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ABSTRACT

Gene expression is finely and dynamically con-
trolled through the tightly coordinated and intercon-
nected activity of epigenetic modulators, transcrip-
tion and splicing factors and post-translational mod-
ifiers. We have recently identified the splicing fac-
tor SLU7 as essential for maintaining liver cell iden-
tity and genome integrity and for securing cell divi-
sion both trough transcriptional and splicing mecha-
nisms. Now we uncover a new function of SLU7 con-
trolling gene expression at the epigenetic level. We
show that SLU7 is required to secure DNMT1 protein
stability and a correct DNA methylation. We demon-
strate that SLU7 is part in the chromatome of the
protein complex implicated in DNA methylation main-
tenance interacting with and controlling the integrity
of DNMT1, its adaptor protein UHRF1 and the his-
tone methyl-transferase G9a at the chromatin level.
Mechanistically, we found that SLU7 assures DNMT1
stability preventing its acetylation and degradation
by facilitating its interaction with HDAC1 and the
desubiquitinase USP7. Importantly, we demonstrate
that this DNMT1 dependency on SLU7 occurs in a
large panel of proliferating cell lines of different ori-
gins and in in vivo models of liver proliferation. Over-
all, our results uncover a novel and non-redundant
role of SLU7 in DNA methylation and present SLU7
as a holistic regulator of gene expression.

GRAPHICAL ABSTRACT

INTRODUCTION

Multiple mechanisms are involved in the different -
but interconnected- regulatory layers of gene expression,
switching on and off transcription and widening the diver-
sity of gene transcripts in a tissue and temporal manner.
Among them, epigenetic marks are reversible modifications
that without altering gene sequence determine chromatin
structure and accessibility, resulting in transcription activa-
tion or repression (1,2). DNA methyltransferases (DNMTs)
are the enzymes that add methyl groups to the 5′ position
of cytosine residues of CpG dinucleotides (3). CpG islands
(CGIs) are generally located at promoter regions and when
methylated interfere with transcription factor binding and
recruit repressor complexes (1). DNA methylation patterns
are faithfully inherited from the mother DNA molecule to
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the daughters after each cell division (3,4). In particular, the
DNA methyltransferase 1 (DNMT1) is the enzyme respon-
sible for maintaining DNA methylation patterns during the
S-phase of the cell cycle (5,6). Moreover, it is well estab-
lished that DNA methylation plays a relevant role in main-
taining genome stability (7–9). Indeed, deregulated DNA
methylation is one of the early events in cell transforma-
tion (10,11), being DNMT1 essential for cancer cell prolif-
eration and survival (12). In this context, DNMT1 levels
are dynamically controlled by multiple mechanisms which
mainly include allosteric interactions and post-translational
modifications (13,14). DNMT1 phosphorylation, methyla-
tion and/or acetylation, among others, affect protein in-
teractions, location and stability (13–15) in a dynamic and
finely tuned fashion.

We have identified the splicing factor SLU7 as essential
for maintaining the gene expression patterns required for
securing differentiation, quiescence and metabolic function
of the liver (16). In this context, SLU7 is controlling not
only alternative splicing mechanisms but also the activity
of transcriptional complexes, interacting with the RNA-
polymerase and cAMP responsive proteins such as CREB
and CBP (15). Moreover, we have demonstrated that SLU7
is required to preserve genome integrity and to secure cor-
rect cell division preventing the accumulation of R-loops,
DNA damage and errors in chromosome segregation (17).
Accordingly, the inhibition of SLU7 expression in patho-
logical situations, such as liver cirrhosis or hepatocellular
carcinoma (HCC) (18), would contribute to the process of
hepatocarcinogenesis. On the other side, we have demon-
strated that SLU7 knockdown in transformed cells repre-
sents a cancer cell vulnerability. Our results show that the
viability of tumor cells of multiple origins is compromised
by the induction of mitotic stress upon SLU7 silencing (19).

Altogether our results and other published data demon-
strate that SLU7 and DNMT1 control gene expression at
different levels, but both play essential roles maintaining
genome integrity, cell proliferation and cell survival. Re-
cent results have demonstrated a narrow connection and in-
terplay between the different mechanisms implicated in the
regulation of gene expression including DNA methylation
and alternative splicing (20,21). Having demonstrated that
SLU7 regulates both splicing and transcription, we decided
to investigate whether SLU7 also regulates DNA methyla-
tion, representing a new hub integrating different levels of
gene expression regulation.

In the present work, we demonstrate for the first time that
SLU7 is required for DNA methylation maintenance. We
found that SLU7 is part in the chromatome of the protein
complex implicated in maintaining DNA methylation as it
physically interacts at the chromatin level with DNMT1, its
adaptor protein ubiquitin-like with PHD and RING finger
domains-1 (UHRF1) and the histone methyl-transferase
G9a. Moreover, we demonstrate that SLU7 is needed to
maintain the association of the complex with chromatin. In-
terestingly, our results demonstrate that SLU7 is required
to maintain DNMT1 protein levels in proliferating cells,
both in vitro and in vivo. In fact, SLU7 knockdown induced
DNMT1 degradation in multiple cell lines of different ori-
gin and in vivo in models of liver regeneration after par-
tial hepatectomy or liver damage. Mechanistically we found

that SLU7 is needed for the binding of histone deacetylase
1 (HDAC1) to DNMT1, preventing DNMT1 acetylation,
and securing DNMT1 interaction with the deubiquitinating
enzyme Ubiquitin-Specific Protease 7 (USP7) to stabilize
DNMT1 protein. In summary, our present work demon-
strates for the first time a role of SLU7 in DNA methylation,
being essential to maintain the stability of DNMT1 protein
regulating its post-translation modifications. These results
uncover an unexpected function of SLU7 and demonstrate
that SLU7 represents a regulator of gene expression with
pleiotropic functions.

MATERIALS AND METHODS

Cell culture and treatments

All cell lines were obtained from the ATCC. The HCT116
DNMT1–/– cell line was kindly provided by Dr Rob M.
Ewing (Southampton, UK) and described in (22). Human
HCC cell lines PLC/PRF/5 and HepG2, human cervi-
cal carcinoma cell line HeLa, human melanoma cell line
A375 and human embryonic kidney immortalized cell line
HEK293T were grown in DMEM (Gibco-Life Technology,
Madrid, Spain) supplemented with 10% FBS, glutamine
and antibiotics. Human non-small cell lung cancer cell
line H358 and human adenocarcinoma cell line A549 were
grown in RPMI (Gibco-Life Technology) supplemented
with 10% FBS, glutamine and antibiotics. Human colon
cancer cell line HCT116 and HCT116 DNMT1–/– were
grown in McCoy’s 5A (Gibco-Life Technology) supple-
mented with 10% FBS, glutamine and antibiotics. Human
breast cancer cell line MCF7 was grown in MEM (Gibco-
Life Technology) supplemented with 10% FBS, insulin and
antibiotics. Human glioblastoma cell line U87 was grown in
DMEM/F12 (Gibco-Life Technology) supplemented with
10% FBS and antibiotics. All cells were grown in a humidi-
fied atmosphere at 37◦C and 5% CO2.

