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ABSTRACT

Early steps of gene expression are a composite of
promoter recognition, promoter activation, RNA syn-
thesis and RNA processing, and it is known that
SUMOylation, a post-translational modification, is
involved in transcription regulation. We previously
found that SUMO-1 marks chromatin at the proximal
promoter regions of some of the most active house-
keeping genes during interphase in human cells, but
the SUMOylated targets on the chromatin remained
unclear. In this study, we found that SUMO-1 marks
the promoters of ribosomal protein genes via modi-
fication of the Scaffold Associated Factor B (SAFB)
protein, and the SUMOylated SAFB stimulated both
the binding of RNA polymerase to promoters and pre-
mRNA splicing. Depletion of SAFB decreased RNA
polymerase II binding to promoters and nuclear pro-
cessing of the mRNA, though mRNA stability was
not affected. This study reveals an unexpected role
of SUMO-1 and SAFB in the stimulatory coupling of
promoter binding, transcription initiation and RNA
processing.

INTRODUCTION

Small Ubiquitin-related Modifier (SUMO) proteins are
highly conserved among eukaryotes, and protein SUMOy-
lation has a critical role in a variety of cellular signaling
pathways including control of cell cycle progression, DNA
repair, gene expression and nuclear architecture (1). Among
various SUMO substrates that have been identified, tran-
scription factors and co-regulators comprise one of the
largest groups. Studies have provided strong evidence for the

involvement of SUMOylation in transcriptional regulation
(2). SUMOylation of those transcription factors in general
is repressive, and current models suggest that SUMOyla-
tion leads to the recruitment of transcriptional co-repressor
complexes and histone deacetylases (HDACs) to the pro-
moters (3,4). However, there is also evidence that SUMOy-
lation of transcription factors can lead to gene activation
(5–7). In a previous study, we found that SUMO-1 modifies
chromatin-associated proteins located at the promoter re-
gions of highly active genes in human cells, including those
that encode ribosome protein subunits (8). SUMO associa-
tion on active promoters has also been observed in yeast and
in human fibroblasts (9,10). These studies have suggested
that SUMOylation of transcription factors is not merely
acting as a switch for gene silencing; rather, it also plays
an important role for modulating transcription activation.
However, the role of how SUMOylation modulates chro-
matin structure, and further participates in transcriptional
control of constitutive genes is largely unknown.

In this study, we first sought to identify the SUMOylated
protein bound to the chromatin at active promoters, and we
found that Scaffold Associated Factor-B (SAFB), a DNA
and RNA binding protein, is one of the SUMO-1 targets.
Two homologs (SAFB1 and SAFB2) have been found with
74% similarity at the amino acid level, and up to 98% sim-
ilarity in some functional domains and display redundant
activity (11). SAFB1 interacts with the carboxy-terminus of
RNA polymerase II (RNAPII) and RNA processing pro-
teins such as SR proteins (12–15), suggesting a potential
role in RNA splicing. SAFB binds AT-rich scaffold/matrix
attachment regions (S/MAR) on DNA, which are found
close to regulatory loci and mediate chromatin looping to
coordinate distant chromatin interactions and higher order
chromatin structure (16,17). SAFB proteins interact with
RNA through the RNA recognizing motif (RRM), which
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suggests a role in mRNA processing. Together, this sug-
gests that SAFB may be part of a ‘transcriptosome com-
plex’ to couple transcription, splicing, and polyadenylation
(13). This hypothesis is supported by a study that SAFB1
interacts with CHD1, a chromatin modifying protein that
also possesses activities in RNA splicing (18,19). In addi-
tion, SAFB has been found to function as a co-repressor
of estrogen-dependent transcription (20), and participates
the repression of immune regulators and apoptotic genes
(21). Recent studies suggest that it may be involved in a
more widespread manner by functioning as a positive regu-
lator for permissive chromatin of the myogenic differentia-
tion (22), and in response to DNA damage (23).

Here, we provide evidence that both SAFB1 is a SUMO-
1 substrate bound to the chromatin during interphase in
a region centering on 100 bp upstream of the transcrip-
tion start site. Like SUMO-1, depletion of SAFB dimin-
ished RNAPII binding to promoters and decreased RNA
expression of these ribosomal protein genes, revealing an
unexpected role of SAFB linking transcription initiation to
RNA processing of the highly active ribosomal protein (RP)
genes.

