. 3C; supplemental Figs.
S3 and S4). Intriguingly, both phosphorylation sites precede
zinc finger domains. The zinc finger domains are essential for
SALLA4 function since deletions or non-sense mutations lead to
developmental disorders (14, 30 —32). In fact, a mutation with
histidine (His-888 in SALL4A corresponding to His-451 in
SALL4B) changed into arginine within the double zinc finger
domain is associated with Okihiro syndrome in human (33).
Lys-401, a crucial residue for sumoylation, also lies in close
proximity to the second phosphorylation site, suggesting a pos-
sible regulatory interaction between these residues. Supporting
this notion, it has been shown that the removal of sumoylated
Gcen4, a transcription factor, from the target gene promoter
requires the protein kinase activity (34).
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FIGURE 3. SALL4B is sumoylated on multiple sites. A, schematic presenta-
tions of wild-type SALL4B, as well as its various mutants. Lysine residues sub-
jected to mutation into arginines are shown. HA and Hisg tags are fused in-
frame at the C terminus. B, HEK293T cells were transfected with HA-tagged
wild-type SALL4B (Wt) and various mutants with single or multiple lysine res-
idues replaced with arginines for 48 h, after which equal amounts of cell
lysates were blotted with antibodies to HA and B-actin. Blots of both short
and long exposure are shown. C, schematic presentation of important resi-
dues of SALL4B for sumoylation and phosphorylation, as well as a histidine
residue in the zinc finger domain mutation of which causes mild Okihiro
syndrome.

Sumoylation Is Important for SALL4 Stability and Its
Localization—To understand how sumoylation regulates
SALL4 function, we first determined whether sumoylation
would affect its stability. Cells transfected with wild-type and
mutant SALL4B (HA-His-SALL4B-4R) for 24 h were treated
with cycloheximide for various times. Immunoblotting analysis
revealed that SUMO-resistant SALL4B exhibited a much
shorter half-life (>2.0 h) than the wild-type counterpart (>6 h)
(Fig. 4A and supplemental Fig. S4), indicating that sumoylation
positively regulating its stability.

Constitutively expressed SALL4A and SALL4B were primar-
ily localized to the nucleus of Tera-1 cells with a significant
fraction associated with chromatin (Fig. 4B). The SALL4-spe-
cific antigen with a molecular mass of 95 kDa was enriched in
the cytoplasm, but not in the nucleus. We then transfected
HEK293T cells with HA- and His-tagged wild-type SALL4B
and SALL4B-4R. Ectopically expressed SALL4B and its mutant
proteins were blotted with the antibody to HA after fraction-
ation. Both wild-type and mutant proteins were enriched in the
nucleoplasm (Fig. 4C). A relatively small amount of wild-type of
SALL4B but not 4R mutant protein was also detected in the
cytoplasm. On the other hand, 4R mutant protein was enriched
in the chromatin fraction despite its overall reduced level in the
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FIGURE 4. Sumoylation isimportant for the stability and subcellular local-
ization of SALL4B. A, HEK293T cells transfected with a plasmid expressing
HA-His-SALL4B (Wt) or HA-His-SALL4B mutant (4R) for 24 h were treated with
cycloheximide (CHX) for various times as indicated. At the end of the treat-
ment, cells were collected and lysed and approximately equal amounts of cell
lysates were blotted with the antibody to HA and -actin, respectively.
B, cytoplasmic, nucleoplasmic, and chromatin fractions of Tera-1 cells were
blotted with antibodies to SALL4, PARP-1, a-tubulin, and B-actin. Total cell
lysates were also analyzed as control. C, HEK293T cells were transfected with
the wild-type SALL4B (Wt) expression plasmid, its 4R mutant (4R), or vehicle (V)
for 48 h, after which equal amounts of protein lysates of cytoplasmic, nucleo-
plasmic, and chromatin fractions were blotted with antibodies to HA, PARP-1,
a-tubulin, and B-actin.

cell, suggesting that sumoylation may negatively regulate its
chromatin association.

Sumoylation Regulates SALL4B Transcriptional Activity—
As the first step to examining whether SALL4B sumoylation
may affect its transactivation, we examined the physical and
functional interaction between SALL4B and OCT4. OCT4
antibody, but not the control IgG, not only precipitated OCT4
but also SALL4B (Fig. 54). We then determined the physical
interaction between ectopically expressed tagged SALL4B (or
its sumoylation-deficient mutants) and endogenous OCT4.
SALL4B precipitates enriched after Ni-IDA pull-down were
blotted for both HA and OCT4. Compared with the wild-type
SALL4B, 3R (K156R/K316R/K401R), and 4R (K156R/K316R/
K374R/K401R) mutants was more efficient in precipitating a
small fraction of OCT4 (Fig. 5B), suggesting that sumoylation
may negatively regulate the physical interaction between
SALL4B and OCT4.