Where indicated, cells were treated before harvesting with
the proteasome inhibitor 10 �M MG-132 (Calbiochem,
CA, USA, 474790) for the last 20 h or with 20 �M MG-132
for the last 12 h; with the protein synthesis inhibitor 10 �/ml
cycloheximide (Sigma-Aldrich, MO, USA, C-7698) for 8 h
and 12 h; with cell cycle drugs 20 �M lovastatin (Sigma-
Aldrich PHR1285) or 2 �g/ml aphidicolin (Sigma-Aldrich
A078) for 60 h or with 330 nM nocodazole (Sigma-Aldrich
M1404) for 12 h or 60 h; with the demethylating agent 10
�M 5-aza-2′-deoxycytidine (Sigma, St. Louis, MO, USA)
during 7 days.

siRNAs and plasmids transfections

Transfections with siRNAs were performed with Lipo-
fectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. Individual
siRNAs were used at 75 nM. In those cases where com-
bined siRNAs transfections were performed, each specific
siRNA was used at 56.25 nM. Sequence of siRNAs will
be provided upon request. Human siSLU7-2 and siSLU7-3
are two independent siRNAs directed to 2 different regions
of SLU7. For overexpression experiments, plasmids were
transfected with Lipofectamine 2000 (Invitrogen) following
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the manufacturer’s instructions. pcDNA6.1A-SLU7 plas-
mid was from GenScript BioTech (Piscataway, NJ, USA)
and pcDNA3.1-HDAC1-Flag was kindly provided by Dr
Donald E. Ayer (University of Utah, USA).

Total DNA isolation

Total DNA from cell lines was extracted using the auto-
mated Maxwell RSC Instrument with cultured cells DNA
kit (Promega, Madison, WI, USA). DNA purity and con-
centration were measured using a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

Reduced representation bisulfite sequencing (RRBS)

Genome-wide DNA methylation analysis was carried
out using the reduced representation bisulfite sequencing
method (23) by Active Motif (Carlsbad, CA, USA). One
�g of genomic DNA from 72 h PLC/PRF/5 siGL, siSLU7
and siDNMT1 transfected cells was sent for RRBS analy-
sis. Briefly, DNA was digested with the methylation insensi-
tive restriction enzyme MspI, which cleaves DNA at CCGG
sites creating fragments with high CpG content. Samples
were then end-repaired and A-tails were added according
to manufacturer’s conditions. Once the adapters were lig-
ated, DNA was loaded on an agarose gel, and 40–220 bp
length fragments were isolated for bisulfite conversion. The
bisulfite converted DNA was amplified by PCR (library
preparation) and sequenced on the Illumina HiSeq™ in-
strument. Upon bioinformatic analysis, reads were mapped
to the human reference genome hg38 and the differential
methylation analysis was generated using DMAP (24). The
resulting regions were then annotated using the HOMER
software package (25). The subsequent analyses only in-
clude CpGs covered by 3 or more unique reads. Chi-squared
test was then applied. CpG sites were considered differen-
tially methylated when the methylation difference between
siSLU7 or siDNMT1 compared to siGL sample was higher
than 0.6. CpGs were localized within or outside a CGI us-
ing the CpG island bedfile identification (UCSC website;
https://genome.ucsc.edu/).

Methylation-specific PCR

One �g of genomic DNA was modified upon bisulfite
treatment using the EZ DNA Methylation Kit (Zymo Re-
search, Irvine, CA, USA) following manufacturer instruc-
tions. Methylation-specific PCR (MSP) was performed with
1/10 bisulfite-converted DNA, the Phusion U Hot Start
DNA Polymerase kit (F-555S, Thermo Fisher Scientific,
Waltham, MA, USA), and specific methylated (M) and un-
methylated (U) primers for the targeted regions of TRIM47,
TFF3, DLG3, RASSF1A and GNMT. PCR products were
electrophoresed and visualized in GelRed Nucleic Acid (Bi-
otium, Fremont, CA, USA) stained gels (2% agarose) under
UV light. The sequence of primers used in the study will be
provided upon request.

Methylation quantification ELISA kit

Quantification of global levels of 5-methylcytosine (5-mC)
was performed using the MethylFlash Global DNA Methy-
lation (5-mC) ELISA Easy Kit (Colorimetric) (Epigentek,

Farmingdale, NY, USA) following manufacturer’s instruc-
tions, including a previous DNA denaturation step at 98◦C
for 5 min.

Total RNA isolation and PCRs

Total RNA from cell lines and tissues was extracted using
the Maxwell RSC Instrument with simplyRNA tissue kit
(Promega). RNA samples were treated with DNAse to de-
grade all possible traces of contaminating genomic DNA
(gDNA). Reverse transcription was performed as previ-
ously described (26). Real-time PCRs were performed us-
ing an iCycler (Bio-Rad, Hercules, CA, USA) and the iQ
SYBR Green Supermix (Bio-Rad) as previously described
(27). To monitor the specificity final PCR products were an-
alyzed by melting curves and the amount of each transcript
was expressed relative to the housekeeping gene RPLP0 as
2�Ct, where �Ct represents the difference in threshold cycle
between the control and target genes, as described (28). To
analyzed HCT116 DNMT1–/– cells, PCR using primers lo-
cated on different exons of DNMT1 and gel electrophoresis
was performed. The sequence of primers used in the study
will be provided upon request.

Immunofluorescence

For immunofluorescence, cells were cultured on coverslips
and 72 h after transfection with siGL and siSLU7 were
fixed with ice-cold methanol for 15 min at room tempera-
ture and washed twice with PBS. Quenching was performed
with 50 mM NH4Cl in PBS for 10 min. After washing
three times with PBS, cells were permeabilized with 0,2%
Triton X-100 for 5 min at 4◦C and DNA was denatured
with 4 M HCl for 15 min followed by 100 mM Tris–HCl
pH 8,5 for 10 min. After washing, coverslips were blocked
with Superblocking buffer (Thermo Fisher Scientific) for
1 h at room temperature and incubated overnight at 4◦C
with anti-5-methylCytosine (Eurogentec, Seraing, Belgium
BI-MECY 0100) diluted in 1% BSA in PBS. After wash-
ing, cells were incubated with fluorophore-conjugated sec-
ondary antibodies in 1% BSA in PBS for 1 h at room tem-
perature, washed and stained with vectashield (Vector labo-
ratories, Burlingame, CA, USA) containing DAPI. Images
were obtained using the Zeiss Axio Imager.M1 microscope
(Zeiss, Oberkochen, Germany).