MATERIALS AND METHODS

Chromatin affinity purification (ChAP) for mass spectrome-
try analysis

ChAP was based on the ChIP method except that the im-
munoprecipitation was replaced by a two-step affinity pu-
rification from HeLa-SUMO1 cells, a HeLa-derived cell
line that expresses a SUMO-1 protein that includes on its
amino-terminus a hexa-histidine tag and a biotin binding
domain (8). Cells were synchronized in S phase or in mi-
tosis. 108 HeLa-SUMO1 cells were lysed in lysis buffer
I (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid–potassium hydroxide (HEPES–KOH), pH 7.5, 140
mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA),
10% glycerol, 0.5% NP-40, 0.25% Triton-X-100), and the
cell pellet was resuspended in lysis buffer II (10 mM Tris,
pH 8, 80 mM NaCl, 1 mM EDTA, 0.5 mM ethylene gly-
col tetraacetic acid (EGTA)), and, following centrifugation
(1400 x g), the chromatin was recovered from the pellet and
resuspended in lysis buffer III (50 mM Tris pH 8; 0.01%
SDS; 1.1% Triton X-100; 80 mM NaCl). The isolated chro-
matin was sheared to 200–300 bp by sonication, incubated
with 375 �l of Ni-NTA beads (Qiagen) for 16 h at 4◦C. Af-
ter washing in wash buffer I (50 mM Tris pH 8; 0.01% SDS;
1.1% Triton X-100; 150 mM NaCl), chromatin fragments
were eluted in 6 ml elution buffer (washing buffer I with 300
mM imidazole). The nickel eluate was incubated with 375
�l of streptavidin beads (Invitrogen) for 6 h at 4◦C. After
three stringent washes, wash buffer II (50 mM Tris pH 8; 10
mM EDTA; 1% SDS; 1M NaCl), and three times of 10 mM
Tris buffer, pH 8. The chromatin was then trypsinized (ratio
1:120 w/w) in solution for 2 h at 37◦C. Following lyophiliza-
tion, the digested solution was dissolved in 50 �l high per-
formance liquid chromatography (HPLC) grade water and
subjected to LC–MS/MS; protein identification was ana-
lyzed using Massmatrix 2.4.2 (24). Environmental contam-
inants were removed from the identified proteins.

Antibody used in this study

The rabbit polyclonal SUMO-1 and 8WG16 monoclonal
antibodies were described previously (8,25). Other antibod-
ies used included the RNAPII phospho-serine 5 antibody
(Abcam cat. no. ab5131), SAFB antibody (Millipore cat.
no. 05-588) and �-tubulin (Sigma).

Isolation of nuclear and cytoplasmic RNA, RT-qPCR

Nuclear and cytoplasmic RNAs were purified by lysis of
HeLa-SUMO1 cells in 200 �l of lysis buffer (10 mM Tris–
HCl, pH 8, 1.5 mM MgCl2, 0.5% NP-40, 140 mM NaCl
and 0.5 U of RNase inhibitor) and loaded onto 200 �l of
cushion buffer (10 mM Tris–HCl, pH 8, 1.5 mM MgCl2,
1% NP-40, 140 mM NaCl and 0.4 M sucrose). The samples
were centrifuged for 10 min at 800 × g. The cytoplasmic
supernatant was treated with proteinase K, extracted with
phenol–chloroform and precipitated with ethanol. The nu-
clear pellet was resuspended in 100 �l of DNAse I buffer
(50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 10 mM MgCl2
and 0.5 U RNase inhibitor) and treated 20 U of DNase
I (Invitrogen) for 60 min at 37◦C. The samples were then
extracted with phenol–chloroform and precipitated with
ethanol. The mRNA levels were determined by reverse
transcriptase quantitative polymerase chain reaction (RT-
qPCR) using the iScript reverse transcription and iQSYBR
Green supermix (Bio-Rad). The results were normalized to
18S rRNA.