As SALL4 regulates OCT4 and SOX2 expression (10), we
next studied whether SALL4B sumoylation played a role in con-
trolling expression of these stem cell transcription factors. Spe-
cific silencing of SALL4 via RNAiresulted in reduction of OCT4
and SOX2 (Fig. 5C). Ectopic expression of wild-type SALL4B,
but not its sumoylation-resistant mutant, was capable of rescu-
ing down-regulation of OCT4 and SOX2. These results
strongly suggest that sumoylation is essential for the mainte-
nance of transcriptional activity of SALL4B.

To functionally study the effect of SALL4 sumoylation in the
transaction of its target gene expression, we first established the
system in which endogenous SALL4 expression was silenced
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FIGURE 5. SALL4B sumoylation regulates its physical interaction with
OCT4, as well as expression of Oct4 and SOX2. A, Tera-1 cell lysates in
duplicate were immunoprecipitated with OCT4 IgG or control IgG. OCT4
immunoprecipitates, along with the lysate inputs, were blotted with antibod-
ies to OCT4 and SALL4. B, HEK293T cells were transfected with wild-type
SALL4B or its mutants for 48 h. 3R and 4R stand for SALL4B mutants with three
(K156, K316, and K401) and four (K156, K316, K374, and K401) lysine resi-
dues replaces with arginines, respectively. Ectopically expressed SALL4B
or its mutant proteins were enriched by incubation with Ni-IDA resin. Pro-
teins bound to the resin, along with the lysate input, were blotted with anti-
bodies to HA and OCT4. Tera-1 cells were co-transfected with SALL4 siRNA (or
control siRNA) and SALL4B (or SALL4B-4R mutant) for 48 h, after which equal
amounts of cell lysates were blotted with antibodies to SALL4 and HA.
C, Tera-1 cells were co-transfected with SALL4 siRNA (or luciferase siRNA) and
a plasmid expressing wild-type, or sumoylation-resistant, SALL4B for 48 h.
Cells were then lysed, and equal amounts of cell lysates were blotted with
antibodies to SALL4, OCT4, SOX2, and B-actin.

and transfected SALL4B could be expressed. Immunoblotting
with antibodies to both SALL4 and the HA tag showed that
endogenous SALL4A and SALL4B were efficiently down-regu-
lated after transfection with 3’-UTR siRNAs whereas wild-type
SALL4B or its 4R mutant plasmid was efficiently expressed after
transfection (Fig. 6A). SALL4 binds to the OCT4 promoter and
transactivates its gene expression (10). Therefore, we next co-
transfected Tera-1 cells with the plasmid expressing firefly
luciferase driven by the OCT4 promoter and the plasmid
expressing wild-type SALL4B or 4R mutant. To minimize the
influence of endogenous SALL4 proteins, these cells were co-
transfected with SALL4 3'-UTR siRNAs. Reporter gene assays
revealed that transfection with the wild-type SALL4B expres-
sion plasmid significantly activated the reporter gene activity as
compared with the vector-transfected control and that 4R
mutant was much less efficient in activating the reporter gene
(Fig. 6B). Given that SALL4 is capable of trans-repressing its
own gene expression (10), we next analyzed the reporter gene
activity in Tera-1 cells that were co-transfected with a plasmid
expressing firefly luciferase driven by the SALL4 promoter and
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FIGURE 6. Sumoylation regulates transcriptional activity of SALL4B.
A, Tera-1 cells were co-transfected with siRNAs to SALL4 (or to luciferase as
control) and a plasmid expressing wild-type either wild-type or sumoylation-
resistant SALL4B for 48 h. At the end of treatment, cells were collected and
lysed, and equal amounts of cell lysates were blotted with antibodies to
SALL4 and HA, respectively. B, Tera-1 cells were seeded in triplicate and co-
transfected with the firefly luciferase reporter construct driven by the OCT4
gene promoter and various SALL4B expression plasmids as indicated for 48 h.
Endogenous SALL4 proteins were down-regulated by co-transfection with
SALL4 siRNA. At the end of transfection, cell lysates were prepared and
assayed for firefly luciferase activity. Data are expressed as the fold-change of
firefly luciferase activity after normalization. Each experiment was repeated
for at least three times. C, Tera-1 cells were co-transfected with the firefly
luciferase reporter construct driven by the SALL4 gene promoter and various
SALL4B expression plasmids as indicated for 48 h. Endogenous SALL4 pro-
teins were down-regulated by co-transfection with SALL4 siRNA. At the end of
transfection, cell lysates were prepared and assayed for firefly luciferase activ-
ity. Data are expressed as the fold-change of firefly luciferase activity after
normalization. Each experiment was repeated for at least three times.

the plasmid expressing wild-type SALL4B or 4R mutant.
Expression of wild-type SALL4B greatly reduced the activity of
the reporter gene as compared with the vehicle-transfected
control. Although expression of 4R mutant also reduced the
reporter gene activity, the magnitude of reduction was less pro-
nounced compared with that of the wild-type SALL4B (Fig. 6C),
implicating a negative effect of sumoylation on trans-repres-
sion of its own gene expression.