Protein extraction and Western blot analysis

For protein extraction, all cell lines were lysed in RIPA
buffer: 150 mM NaCl, 50 mM Tris pH 7,5, 0,1% SDS, 1%
Triton X-100, 0,5% deoxycholate, protease inhibitor cock-
tail Complete (Roche, Basel, Switzerland), 1 mM ortho-
vanadate, 10 mM NaF, 100 mM �-glycerophosphate and
sonicated. Lysates were cleared by centrifugation at 12 000
rpm for 20 min at 4◦C. Protein concentration was measured
using the BCA assay (Pierce Technologies, Rockford, IL,
USA) according to manufacturer’s specifications. Protein
extracts were subjected to Western blot analyses as reported
(26). Antibodies used were SLU7 (Novus, Biologicals, Cen-
tennial, CO, USA NBP2-20403; 1:1000), DNMT1 (Cell
Signaling, Danvers, MA, USA 50325; 1:1000), DNMT1
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(Abcam, Cambridge, UK ab13537; 1:1000), DNMT3B
(Cell Signaling, 3598; 1:1000), DNMT3A (Cell Signaling,
672595: 1:1000), PCNA (Santa Cruz Biotechnology, Santa
Cruz, CA, USA SC56; 1:1000), H3S10P (Cell Signaling,
97015; 1:1000), HDAC1 (Santa Cruz, 7872; 1:1000), G9a
(Cell Signaling, 33065; 1:1000), UHRF1 (Cell Signaling,
123875; 1:1000), Acetylated-lysine (Cell Signaling, 9441S;
1:1000), HAUSP (USP7) (Cell Signaling, 4833S;1:1000),
Histone 3 (Millipore, Burlington, MA, USA, 05–928;
1:3000), Cyclin A (Santa Cruz, sc-751; 1:1000), H3K9ac
(Millipore, 06-911; 1:2000). Blots were probed with anti-
ACTIN (Sigma-Aldrich, A2066; 1:6000) or anti-GAPDH
(Cell Signaling, 21185: 1:6000), or stained with Ponceau
S solution (Sigma-Aldrich) to demonstrate equal protein
loading. Representative images are shown throughout the
study.

Immunoprecipitation

For immunoprecipitation (IP) assays, cells were lysed in IP
buffer with protease-phosphatase inhibitors (20 mM Tris–
HCl pH 8, 137 mM NaCl, 1% NP-40 and 2 mM EDTA)
at 4◦C for 30 min under constant rotation. Lysates were
cleared by centrifugation at 12 000 rpm for 20 min at 4◦C.
Protein concentration was determined and 800–1000 �g of
proteins were pre-cleared with 25 �l of Dynabeads G (Invit-
rogen) for 2 h under constant rotation at 4◦C. In parallel, 5
�g of primary antibody and the corresponding control IgG
were incubated with 20 �l of Dynabeads G for 2 h under
constant rotation at room temperature. Finally, the Dyn-
abeads with the antibodies were washed three times with
citrate phosphate pH5 buffer with 0,01% Tween-20 and in-
cubated with the pre-cleared samples overnight at 4◦C un-
der constant rotation. The day after, samples were washed
three times with PBS (Gibco-Life Technology, Waltham,
MA, USA) with proteases and phosphatases inhibitors and
boiled in Laemmli buffer at 95◦C for 5 min. Pelleted beads
were separated using a magnetic separation rack and the
supernatants were used for subsequent Western blot analy-
sis. Antibodies used were: SLU7 (BD Bioscience, Franklin
Lakes, NJ, USA 612604; 5 �g), DNMT1 (Abcam, ab13537;
5 �g), IgG mouse (Santa Cruz, SC2025; 5 �g).

Subcellular fractionation

Subcellular fractionation was performed to separate cyto-
plasm, nucleoplasm and chromatin-bound fraction for sub-
sequent immunoprecipitation analysis. It was carried out
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents Kit (Thermo Fisher Scientific, #78835) follow-
ing manufacturer’s instructions. Nuclear extracts were in-
cubated in NP40 buffer (15 mM Tris–HCl pH 7,4, 1 mM
EDTA, 250 mM NaCl, 1 mM MgCl2, 10% Glycerol, 0,1%
NP40 and protease-phosphatase inhibitors) at 4◦C for 30
min under constant rotation. The nucleoplasm and the
chromatin bound fraction were separated by centrifugation
at 2500 rpm for 10 min at 4◦C. Chromatin bound frac-
tion was then treated with 250 U/ul benzonase (Sigma-
Aldrich) in a buffer containing 20 mM Tris–HCl pH 7,4,
60 mM NaCl, 1,5 mM MgCl2, 0,1% NP40 and protease-
phosphatase inhibitors, at 4◦C for 30 min and then cen-

trifuged at 13 000 rpm for 10 min at 4◦C to get the super-
natant.

Histone extraction

Histones were isolated as previously described (29). Briefly,
cells were lysed in a buffer containing 10 mM Tris–HCl pH
7.4, 10 mM NaCl and 3 mM MgCl2. After centrifugation at
2500 rpm for 10 min at 4◦C supernatants were removed and
pellets were lysed in the previous buffer but containing 0.5%
NP40 on ice for 10 min with gentle stirring. Nuclei were pel-
leted by centrifugation at 2500 rpm for 10 min at 4◦C and
resuspended in 5 mM MgCl2 and 0.8 M HCl. Nuclei were
incubated in this buffer during 30 min at 4◦C to extract the
histones. Samples were then centrifuged at 14 000 rpm for
10 min at 4◦C to pellet debris and supernatants were trans-
ferred to a clean tube where trichloroacetic acid (TCA) 50%
was added to precipitate the histones. After washing the pel-
lets with acetone, they were air-dried and resuspended in
100 mM Tris–HCl pH 7.5, 1 mM EDTA and 1% SDS. The
histone concentration in the extract was measured using the
BCA assay (Pierce Technologies, Rockford, IL, USA) ac-
cording to manufacturer’s specifications.

Animal experiments

All animal used received humane care according to the cri-
teria outlined in the ‘Guide for the care and Use of Labo-
ratory Animals’ prepared by the National Academy of Si-
cences and published by the National Institutes of Health
(NIH publication 86-23 revised 1985). Protocols were also
approved and performed according to the guidelines of the
Ethics Committee for Animal Testing of the University of
Navarra (CEEA-062/16) and Navarra Government (GN
2016/325511).

C57BL/6J 8-week-old male mice (Harlan, Indianapolis,
IN, USA) were injected i.v. with control (AAV-Ren) and
liver expressing shSLU7 (AAV-shSLU7) adenoassociated
virus (1 × 1011 pfu) constructed, produced and purified as
described (16). Experiments were performed 15 days after
AAV injection with at least 5 animals per group and were
repeated at least twice. Mice were maintained under fed con-
ditions with regular chow. Two-thirds partial hepatectomy
(PH) and sham operations were performed as described pre-
viously (28). Animals were killed 24, 48 or 72 h after surgery.
For induction of acute and chronic liver damage, mice were
i.p. injected with a 1:1 mixture of CCl4 in corn oil (0,6 �L
CCl4/g body weight, i.p.) twice a week during 1 week or
during 5 weeks, respectively as described (30,31). Twenty-
four or forty-eight hours after the last injection mice were
humanely sacrificed and livers were collected for RNA and
protein extraction.

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software (version 8). Data were represented as
mean ± standard error of the mean (SEM). Statistically sig-
nificant differences were estimated by applying two-sided
unpaired Student’s t-test or Mann–Whitney U-test accord-
ing to sample distribution. All experiments were performed
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at least three times in duplicate. A P-value <0.05 was con-
sidered significant.