Immunoprecipitation, ChAP-qPCR and ChIP-qPCR

Immunoprecipitation was performed following established
procedures (26). Chromatin immunoprecipitation or affin-
ity purification was done following the protocol that has
been reported previously (8). Briefly, 2 × 107 HeLa cells (if
ChIP) or HeLa-SUMO1 cells (if ChAP) were fixed with 1%
formaldehyde, lysed in lysis buffer, sonicated to size ranging
from 200 to 1000 bp, chromatin was diluted 4-fold, after re-
moval of a control aliquot, incubated at 4◦C overnight with
antibody against 8WG16 (1:100), 5 �g Ser-5p antibodies, or
5 �g IgG antibody was used as a negative control. Immuno-
complex was precipitated with 50 �l protein A sepharose
beads (GE Healthcare), washed with Radioimmunoprecip-
itation assay buffer, 10 mM Tris pH 7.5, 300 mM NaCl,
1% NP-40, 1% deoxylcholate, 0.1% SDS (RIPA) buffer fol-
lowed by crosslink reversal. The immunoprecipitated DNA
was purified by PCR purification kit (Qiagen). All the exper-
iments included at least three independent replicates. The
primer sequences are available in Supplementary Table S2.

RESULTS

SUMOylation facilitates RNAPII recruitment on constitu-
tively active promoters

We have previously shown that SUMO-1 is enriched on the
chromatin proteins bound to promoter regions of some of
the most active genes during interphase, such as ribosomal
protein (RP) encoding genes (8), which are highly abun-
dant and constitutively transcribed by RNA polymerase
II (RNAPII). Depletion of SUMO-1 caused a decrease in
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mRNA production, suggesting that the presence of SUMO-
1 on the active promoter regions had a positive role for
SUMOylation in transcriptional regulation (8). It had not
been shown in human cells whether the decrease in mRNA
abundance following depletion of SUMO-1 was due to a
decrease in RNAPII binding. In yeast, which have only one
SUMO isoform, SUMO protein is required for RNAPII re-
cruitment on the constitutive genes during transcription ini-
tiation (9). We tested whether the SUMO-1 mark on the
chromatin bound to a housekeeping promoter stimulates
active RNAPII recruitment to promoters in mammalian
cells. We investigated RNAPII occupancy under defective
SUMOylation in HeLa cells by siRNA transfection target-
ing UBC9, the only SUMO-specific E2 ligase found in cells,
and testing for RNAPII binding to promoter regions of ri-
bosomal protein genes such as RPL3, RPL7A, RPL10A,
RPL26, which were found enriched with SUMO-1 (8). In
addition, we analyzed the �-actin promoter, which was not
bound by SUMO-1, as a negative control. The enrichment
of SUMO-1, RNAPII with phosphorylated serine-5 (pSer-
5) of the carboxy-terminal domain (CTD) and RNAPII
that is mainly unphosphorylated (8WG16) bound to pro-
moters, was analyzed by ChIP-qPCR. The results were nor-
malized to the control siRNA in each experiment to cor-
rect for a modest amount of variation in the percent of in-
put obtained in each quantitative PCR assay. The results
showed that upon UBC9 siRNA depletion, the occupancy
of SUMO-1 on the promoters of RP genes significantly
decreased 4- to 5-fold compared to controls (Figure 1C).
We found that depletion of UBC9 and consequent defect
in SUMOylation caused a decrease in the occupancy at
these promoters of both unphosphorylated and phospho-
rylated form of RNAPII. Binding of the unphosphorylated
RNAPII was decreased 2.5- to 5-fold. Binding of the pSer-
5 form of RNAPII was decreased 4- to 5-fold compared to
controls (Figure 1A and B). By contrast, the binding of ei-
ther form of RNAPII to the �-actin promoter was not af-
fected by depletion of UBC9 (Figure 1A and B). It is note-
worthy that the effect on the pSer-5 form of RNAPII was
of somewhat higher magnitude than the unphosphorylated
form of RNAPII, suggesting that SUMOylation impacted
the initiation process. The same results, shown in Supple-
mentary Figure S1 but as individual experiments, clearly in-
dicate the reduction in RNAPII and phospho-RNAPII as-
sociated with these promoters after depletion of the UBC9.

SAFB is SUMO-1 modified and associated with RP gene pro-
moters

Since SUMOylated chromatin-associated proteins and
transcription factors are low in abundance, and SUMOy-
lated targets are highly dynamic and rapidly reversed by
SUMO proteases, a cell line called HeLa-SUMO1 that sta-
bly expresses SUMO-1 fused with a hexahistidine and bi-
otinylated (HB) tag was used for isolation of SUMO-1-
labeled chromatin proteins. SUMO-1 modified chromatin
associated proteins were shown to be present during inter-
phase and absent during mitosis (8). To identify the SUMO-
1 substrates that mark the promoters during interphase, we
purified the chromatin fraction from cells in either S phase
or mitosis. The SUMOylated, and tagged, chromatin pro-