DISCUSSION

In this study, we report for the first time that SALL4B is
SUMO-modified and that SALL4B sumoylation plays an
important role in regulating its subcellular localization, as well
as its transcriptional activities. SALL4B appears to be modified
by both SUMO-1 and SUMO-2 as the sumoylated form of
SALLA4B is positive to both SUMO-1 and SUMO-2 antibodies.
Supporting this notion, the major SUMO-modified band is
about 60 kDa larger than the predicted, unmodified form and
thus large enough for both SUMO-1 and SUMO-2 modifica-
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tions. The observation that mutation of several lysine residues
is required for the complete elimination of SALL4B sumoyla-
tion strongly suggests that sumoylation occurs on multiple
sites. Furthermore, super-sumoylated forms of SALL4B are also
detected in cells transfected with SALL4B expression plasmid,
particularly after enrichment with Ni-IDA (Fig. 2C). We have
demonstrated that SALL4B is modified by ubiquitination and
phosphorylation as well although the exact mechanism by
which these modifications in regulating SALL4 remains to be
elucidated. It appears that sumoylation and ubiquitination are
mutually exclusive as the sumoylated SALL4B is not immuno-
reactive to the ubiquitin antibody or vice versa. One caveat for
this explanation is that the antigen epitope for each type of
modification could be masked by other type of modification.

SALL4B exists primarily as the ubiquitinated form and the
modification appears to be conserved, as SALL4B expressed in
Sf9 cells also co-migrates with the ubiquitinated form (Fig. 1A4).
On the other hand, no SALL4B that co-migrates with the
sumoylated form is detected on denaturing gels after expres-
sion in Sf9 cells, suggesting that sumoylation is evolved as a
regulatory mechanism in higher animal cells. It is noted that
SALL4A detected in Tera-1 cells migrates at the position simi-
lar to the super sumoylated SALL4B (Figs. 14 and 2D). How-
ever, SALL4A is not a SUMO-modified form of SALL4B as
SENPI1 expression does not reduce the intensity of this band
(Fig. 2A). More importantly, SALL4A is specifically silenced
after transfection with SALL4A-specific siRNAs (Fig. 1C). HeLa
and Jurkat cells express a protein that is immunoreactive to
SALL4 antibody and migrates at about 95 kDa (Fig. 1A),
although the nature of this band remains unknown. Intrigu-
ingly, Tera-1 cells also contain a small amount of the 95 kDa
antigen, which is primarily localized to the cytoplasm (Fig. 4B).
It is tempting to speculate that it may represent a new spliced
form of SALLA4. Ectopically expressed SALL4B has an apparent
molecular mass of 95 kDa (co-migrating with the SALL4B band
form in HeLa and Jurkat cells) and is larger than endogenous
SALL4B in Tera-1. The increased mobility is caused by the
addition of both His tag and 3 tandem FLAG tags.

Increasing evidence indicates that the sumoylation pathway
plays an essential role in embryogenesis and development (35—
37). Sumoylation modulates the affinity with DNA binding and
the activity of stem cell transcription factors (23), as well as the
subcellular localization of general transcription factors (38, 39).
Our current study indicates that SALL4B sumoylation regu-
lates its transcriptional activity. SUMO-resistant mutant exhib-
its an enhanced binding to chromatin as compared with the
wild-type control, suggesting that sumoylation may directly
impact on its transcriptional activity. However, reporter gene
assays indicate that SUMO-resistant mutant SALL4B has a
reduced transcription activity. One possibility is that the
mutant protein may be associated with a different subdomain
of chromatin through interacting with a different set of protein
partners. Moreover, given that SUMO-resistant mutant binds
more efficient with OCT4 (Fig. 5B), it is possible that the
mutant SALL4B may sequestrate OCT4 and reduce its tran-
scriptional activity because OCT4 also auto-regulates its
expression (40). Similar to our finding, SOX2 is modified by
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SUMO-1 at lysine 247 and sumoylated SOX2 exhibits reduced
DNA binding to the enhancer region of its target gene (23).
Although embryonic stem cells express both SALL4A and
SALLA4B, both forms appear to have a function in the mainte-
nance and self-renewal of stem cells (5, 10, 25). SALL4A and
SALLA4B bind to overlapping but not identical sites within the
genome; when it is expressed alone, SALL4B can maintain the
pluripotent state of mouse stem cells (25). A recent study
reveals that either SALL4A or SALL4B can stimulate a robust ex
vivo expansion of CD34" hematopoietic stem cells when it is
ectopically expressed via the lentiviral approach (41). More
importantly, SALL4B-mediated stem cell expansion is associ-
ated with their engraftment and long-term repopulation in vivo
(41). Our current study reveals a novel regulatory mechanism
by which SALL4B functions to control the transactivation of
OCT4%, the master gene for maintaining stem cell properties and
their renewal. Sumoylation-deficient SALL4B is less efficient in
enhancing the transactivation activity for the OCT4 promoter,
resulting in a compromised activity of the reporter gene prod-
uct (Fig. 5C). This is consistent with the early observation that
SALLA4 positively regulates OCT4 gene expression (10). Further
supporting the positive regulation of OCT4 by SALL4, we have
observed that down-regulation of SALL4 expression in Tera-1
cells via transfection of SALL4-specific siRNA leads to
decreased levels of SOX2, as well as OCT4 (Fig. 5C).
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