RESULTS

SLU7 knockdown leads to aberrant DNA methylation

In view of the fundamental roles played by SLU7 in the
preservation of genome integrity and the correct cell cycle
division, we decided to explore whether this factor could
also impact on DNA methylation inheritance. We first mea-
sured the levels of 5-methylcytosine (5-mC) in control and
SLU7 depleted cancer cell lines using a global DNA methy-
lation assay. Remarkably, SLU7 knockdown significantly
decreased global 5-mC content in the hepatoma cell lines
PLC/PRF/5 and HepG2, the colorectal carcinoma cell line
HCT116 and the lung cancer cell line H358 (Figure 1A).
The loss of 5-mC upon SLU7 knockdown was confirmed by
immunofluorescence, using a labeled anti-5-mC antibody,
in PLC/PRF/5 and HepG2 SLU7 cells (Figure 1B). To bet-
ter characterize the effect of SLU7 knockdown on DNA
methylation we performed reduced representation bisul-
fite sequencing (RRBS) to determine genome-wide CpG
sites methylation changes. DNMT1 knockdown was per-
formed in parallel as control and for comparison (Supple-
mentary Figure S1A). Considering a methylation difference
higher than 0.6 we identified a total of 13.128 and 9.143
differentially methylated CpGs in siDNMT1 and siSLU7
transfected PLC/PRF/5 cells respectively (Figure 1C and
D). In both cases, these CpGs were homogeneously dis-
tributed amongst all the autosomal and sex chromosome
pairs (Supplementary Figure S1B). According with pub-
lished data on DNMT1 activity inhibition (32) or even
Dnmt1 knockout (33), among the differentially methylated
CpGs, 84% were hypomethylated and 16% hypermethy-
lated in the absence of DNMT1 (Figure 1C). Those per-
centages were 62% and 38% respectively in the absence of
SLU7 (Figure 1D). Interestingly, the knockdown of both
genes induced the hypomethylation of scattered CpGs dis-
tributed along the genome, with a ratio of ∼1.2 CpGs per
gene (Figure 1E). Moreover, although only a small pro-
portion of CpGs were located within CpG islands (CGIs;
Figure 1E), 63% in siSLU7 and 46% in siDNMT1 were
at promoter regions. When we compared the list of genes
hypomethylated after SLU7 and DNMT1 knockdown we
found 2.104 common genes (Figure 1F, top). However, the
overlap of single hypomethylated CpGs only included 993
sites (Figure 1F, bottom). Altogether, these findings sug-
gest that SLU7 is important for DNA methylation process.
More specifically, the transient depletion of SLU7 results
in a bulk hypomethylation of scattered single CpGs along
the genome, apparently without impacting on specific gene
regions, comparable to what is found in DNMT1 depleted
cells.

SLU7 knockdown activates gene expression silenced by DNA
methylation

As mentioned above, the majority of the differentially
methylated CpGs were scattered along the genome, how-
ever, bioinformatic analyses identified a set of genes for

which more than 6–9 CpGs within the same genomic re-
gion were hypomethylated in both siSLU7 and siDNMT1
PLC/PRF/5 cells. This was the case of the E3 ubiquitin-
protein ligase TRIM47 a member of the tripartite motif-
containing (TRIM) proteins superfamily, the trefoil factor
TFF3, and the membrane-associated guanylate kinase pro-
tein disc large homolog DLG3 (Figure 2A). To validate
these RRBS results, we carried out methylation-specific
PCR (MSP) analyses at these identified regions. As shown
in Figure 2B, we confirmed the loss of DNA methylation in
TRIM47 and DLG3 and the increase of DNA demethyla-
tion in TFF3 upon both SLU7 and DNMT1 knockdown in
PLC/PRF/5 cells. Among the three regions analyzed, those
from TRIM47 and DLG3 were located within CGIs in the
promoter and exon 1, whereas that of TFF3 was at the gene
body and not within a CGI (Supplementary Figure S2A).
Promoter hypermethylation is associated with gene silenc-
ing whereas promoter demethylation is linked to gene ac-
tivation (34). To further validate the extent of SLU7 im-
pact on DNA methylation, we tested whether SLU7 knock-
down may also activate the expression of methylated genes.
We thus tested the expression of TRIM47 and DLG3 and
found that SLU7 silencing resulted in the upregulation of
both mRNAs (Figure 2C).

We next studied the impact of SLU7 knockdown in
the regulation of genes characteristically hypermethylated
and silenced in cancer such as RASSF1A (35) and GNMT
(36,37). SLU7 silencing in PLC/PRF/5 cells induced DNA
demethylation and gene upregulation of both genes (Fig-
ure 2D and E). GNMT promoter demethylation and gene
reactivation after SLU7 knockdown were also confirmed in
HepG2 and HCT116 cells (Figure 2F and G). Furthermore,
it has been described that global DNA hypomethylation in-
duces innate and acquired immunity (38) through different
mechanisms, including the induction of expression of en-
dogenous retroviruses (ERVs) (39) and cancer-testis anti-
gens (CTAs) (40). Interestingly, we observed the induction
of MAGE-A1, MAGE-A7 and envFc2 upon SLU7 silencing
in the four human cancer cell lines analyzed (Figure 2H).
Similarly, up-regulation of the H19 imprinted gene was also
observed upon SLU7 knockdown (Figure 2H). Comparable
data were observed in PLC/PRF/5 cells treated with the
demethylating agent 5-Aza-2´-deoxycytidine (Supplemen-
tary Figure S2B).

Collectively, these findings demonstrate that SLU7
knockdown is associated with the up-regulation of genes
transcriptionally silenced by DNA methylation, and there-
fore highlight the contribution of SLU7 to epigenetic regu-
lation of gene expression.