Figure 1. SUMOylation facilitates RNAPII recruitment on the active pro-
moters. (A-C) Chromatin was isolated from control siRNA transfected
cells (black) or UBC9 siRNA transfected cells (gray), and immunopurified
using antibody specific for unphosphorylated RNAPII (8WG16, panel A),
p-Ser-5 RNAPII (panel B) or SUMO-1 (panel C). Enrichment of the pro-
moters of the indicated genes was detected by ChIP-qPCR, and to con-
trol for transfection efficiency, reactions were normalized to the control
siRNA. Each column represents the mean ± SEM. T-test using the data
from four biological replicates of ChIP–qPCR was conducted. The asterisk
indicates statistical significance (*P ≤ 0.05; **P ≤ 0.01). Non-normalized
results are presented in Supplementary Figure S1. (D) Immunoblots from
the cells used in panels (A)–(C) were stained for UBC9 (top) and the load-
ing control �-tubulin (bottom).

teins were purified by metal ion affinity purification fol-
lowed by avidin affinity purification with stringent washes.
Purified proteins were then analyzed by mass spectrometry
in order to identify proteins covalently bound to SUMO-
1 during S phase and not during mitosis. Fifty-two pro-
teins were identified by MS analysis, and the gene ontology
(GO) term analysis showed that the top functions of those
chromatin-associated proteins purified by virtue of binding
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to SUMO-1 in interphase were in RNA metabolism and
protein synthesis pathways (Supplementary Table S1). For
example, many RNA processing related factors, such as hn-
RNPs, PTB-associated splicing factor (SFPQ) and CPSF7,
were detected as chromatin associated factors that were co-
valently SUMOylated. We suggest that SUMOylation of
these splicing related factors on the promoters may serve
as a link between transcriptional initiation and pre-mRNA
splicing (Supplementary Table S1).

The top 20 proteins identified by mass spectrometry are
listed in order of highest score in Table 1. SAFB2 and
SAFB1 were the proteins with the fifth highest score and
the seventh highest score and had zero peptides detected in
the mitotic chromatin but a high number of peptides in the
S-phase chromatin. The peptide coverage for each protein is
shown in Supplementary Figure S2. Interestingly, SAFB1/2
binding sites in promoter regions have been shown in an-
other study (21), and two of the identified protein peaks
representing SAFB binding sites in the pS2 and Hsp27 pro-
moters (21) from that study coincided with genomic loci we
observed to be bound by SUMO-1 in HeLa cells (data not
shown). In another study, it had been found that SAFB was
SUMOylated (26). We confirmed that SAFB was SUMOy-
lated by affinity purification and immunoblot analysis, re-
vealing a prominent SAFB protein in the input sample mi-
grating at a position consistent with unmodified protein
plus several bands of slower migration and lighter intensity.
The unbound fraction contained a band of similar mass as
the unmodified SAFB. By contrast, the bound, SUMO-1
tagged eluate contained multiple polypeptides that bound
to SAFB specific antibody and that were shifted to slower
migration (Figure 2A, lane 3), which we interpret to be con-
sistent multiple SUMOylations of the two isoforms of the
SAFB protein. In addition, we tested whether SAFB local-
ized to the RP gene promoters by transfecting HeLa cells
with SAFB-1 gene fused to the his6-biotin (HB) tag, and
followed by ChIP-qPCR analysis. Transfection into control
cells of a HB-tag only plasmid was used to control for non-
specific binding. SAFB-1 was found to associate with all
eight of the RP promoters tested (Figure 2B).

SAFB localizes SUMO-1 to promoters

To determine if SAFB was responsible for the recruitment
of SUMO-1 binding on the specific promoters, we tested
whether depletion of SAFB affected the recruitment of
SUMO-1 to promoters that we had previously character-
ized to be SUMO-1 bound (8). Since there are two highly
related isoforms of SAFB, we depleted both homologs with
siRNAs targeting SAFB1/2. Following siRNA transfec-
tion, immunoblot analysis showed that SAFB protein was
depleted by >90% (Figure 3C). Consistent with earlier re-
sults, ChIP-qPCR analysis showed that under control con-
ditions SUMO-1 and RNAPII were enriched on the RP
gene promoter regions analyzed; IL2 was included as a neg-
ative control since it is not expressed in HeLa cells and
its promoter had no detected SUMO-1. SAFB depletion
caused a significant decrease in the SUMO-1 marks on
the RP gene promoters, down to 40–50% compared to the
controls (Figure 3A). Depletion of SAFB also caused a
decrease in RNAPII occupancy on these promoters (Fig-

Figure 2. Identification of SAFB as SUMOylated substrate on the pro-
moters. (A) Protein extracts from HeLa-SUMO-1 cells, which express
his6-biotin-SUMO-1, were analyzed by immunoblots to track the SAFB
through chromatin affinity purification with the chromatin fraction (lane
1), the protein unbound by the nickel-NTA matrix (FT; lane 2), and the
eluate following metal ion affinity purification and biotin affinity purifi-
cation (lane 3). (B) Verification of SAFB-1 enrichment on the SUMO-1
bound promoters. HeLa cells were transfected with SAFB-1 gene fused
with the his6-biotin (HB) tag, and binding of the SAFB fusion protein to
the indicated promoters was followed by ChIP-qPCR analysis. The results
from three biological replicates are shown (mean ± SEM). The significance
was evaluated by T-test, and the fold enrichment of samples was compared
with results from cells transfected with an HB-tag only plasmid, which was
used to control for nonspecific binding. The asterisk denotes the statistical
significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).

ure 3B). By contrast, when testing active genes that are not
labeled by SUMO-1, such as �-actin, depletion of SAFB
did not affect RNAPII occupancy on its promoter (Figure
3B), suggesting that SAFB facilitates RNAPII binding on
the SUMO-1 labeled active genes. We further asked whether
this phenomenon was caused by SAFB1. To this end, a
second set of siRNAs for depletion of SAFB targeted the
3′UTR of SAFB1 and a second site in the ORF of SAFB2.
Transfection of this second set of siRNAs also decreased
ChIP specific for SUMO-1 at RP gene promoters, and ex-
pression of SAFB1 from a cotransfected plasmid rescued
SUMO-1 binding to these promoters (Figure 4). These re-
sults clearly indicate that SAFB1 is a functionally relevant
SUMO-1 target bound to the promoters, and these results
support a model whereby the SUMOylation of SAFB stim-
ulates RNAPII binding to target gene promoters.
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Table 1. Mass spectrometry results of SUMOylated chromatin proteins

UniProt ID Description Spectra (M) Spectra (S) Max peptides
Seq tag
coverage

Sequence
coverage Max score

P08670 Vimentin 34 103 33 67.00% 75.00% 1219
P02545 Prelamin-A/C 4 68 31 41.00% 47.00% 1146
Q15233 Non-POU domain-containing octamer-binding protein 12 78 28 44.00% 50.00% 950
P11387 DNA topoisomerase 1 37 26 20 21.00% 26.00% 545
Q14151 Scaffold attachment factor B2 – 34 17 17.00% 20.00% 500
P46060 Ran GTPase-activating protein 1 9 32 15 28.00% 34.00% 480
Q15424 Scaffold attachment factor B1 – 26 12 13.00% 16.00% 389
P23246 Splicing factor; proline- and glutamine-rich 3 23 12 20.00% 25.00% 343
O43143 Putative pre-mRNA-splicing factor ATP-dependent

RNA helicase DHX15
2 26 11 12.00% 15.00% 328

P63165 Small ubiquitin-related modifier 1 14 34 7 42.00% 46.00% 307
P14866 Heterogeneous nuclear ribonucleoprotein L 2 20 11 24.00% 32.00% 268
Q8N684 Cleavage and polyadenylation specificity factor subunit

7
1 17 8 15.00% 19.00% 256

P07437 Tubulin beta chain 19 – 8 18.00% 23.00% 245
Q13263 Transcription intermediary factor 1-beta – 20 11 13.00% 16.00% 239
P60709 Actin; cytoplasmic 1 15 5 6 16.00% 18.00% 198
Q00839 Heterogeneous nuclear ribonucleoprotein U 12 6 7 8.00% 11.00% 196
Q9Y2X3 Nucleolar protein 58 3 11 6 8.00% 13.00% 193
O75400 Pre-mRNA-processing factor 40 homolog A – 9 4 4.00% 5.00% 176
P52272 Heterogeneous nuclear ribonucleoprotein M 13 – 6 9.00% 11.00% 152
Q71U36 Tubulin alpha-1A chain 12 1 5 15.00% 18.00% 149