SLU7 knockdown reduces DNMT1 protein levels in prolifer-
ating cells

Next, we set out to characterize the mechanisms involved
in the regulation of DNA methylation by SLU7. As SLU7
silencing mimics DNMT1 knockdown, we decided to eval-
uate the level of expression of DNMT1 upon SLU7 knock-
down. Interestingly, depletion of SLU7 in PLC/PRF/5 cells
resulted in a dramatic and consistent decrease of DNMT1
protein levels, reaching a 60% reduction as soon as 24h
after siSLU7 transfection, an effect that was maintained
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Figure 1. SLU7 knockdown compromises DNA methylation. (A) SLU7 knockdown induces a decrease in 5-methyl-cytosine (5-mC) content. DNA methy-
lation levels were analyzed by ELISA 72 h after transfection with siSLU7 or control siGL in the human hepatoma cell lines PLC/PRF/5 and HepG2,
the colorectal carcinoma cell line HCT116 and the lung cancer cell line H358. The percentage of 5-mC content is indicated. *P < 0.05, **P < 0.01,
***P < 0.001. Western blot analysis confirms SLU7 knockdown. ACTIN was used as loading control. At least three independent experiments in duplicate
were performed for each cell line. (B) Representative images of 5-methyl cytosine (5-mC) immunodetection (in green) in PLC/PRF/5 (top) and HepG2
(bottom) cells 72 h after transfection with siSLU7 or control siGL. Nuclei were stained with DAPI (in blue). Scale bar: 10 �m. (C, D) Scatter plots of
reduced representation bisulfite sequencing (RRBS) DNA methylation �-values of siGL versus siDNMT1 (C) or siGL versus siSLU7 (D) PLC/PRF/5 cells
72 h after transfection. Fold change methylation differences higher than 0.6 were highlighted within a green triangle (hypomethylated) or a red triangle
(hypermethylated). Graphs represent the percentage of hypomethylated (FC < 0,6) and hypermethylated (FC > 0,6) CpGs. (E) Number of single CpGs,
genes with CpGs and CpGs within CpG islands (CGIs) found hypomethylated (FC < 0.6) in PLC/PRF/5 cells 72 h after transfection with siDNMT1
(left) or siSLU7 (right) compared to control siGL cells. (F) Venn diagram of the overlap between genes (top) or CpGs (bottom) found hypomethylated
(FC < 0,6) in siSLU7 and siDNMT1 PLC/PRF/5 transfected cells when compared with control siGL cells.
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Figure 2. SLU7 knockdown activates transcription of genes silenced by DNA methylation. (A) Graphs reporting DNA methylation levels (�-values ob-
tained by Reduced Representation Bisulfite Sequencing (RRBS) analysis) of TRIM47, TFF3 and DLG3 gene regions found hypomethylated in both SLU7
(siSLU7, in red) and DNMT1 (siDNMT1, in green) knockdown PLC/PRF/5 cells compared to control siGL (in blue) cells 72 h after transfection. (B)
Representative methylation-specific PCR (MSP) results for DNA methylation analysis of TRIM47, TFF3 and DLG3 regions shown in (A). U: unmethy-
lated and M: methylated. (C) Expression by RT-qPCR of TRIM47 and DLG3 in PLC/PRF/5 cells 72 h after transfection with siSLU7 or control siGL.
(D, E) DNA methylation analysis by MSP of RASSF1A and GNMT promoter regions (D) and RASSF1A and GNMT expression by RT-qPCR (E) in
PLC/PRF/5 cells 72 h after transfection with siSLU7, siDNMT1 or control siGL. U: unmethylated and M: methylated. (F, G) DNA methylation anal-
ysis by MSP of GNMT promoter region (F) and GNMT expression by RT-qPCR (G) in HepG2 and HCT-116 cells 72 h after transfection with siSLU7,
siDNMT1 or control siGL. U: unmethylated and M: methylated. (H) Expression by RT-qPCR of cancer testis antigens (MAGE-A1 and MAGE-A7),
endogenous retroviruses (envFc2) and imprinted genes (H19) in PLC/PRF/5, HepG2, HCT116 and H358 cells 72 h after transfection with siSLU7 or
control siGL. RPLP0 expression was used as housekeeping gene in (C, E, G, H). *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were performed
at least three times with biological duplicates per condition.



Nucleic Acids Research, 2021, Vol. 49, No. 15 8599

Figure 3. SLU7 knockdown decreases DNMT1 protein levels in proliferating cells. (A) Representative Western blots (top) of DNMT1 and SLU7 in
PLC/PRF/5 cells 24, 48 and 72 h after transfection with siSLU7 or control siGL. ACTIN expression was shown as loading control. SLU7 and DNMT1
protein levels were quantified using Image J software from at least three independent experiments with biological duplicates per condition (bottom). (B)
Histograms reporting SLU7 and DNMT1 mRNA levels by real time PCR in the same experiments analyzed in panel A. RPLP0 expression was used as
housekeeping gene in (B). *P < 0.05, **P < 0.01, ***P < 0.001.

or even increased after 48h and 72h (Figure 3A). Quan-
titative RT-PCR analysis showed that the quick reduction
of DNMT1 protein was not associated with a decrease in
DNMT1 mRNA levels (Figure 3B), suggesting that SLU7
directly impacts on DNMT1 protein stability. We also eval-
uated the levels of the other known DNA methyltrans-
ferases, DNMT3A and DNMT3B, and found that changes
in DNMT3A and DNMT3B mRNA and/or protein levels
upon SLU7 depletion were less consistent and occurred at
later time points (Supplementary Figure S3A and B). Based
on these results, we decided to focus our study on the regu-
lation of DNMT1 by SLU7.

As mentioned before, SLU7 is a splicing regulator es-
sential in the second catalytic step during the pre-mRNA
splicing process (41). Furthermore, we have recently shown
that reduced SLU7 expression may lead to the emergence
of truncated protein forms due to splicing alterations (17).
Therefore, it was important to rule out the possibility that
the reduced levels of DNMT1 protein observed after SLU7
knockdown were associated with the generation of smaller
DNMT1 protein forms by alternative splicing. Both, the
PCR analysis performed with primers located on exon 1 and
exon 17, and the Western blot analyses performed with an-
tibodies directed against two different epitopes of DNMT1

protein (Supplementary Figure S3C and D), revealed the
absence of truncated DNMT1 isoforms after SLU7 silenc-
ing.

These observations suggested the involvement of other
mechanisms apparently independent of the activity of SLU7
as a splicing regulator. It has been described a cell-cycle
phase-dependent regulation of DNMT1 levels (42,43) and
we have previously shown that SLU7 knockdown induces
a significant cell cycle arrest at G2/M phase in cancer
cell lines of different origins (17). We therefore wondered
whether the observed reduction in DNMT1 upon SLU7
knockdown might be attributable to the arrest of the cells
at G2/M phase. However, we did not observe changes in
DNMT1 protein in PLC/PRF/5 cells arrested at G2/M
after overnight nocodazole treatment (Supplementary Fig-
ure S4A). This allowed us to conclude that the reduction in
DNMT1 protein levels observed upon SLU7 knockdown
is independent of SLU7-induced G2/M arrest. We then
evaluated whether DNMT1 reliance on SLU7 expression
was maintained along the different phases of the cell cy-
cle. To do so, we arrested PLC/PRF/5 cells at G1, S and
G2/M phases by lovastatin, aphidicolin and nocodazole
treatment, respectively (Supplementary Figure S4B). Sim-
ilar to non-synchronized cells, decreased level of DNMT1
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protein was found at G1, S and G2/M arrested cells upon
SLU7 depletion (Supplementary Figure S4C). We also ar-
rested cells at G0 resting phase through cell contact inhi-
bition by confluence together with FBS starvation before
siGL and siSLU7 transfection. As already described (42), it
is important to note that DNMT1 levels were significantly
reduced when cells were arrested at G0 (Supplementary Fig-
ure S4D). However, in this condition, SLU7 knockdown
did not significantly affect DNMT1 levels (Supplementary
Figure S4D). Finally, to discriminate whether DNMT1
loss triggered by SLU7 depletion was linked to the trans-
formed status of PLC/PRF/5 cells, or whether it was as-
sociated with the proliferating state of the cells, we tested
DNMT1 levels after SLU7 knockdown in the widely used
non-transformed HEK293T cell line. Similar to cycling
PLC/PRF/5 cells, we observed a significant reduction in
DNMT1 protein contents in HEK293T cells after SLU7
knockdown (Supplementary Figure S4E). Moreover, when
HEK293T cells were arrested at G0, SLU7 depletion did
not affect DNMT1 levels (Supplementary Figure S4E). All
these data demonstrate that DNMT1 protein dependency
on SLU7 levels is a general event in proliferating cells.