SAFB depletion caused down regulation of mRNA processing
of RP genes

We have shown previously that SUMO-1 marks the chro-
matin just upstream of the transcription start site of consti-
tutive housekeeping genes and that the SUMO-1 mark stim-
ulated transcription. In addition, the SUMO-1 mark was
also found enriched on exons in the human genome, sug-
gesting a potential role for facilitating splicing (8). Given
that SAFB interacts with the CTD of RNAPII (13), that
SAFB1 is involved in recruitment of SUMO-1 and RNAPII
on the promoters (Figures 3 and 4), and that our mass spec-
trometry results indicated multiple SUMOylated splicing
factors (Supplementary Table S1), we tested whether SAFB
depletion may affect mRNA expression of the RP genes at
the level of pre-mRNA splicing. We investigated the RNA
processing of two RP genes, RPL26 and RPL7a, by quan-
tifying RNA containing the exon-exon junction for spliced
mRNA in the nucleus, and we quantified the abundance of
the intron-exon junctions for measuring pre-mRNA con-
centration. We are confident that the PCR product from the
unspliced pre-mRNA did not result from contamination of
genomic DNA since the samples were thoroughly treated
with DNase and since the pre-mRNA decreased over time
following actinomycin D treatment (Figure 6), and such a
decrease over time is inconsistent with genomic DNA con-
tamination. The RT-qPCR analysis showed that depletion
of either SUMO-1 or SAFB did not affect the abundance
of the primary transcripts relative to the control in the nu-
cleus (Figure 5A), but the spliced mRNA purified from the
nucleus was less abundant in SUMO-1 or SAFB depleted
cells. This result suggested that SUMO-1 and SAFB are in-
volved in mRNA processing (Figure 5B). It was surprising
that the decrease in splicing did not result in an excess ac-
cumulation of nuclear pre-mRNA. We suggest that the de-
crease in initiation (Figure 1) was balanced by the decrease
in RNA processing (Figure 5B) to yield little change to the
unspliced pre-mRNA (Figure 5A). We also tested the ma-
ture mRNA in the cytosol, and the RP genes were reduced
due to either SUMO-1 or SAFB depletion (Figure 5C).

To further investigate the effect of SAFB on RNA
metabolism, we asked whether depletion of SAFB affected
mRNA stability. Actinomycin D was included in media to
block new mRNA transcription, and we harvested RNA
species at different time points. We found that there is no
change of mature mRNA, suggesting the RP RNA is fairly
stable for at least 2 h, independent of SUMOylation or of
SAFB (Figure 6A). The precursor mRNA decreased at a
similar rate from cells that were SAFB depleted or control
siRNA transfected, and the difference in splicing rate for
SAFB depleted is not detected when in the presence of acti-
nomycin D, indicating that RNA stability is not affected by
SAFB depletion (Figure 6B). It was noted that following ad-
dition of actinomycin D to the medium, there was a rapid
and reproducible spike in the abundance of the RPL26 pre-
spliced RNA and spliced RNA. This spike was observed in
all three replicates of the control depleted cells as well as the
SAFB depleted cells, though the timing of the spike was per-
haps delayed in the SAFB depleted cells. Though the cause
of this spike in RNA concentration was not clear, its pres-
ence did not affect the interpretation that the RNA stability
was not affected by SAFB depletion. Taken together with
the other experiments, the newly transcribed mRNA in the
nucleus was down regulated in SAFB depleted cells (Fig-
ure 4B), and we suggest that SUMOylated SAFB stimulates
mRNA splicing, and the down regulation of mRNA in the
nucleus was not due to the RNA stability.

Since ribosomal protein expression is highly sensitive
to cell proliferation rates, we tested whether depletion of
SAFB or SUMO-1 affected cell proliferation. We depleted
SAFB and SUMO-1 from HeLa cells as usual (Figure 6E),
and seeded 10 000 cells per well and measured the cell num-
ber each day for 4 days. The proliferation rates were not sta-
tistically different (Figure 6D), indicating that the changes
in RP RNA abundance observed in Figure 5 were not sec-
ondary to significant changes in growth rates.