SLU7 is required to maintain DNMT1 protein stability in
proliferating cells of very different origins

We next studied whether DNMT1 dependency on SLU7
levels might occur in different cell types. To this end, we an-
alyzed DNMT1 protein levels after SLU7 knockdown in a
wide panel of human cancer cell lines from different ori-
gins, including the hepatoma cell line HepG2, the colorec-
tal carcinoma cell line HCT116, the lung cancer cell lines
H358 and A549, the cervical carcinoma cell line HeLa, the
breast carcinoma cell line MCF7, the glioblastoma cell line
U87 and the melanoma cell line A375. In all the cell lines
examined, independently of their origin, SLU7 knockdown
drastically reduced DNMT1 protein levels (Figure 4A). To
confirm specificity, these data were confirmed using two in-
dependent SLU7 siRNAs in a set of cell lines (Supplemen-
tary Figure S5A). Again, and in agreement with Figure 3B,
DNMT1 mRNA levels were not affected by SLU7 knock-
down (Supplementary Figure S5B). On the other hand,
ectopic overexpression of SLU7 resulted in the elevation
of DNMT1 protein contents in PLC/PRF/5, HepG2 and
HCT116 cells (Figure 4B and Supplementary Figure S5C),
and had no effect on DNMT1 mRNA levels (Figure 4C).

Next, we conducted a series of experiments to elucidate
the fundamental processes through which SLU7 could con-
trol DNMT1 protein steady state levels. First, we tested
if reduced SLU7 expression could lead to DNMT1 pro-
tein degradation. To this end, we treated different cell lines
with the proteasome inhibitor MG-132 in the face of SLU7
knockdown. We observed that the decrease in DNMT1 pro-
tein observed after SLU7 silencing was blunted by the addi-
tion of MG-132 in all the cell lines analyzed (PLC/PRF/5,
HCT116 and HEK293T; Figure 4D). On the other hand,
in order to exclude that SLU7 was required for DNMT1
protein synthesis, we treated siGL and siSLU7 cells with
the protein synthesis inhibitor cycloheximide. We found
that SLU7 knockdown resulted in DNMT1 downregulation

even when protein synthesis was inhibited (Supplementary
Figure S5D). Taken together, these data indicate that SLU7
enhances DNMT1 protein stability, preventing its degrada-
tion, through mechanisms that are conserved among cell
lines of different origins, including non-transformed cells.

SLU7 is a new partner essential for the stability of the
DNMT1/UHRF1/G9a complex

Our results so far demonstrate that SLU7 is required
to secure DNMT1 protein stability and function. As a
first step towards understanding the mechanism by which
SLU7 stabilizes DNMT1, we sought whether SLU7 and
DNMT1 could physically interact. As illustrated in Fig-
ure 5A, co-immunoprecipitation assays performed in differ-
ent cell lines, both with anti-SLU7 and anti-DNMT1 anti-
bodies, revealed the interaction between endogenous SLU7
and DNMT1 proteins (Figure 5A). Moreover, and con-
sidering that upon SLU7 silencing the 5-mC levels dras-
tically fell down (Figure 1), we analyzed SLU7/DNMT1
interaction at the chromatin level, as well as the interac-
tion of SLU7 with other members of the chromatin pro-
tein complex responsible of DNA methylation maintenance
which include the adaptor protein UHRF1 and the histone
methyl-transferase G9a (44–46). Firstly, we prepared dif-
ferent cellular fractions, including cytoplasm, nucleoplasm
and chromatin-bound fractions. As expected, we found
that all the proteins analyzed were predominantly local-
ized at the chromatin-bound fraction (Figure 5B input).
Co-immunoprecipitation assay on chromatin fraction con-
firmed the interaction between SLU7 and DNMT1, and
strikingly revealed that, as observed for DNMT1, SLU7
also interacted with G9a and UHRF1 (Figure 5B). Since
SLU7 knockdown reduced DNMT1 protein levels, we won-
dered whether the level of the other members of the complex
would also depend on SLU7. We therefore analyzed the lev-
els of DNMT1, G9a, UHRF1, together with PCNA and hi-
stone H3 as controls in the chromatin-bound fraction, and
found that knockdown of SLU7 markedly reduced the asso-
ciation of DNMT1, G9a and UHRF1 with the chromatin
(Figure 5C). These results show that SLU7 not only inter-
acts with DNMT1, G9a and UHRF1 in the chromatome
but also that SLU7 is required to maintain their association
with chromatin.

To further explore the relevance of SLU7 in maintain-
ing DNMT1 levels, we next examined whether DNMT1
stability was also governed by other members of the com-
plex. Consistent with previous observations (44,45,47), we
found that knockdown of G9a and UHRF1 did not af-
fect DNMT1 abundance both in PLC/PRF/5 and HCT116
cells (Figure 5D), highlighting the relevant and non-
redundant role of SLU7. Moreover, the effect of SLU7 de-
pletion on DNMT1 stability cannot be attributed to its re-
lease from chromatin, as it has been described that UHRF1
silencing reduces the association of DNMT1 with chro-
matin without affecting its levels (45). Interestingly, our re-
sults evidenced that SLU7 is required to maintain G9a and
UHRF1 global levels (Figure 5D), suggesting that SLU7
knockdown results in a so drastic disruption of the protein
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Figure 4. SLU7 is required for DNMT1 protein stability in a wide panel of cell lines from different origins. (A) Western blots of DNMT1 and SLU7 in
HepG2, H358, A549, HCT116, HeLa, MCF7, U87 and A375 cancer cell lines 48h after transfection with siSLU7 or control siGL. ACTIN expression was
shown as loading control. (B, C) pcDNA6.1A empty plasmid (pC) or the corresponding plasmid to express SLU7 (pSLU7) were transiently transfected for
48 h in PLC/PRF/5, HepG2 and HCT116 cells followed by Western blot (B) and real time PCR (C) analyses of DNMT1 and SLU7. ACTIN expression
was shown as loading control in (B). RPLP0 expression was used as housekeeping gene in (C). (D) PLC/PRF/5 and HEK293T cells transfected with siGL
or siSLU7 for 48 h and treated with 10 �M MG-132 for the last 20 h were harvested to analyze DNMT1 and SLU7 expression by Western blot. HCT116
cells were transfected with siGL or siSLU7 for 36 h and treated with 20 �M MG-132 for the last 12 h before harvesting. The expression of ACTIN was
analyzed as loading control. DNMT1 protein levels were quantified using ImageJ software from at least three independent experiments with biological
duplicates per condition (bottom). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. SLU7 is part of the methylation complex DNMT1/UHRF1/G9a and it is required for its stability on the chromatin. (A) SLU7 and DNMT1 were
coimmunoprecipitated with each other in PLC/PRF/5, HCT116, MCF7, H358 and HEK293T cells. Pre-immune IgG immunoprecipitation and Inputs
were shown as control. (B) Chromatin-bound cell extracts from PLC/PRF/5 cells were immunoprecipitated with anti-SLU7 and anti-DNMT1 antibodies
or pre-immune IgG and blotted with DNMT1, SLU7, G9a and UHRF1 antibodies. Western blot on inputs from the different subcellular fractions were
shown as control. (C) Chromatin extract for PLC/PRF/5 cells 48 h after transfection with siSLU7 were analyzed by western blot with antibodies against
DNMT1, SLU7, G9a and UHRF1. HISTONE 3 and PCNA were used as loading control. (D) DNMT1, SLU7, G9a and UHRF1 protein levels were
analyzed by western blot in PLC/PRF/5 and HCT116 cells 48 h after transfection with control siGL, siSLU7 siDNMT1, siG9a and siUHRF1. ACTIN
was used as loading control.
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complex that compromises the stability of all the compo-
nents.

SLU7 knockdown induces DNMT1 acetylation

Many of the proteins interacting with DNMT1 are im-
plicated in adding or removing post-translational modifi-
cations affecting its stability, therefore we decided to ex-
plore whether SLU7 could modulate DNMT1 covalent
modifications. The post-translational modifications that
regulate DNMT1 protein stability include phosphoryla-
tions, methylations and acetylations (48–52). For instance,
S143 phosphorylation (50) stabilizes DNMT1, while K142
monomethylation (53) and several acetylations (52,54,55)
destabilize this protein. The mentioned phosphorylation
and methylation reactions occur at the DNMT1 region
lost in the widely used HCT116 DNMT1–/– cell line which
expresses a truncated DNMT1 generated by homozygous
deletion of Ex3-Ex5 (56) (Supplementary Figure S6A and
B). As shown in Figure 6A, and similar to the wild type cell
line (Figure 4A), SLU7 knockdown in HCT116 DNMT1–/–

cells reduced DNMT1 protein levels as fast as 24 h af-
ter siSLU7 transfection (Figure 6A) without affecting its
mRNA (Figure 6B). These results suggest that SLU7 reg-
ulation of DNMT1 stability is independent of the post-
translational modifications occurring in the amino-terminal
region, as it is absent in this truncated DNMT1 protein.

Ruling out the implication of the described phospho-
rylation and methylation modifications, we next evaluated
DNMT1 acetylation upon SLU7 knockdown. As shown in
Figure 6C, immunoprecipitation of endogenous DNMT1 in
control and SLU7 knockdown PLC/PRF/5 and HEK293T
cells demonstrated an increase in DNMT1 acetylation af-
ter SLU7 depletion (Supplementary Figure S6C). It has
been described that DNMT1 acetylation impairs its inter-
action with USP7 (54). Accordingly, we observed a decrease
in USP7-DNMT1 interaction in SLU7 silenced cells (Fig-
ure 6C). These results suggest that SLU7 prevents DNMT1
acetylation. As it has been shown that the histone deacety-
lase 1 (HDAC1) deacetylates and protects DNMT1 from
proteasomal degradation (51,57), we decided to examine
HDAC1 levels in SLU7 knockdown cells, observing that
HDAC1 levels were only slightly reduced (Figure 6D).
However, in parallel, we confirmed (51,57) that HDAC1 in-
hibition with a specific HDAC1 siRNA decreased DNMT1
protein levels (Figure 6D and Supplementary Figure S6D)
similarly to SLU7 depletion. To exclude a role of HDAC1
reduction in SLU7 knockdown-mediated DNMT1 degra-
dation, we tested the effects of HDAC1 overexpression. As
shown in Figure 6E, the ectopic expression of HDAC1 did
not impair DNMT1 loss upon SLU7 knockdown (Figure
6E and Supplementary Figure S6D). The fact that overex-
pression of HDAC1 in SLU7 depleted cells did not protect
DNMT1 from degradation, led us to hypothesize that SLU7
may be necessary for the interaction between DNMT1 and
HDAC1, facilitating HDAC1-mediated DNMT1 deacety-
lation and stabilization. In fact, co-immunoprecipitation
assays with both, anti-SLU7 and anti-DNMT1 antibod-
ies, revealed the interaction between endogenous SLU7,
DNMT1 and HDAC1 proteins (Figure 6F). More impor-
tantly, downregulation of SLU7 significantly reduced the

interaction between DNMT1 and HDAC1 (Figure 6G and
Supplementary Figure S6E). All these data suggest that
SLU7 is required for HDAC1 biding to DNMT1, pre-
venting DNMT1 acetylation, and averting its proteasomal
degradation.

SLU7 is required for DNMT1 stability in vivo

Having shown that SLU7 is required to maintain DNMT1
stability in multiple cell lines in vitro, we wondered whether
SLU7 was also necessary to maintain DNMT1 protein sta-
bility in vivo. We took advantage of the in vivo prolifer-
ating scenario of liver regeneration after partial hepatec-
tomy, where DNMT1 gains functional prominence (33). We
carried out 2/3 partial hepatectomy (PH) in mice 21 days
after knocking down SLU7 expression with an adenoas-
sociated virus (AAV) encoding a SLU7-specific shRNA
(AAV-shSLU7) (16,17) (Supplementary Figure S7A). As
described (58), Dnmt1 mRNA levels were similarly induced
after 24 h, 48 h and 72 h of PH in both control AAV-Ren and
AAV-shSLU7 mice (Figure 7A). However, the increase in
DNMT1 protein levels was compromised in AAV-shSLU7
mice compared with control AAV-Ren mice both at 48 h
and 72 h after PH (Figure 7B). Indicative of alterations in
global DNA methylation in the context of SLU7 knock-
down during hepatocellular regeneration, we observed the
induction of expression of the H19 imprinted gene in AAV-
shSLU7 mice (Supplementary Figure S7B). To strengthen
these observations, we studied DNMT1 SLU7 dependency
in two other models of hepatic proliferation associated with
acute and chronic liver injury (Supplementary Figure S7C
and D). In both cases, the level of DNMT1 protein in-
duced upon treatment with the hepatotoxin CCl4 was lower
in AAV-shSLU7 than in control AAV-Ren-infected mice
(Figure 7C). To evaluate whether the mechanisms identi-
fied in vitro also operate in vivo, we checked whether liver
DNMT1 and SLU7 interacted with each other after PH
and CCl4 treatment. In vivo co-immunoprecipitation assays
revealed the interaction between DNMT1 and SLU7 and
more importantly, their association with HDAC1 (Figure
7D). These results show for the first time that the presence
of the splicing factor SLU7 is essential to ensure the high
levels of cellular DNMT1 protein induced in vivo in a pro-
liferating scenario.