DISCUSSION

In this study, we discovered that SUMO-1 binds to the
chromatin at promoters of ribosomal protein genes via the
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Figure 3. SAFB localizes SUMO-1 to promoters of RP genes. (A) Chro-
matin from HeLa cells was isolated from control siRNA transfected cells
(black) or SAFB siRNA transfected cells (gray), and immunopurified with
antibody specific to SUMO-1. Promoters of the indicated genes were de-
tected by ChIP-qPCR. IL-2 was a negative control based on the gene ex-
pression and ChIP-seq data (8). T-test using the data from four biological
replicates of ChIP-qPCR was conducted (*P-value ≤ 0.05; **P ≤ 0.01).
(B) RNAPII binding on the promoters was detected by ChIP-qPCR as in
panel (A). (C) Western blot analysis of SAFB or �-tubulin proteins was
used to evaluate the depletion by the indicated siRNA transfection.

scaffold attachment factor, SAFB. We found that SAFB is
SUMOylated, and depletion of SAFB caused a decrease
of SUMO-1 association with the promoters on the chro-
matin. These promoters, encoding RP genes and transla-
tion factors, are among the most active RNAPII promot-
ers in the cell, and SUMO-1-tagged SAFB stimulates both
the recruitment of RNAPII and the splicing of the product
RNAs. In addition, a number of RNA processing factors
were found to be SUMO-1 targets, suggesting that SUMO-
1 marks on the promoter during the transcription cycle can
be important for determining the efficiency of pre-mRNA
splicing. The SUMO-1-SAFB axis revealed in this study, de-
fines a fast track for gene expression; blocking this pathway
via RNAi mediated depletion did not cause a total inhibi-
tion of transcription and processing but rather a decrease

Figure 4. Expression of SAFB1 from a transfected plasmid rescued
SUMOylation of promoter-bound chromatin. (A) A second set of siR-
NAs targeting the 3′-UTR of SAFB1 and the coding region of SAFB2
along with plasmid vector or plasmid for the expression of SAFB1 as indi-
cated were transfected into HeLa cells. ChIP using control IgG (black) or
SUMO-1 (gray) specific antibody was probed by qPCR for the promoters
of the indicated genes. (B) Immunoblots for SAFB (top) or the unaffected
loading control, RNA helicase A (RHA; bottom) were analyzed for con-
trol siRNA plus empty vector (lane 1), SAFB siRNAs plus empty vector
(lane 2), and SAFB siRNAs plus SAFB1 expression plasmid (lane 3).

toward the expression levels of most protein-encoding genes
(8).

The SAFB1 protein has been reported to be covalently
modified by SUMO-1 as well as SUMO-2/3, and this mod-
ification is associated with transcriptional repression activ-
ity (26). The lysine acceptors for the SAFB1-mediated co-
repressor function were identified to be K231 and K294,
and these modifications were important for the SAFB1 re-
cruitment of HDAC3 to these promoters and transcrip-
tional repression (26). In the current study, only SUMO-1
was tested, and it remains to be tested if SUMO-2/3 mod-
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Figure 5. SAFB or SUMO-1 depletion caused down-regulation of nuclear
spliced mRNA. RT-qPCR analysis of gene expression levels for the in-
dicated genes 48 h after transfection using siRNAs specific for control,
SUMO-1 or SAFB. (A) Abundance of intron-containing pre-mRNA from
the nucleus was shown. (B) Spliced mRNA abundance in the nucleus is
shown. (C) Spliced mRNA abundance in the cytoplasm is shown. The pre-
mRNA/ mRNA expression level for each experiment was normalized to
18S rRNA as loading control (a non-SUMO-1-labeled gene) and normal-
ized to the RNA levels detected in the sample from the control siRNA.
Three biological replicates were done and error bars reflect the SEM. A t-
test of equal expression between SUMO-1/SAFB and control siRNA us-
ing the data from three biological replications of RT-qPCR was conducted
(*P-value ≤0 .05). (D) Immunoblots of SAFB, SUMO-1 or �-tubulin were
used to assess the level of depletion of each protein.

ification has similar effects on stimulating transcriptional
initiation and RNA processing. In addition, the SUMO E3
ligase PIAS1 and the SENP1 SUMO protease were found
to regulate the conjugation and removal of SUMO proteins
on to SAFB1 (26). It will be of great interest to determine
whether these enzymes similarly affect the ribosomal pro-
tein transcription and RNA process characterized in the
current study. It was striking that SUMOylation of SAFB1
was associated with transcriptional repression of estrogen
receptor regulated genes (21,26), but in the current study
this modification resulted in transcriptional stimulation of
RP genes. It will be of great interest to characterize the gene-
specific activities of the SUMO1 modification of SAFB.

SUMOylation of multiple proteins in a single path-
way that stimulate the DNA repair process has been de-
scribed (27), and we suggest that a similar synergy exists
for SUMOylation of SAFB and splicing factors for cou-
pling transcription initiation with processing. The concept
of linking transcription initiation with splicing has been
described; a previous study showed that the strength of a
promoter-bound activator could also affect the efficiency
of constitutive splicing and 3′-end cleavage of different re-
porter pre-mRNAs (28). This activator-dependent increase
in pre-mRNA processing efficiency required the RNAPII
CTD (29). In this study, we found that the link between ini-
tiation and mRNA processing of RP genes depended on the
SUMOylation of SAFB.

Nuclear function depends on organizing platforms for
establishing structural and functional domains in the nu-
cleus. In this study, we found that SUMOylation facilitates
RNAPII recruitment on the constitutive promoters, which
is consistent with the observation in yeast (9). In addi-
tion, SAFB depletion caused down-regulation of SUMO-
1 and RNAPII binding on those highly active promoters,
and the mature mRNA expression, suggesting that SAFB
links transcription initiation and splicing for the most ac-
tive RNAPII transcripts in the cell. There are emerging
studies showing the importance of SAFB on regulation of
chromatin architecture. For example, SAFB1 participates in
chromatin remodeling by interacting with ATP-dependent
chromatin modifying proteins such as CHD1 (18). The
CHD1 protein binds to a histone mark in promoters and
regulates early transcription events including splicing (19).
It is possible that SAFB interaction with CHD1 is in part
regulated by SUMO-1 and is interacting with the CHD1-
spliceosome complex. A recent study reported that SAFB1
regulates chromatin accessibility in response to genotoxic
stress, and it is transiently recruited to DNA damage sites
for efficient signaling and the downstream phosphorylation
of chromatin (23). Another study showed that SAFB1 is
associated with the activation of skeletal muscle gene ex-
pression during myogenic differentiation by facilitating the
transition of promoter sequences from a repressive chro-
matin structure to one that is transcriptionally active (22).
It is well-established that the localization of the splicing SR
proteins coincides with the sites of active RNAPII during
transcription (29). Considering that both SAFB and splic-
ing SR proteins interact with the RNAPII CTD, and the
concept of a transcriptosome complex has been suggested
to link transcription initiation and splicing (13), we suggest
that the SUMOylation of SAFB participates in this pro-
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Figure 6. SAFB depletion does not affect the stability of the precursor or mature mRNA of RPL26 gene. (A–C) HeLa cells were transfected with SAFB
or control siRNA for 48 h and then treated with either 2 �g/ml of actinomycin D (ActD) or DMSO as a control. The amount of RPL26 mRNA was
monitored by qRT-PCR (panel A). Results show the concentrations of RNA species as the average of three independent replicates normalized to the
concentration of the RNA in the DMSO vehicle sample. The abundance of intron-containing RPL26 pre-mRNA was monitored by qRT-PCR (panel B),
and immunoblots from SAFB depletions were assessed (panel C). (D–E) The growth of HeLa cells following depletion of SAFB or SUMO-1 was assessed.
Forty-eight hours post transfection with the siRNA, 10 000 cells were plated per well on day 0. Cell number was counted on days 1–4, as indicated. Results
from three independent replicates are shown (panel D). T-test analysis was used to evaluate whether the growth rates were significantly different, and the
p-value for comparing SUMO-1 depletion to the control depletion was 0.392 and for SAFB 0.153. Immunoblots taken at day 0 are shown (panel E).

cess. Interestingly, SAFB interacts with SF2/ASF in vivo
(13), and it has been reported recently that SF2/ASF func-
tions as a cofactor to enhance SUMOylation through the
E3 ligase PIAS1 (30). Therefore, it is possible that SAFB
and SF2/ASF may serve as the functional link between the
RNA processing and SUMOylation machinery.

Taken together, the results of this study suggest a novel
function for SAFB in regulation of gene expression by co-
ordinating transcriptional initiation and RNA processing.
It is possible that SUMOylated SAFB associates with the
CTD of the initiating RNAPII and travels with RNAPII as
it synthesizes nascent pre-mRNA, and subsequently facili-
tates the assembly of splicing complexes and splicing on the
first intron to emerge, and further coordinates transcription
and pre-mRNA processing levels.
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