DISCUSSION

Gene expression is a tightly controlled cell-type specific and
dynamic process. Its regulation involves epigenetic modifi-
cations of chromatin to allow the access of the transcrip-
tional machinery to the DNA, the subsequent processing
of the pre-mRNAs and the translation of the specific mR-
NAs into proteins. These mechanisms are finely coordi-
nated and interconnected, and involve the activity of epi-
genetic modulators, transcription and splicing factors and
post-translational modifiers (59,60) which in many cases
are essential to preserve cell identity and cell survival. In
the last years, our laboratory has discovered that the splic-
ing regulator SLU7 is required to preserve the mature and
functional hepatic transcriptome (16) and we have uncov-
ered its crucial role to secure correct cell division, prevent-
ing the induction of genome instability and cell cycle arrest
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Figure 6. SLU7 knockdown induces DNMT1 acetylation and impairs HDAC1-DNMT1 interaction. (A) Representative Western blots of DNMT1 and
SLU7 in HCT116 DNMT1–/– cells 24 and 48 h after transfection with siSLU7. ACTIN expression was shown as loading control. (B) Histograms reporting
SLU7 and DNMT1 mRNA levels by real time qPCR from three independent experiments including those shown in panel A. RPLP0 expression was used
as housekeeping gene. *P < 0.05, **P < 0.01. (C) SLU7 knockdown leads to increase acetylation of endogenous DNMT1. Protein lysates from 36h control
siGL and siSLU7 transfected PLC/PRF/5 and HEK293T cells treated with 10 �M MG-132 for the last 20 h were immunoprecipitated with anti-DNMT1
and blotted with anti-acetyl-lysine (Ac-K), DNMT1 and USP7 antibodies. DNMT1, USP7 and ACTIN are shown as control in the cell inputs. (D) DNMT1
protein decrease was detected by Western blot analysis in PLC/PRF/5 cells 48 h after SLU7 and HDAC1 knockdown. (E) DNMT1, SLU7 and HDAC1
protein levels were analyzed by Western blot in PLC/PRF/5 cells 36 h after transfection with control siGL or siSLU7 and pcDNA3.1 empty plasmid
or the corresponding plasmid to express HDAC1-flag. ACTIN was used as loading control. (F) Chromatin-bound cell extracts from PLC/PRF/5 cells
were immunoprecipitated with anti-SLU7 and anti-DNMT1 antibodies or pre-immune IgG and blotted with DNMT1, SLU7 and HDAC1 antibodies.
(G) Extracts from PLC/PRF/5 cells 36 h after siGL and siSLU7 transfection were subjected to DNMT1 immunoprecipitation and tested by Western blot
with antibodies against DNMT1, SLU7 and HDAC1. Immunoprecipitation with pre-immune IgG and inputs were used as controls.
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Figure 7. SLU7 is required to ensure DNMT1 stability in vivo. (A) Slu7 and Dnmt1 mRNA levels in the liver of mice 24, 48 and 72 h after 2/3 partial
hepatectomy (PH) or control surgery (SHAM) 21 days after injection of adenoassociated virus to inhibit liver SLU7 expression (AAV-shSLU7) or control
virus (AAV-Ren) (n = 5 mice per group). RPLP0 expression was used as housekeeping gene. (B) Western blot detection of DNMT1 and SLU7 protein
levels in the liver of AAV-shSLU7 and AAV-Ren mice Sham operated or 48 and 72 h after 2/3 partial hepatectomy (PH). ACTIN expression was shown
as loading control. (C) Western blot detection of DNMT1 and SLU7 protein levels in the liver of AAV-shSLU7 and AAV-Ren mice after CCl4 induction
of acute or chronic liver damage. GAPDH expression was shown as loading control. (D) SLU7 immunoprecipitation in vivo after 2/3 partial hepatectomy
(PH) and CCl4-mediated induction of acute or chronic liver damage. Protein lysates were immunoblotted with anti-SLU7, anti-DNMT1 and anti-HDAC1
antibodies. Immunoprecipitation with pre-immune IgG and inputs were shown as control.

(17). Moreover, our results show that SLU7 is essential for
the survival of cancer cells (17,19). Mechanistically we have
characterized that to perform these functions, SLU7 reg-
ulates not only the alternative splicing of multiple genes,
but also gene transcription, being part of P-CREB/CBP
transcriptional complexes activated by cAMP (16). Our
present work provides solid evidence that SLU7 is also part
of the epigenetic chromatome playing a pivotal role in the
regulation of DNMT1 stability and the maintenance of
DNA methylation. Therefore, altogether our findings iden-
tify SLU7 as a pleiotropic factor, and demonstrate that
SLU7 may constitute an integrative hub of different levels

of gene expression regulation, including epigenetic DNA
remodeling, modulation of promoter activity and mRNA
splicing.

The enzyme DNMT1 is required for maintaining DNA
methylation after DNA replication (5,6). However, despite
this doubtless dominant role in DNA methylation mainte-
nance, independent studies using different methodologies
to deplete DNMT1 have yielded discrepant results on how
its effects on global DNA methylation status are exerted.
Whereas DNMT1 knockout cells generated by genetic dele-
tion of several exons in the N-terminal regulatory domain
(56) or in the C-terminal catalytic domain (12) can sus-
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tain most of DNA methylation, DNMT1 depletion using
antisense or siRNAs results in significant loss of global
DNA methylation (61). Apparently, there is an extremely
low threshold level of DNMT1 protein below which loss
of DNA methylation occurs, but above which no major
changes are detected (47,62). In our experiments, we found
that SLU7 knockdown results in a significant reduction of
total cellular 5-mC content, and the number and distribu-
tion of demethylated CpGs mimic to some extent those ob-
tained upon DNMT1 depletion. The relatively limited over-
lap at individual CpG and gene levels could be explained
by different reasons: (i) the time at which DNA methyla-
tion was analyzed. DNA demethylation is a passive pro-
cess that requires cell division and RRBS analyses were
carried out 72 h after siRNA transfection given that at
later times cell viability is compromised (19); (ii) the coex-
istence of a mixture of cells with different methylation con-
tent including, normal and SLU7/DNMT1 silenced cells,
and cells at any phase of the cell cycle. In fact, demethy-
lation heterogeneity was also observed between different
clones upon stable DNMT1 silencing (63,64); (iii) the re-
strictive criterion for methylation differences with respect
to the control siGL used, as we only considered beta-value
differences greater than 0.6. Nevertheless, we found that
both DNMT1 and SLU7 silencing upregulate the expres-
sion of (a) specific genes where promoter CGI hypomethyla-
tion was directly detected, (b) imprinted genes such as H19,
and methylated (c) MAGE antigens and (d) retroviral genes.
The parallelism in the functional consequences of SLU7
and DNMT1 knockdown is reinforced by the fact that in
both cases we detected the emergence of hypermethylated
CpGs. This surprising hypermethylation was also observed
in previous studies in which DNMT1 activity was inhibited
(32), the DNMT1/UHRF1 complex was disrupted (65) or
even in Dnmt1 knockout models (33). This intriguing and
relevant finding deserves further investigation to be under-
stood. Altogether, these data demonstrate that SLU7 is es-
sential to maintain DNMT1 levels and DNA methylation,
and that SLU7 is a splicing factor which controls gene ex-
pression through multiple mechanisms including epigenetic
DNA modification.

DNMT1, like SLU7, (https://www.mousephenotype.org/
data/genes/MGI:2385598#phenotypesTab), are essential
for embryonic survival (66). Moreover, as we have demon-
strated for SLU7 (16,17), DNMT1 is also required for main-
taining genomic stability and functional maturity of hepa-
tocytes during early postnatal liver growth and regeneration
(33). Furthermore, DNMT1 disruption has also been asso-
ciated with the induction of DNA damage, cell cycle arrest
at G2 phase, mitotic defects, genomic instability and apop-
tosis (12). As mentioned above, all these events also occur
upon SLU7 knockdown (16,17,19). Although apparently,
SLU7 knockdown induces a faster and stronger phenotype
compared to DNMT1 knockdown, we cannot exclude that
some effects observed in SLU7 depleted cells may be medi-
ated in part by the loss of DNMT1.

Given the interest in understanding the dynamics of
DNA methylation, multiple works have demonstrated that
different mechanisms and players participate in the regu-
lation of DNMT1 expression, revealing a complex, tightly
regulated and dynamic scenario (13,14). Our present data

uncover a central and non-redundant role for SLU7. We
demonstrate that SLU7 depletion results in a rapid and
marked decrease of DNMT1 levels, not only in hepatic
cells, but in cells of multiple origins. Unexpectedly, SLU7
is not necessary neither for DNMT1 transcription nor for
the correct DNMT1 mRNA processing. Instead, SLU7 is
essential to maintain DNMT1 protein stability. Interest-
ingly, our results demonstrate that SLU7 is a new part-
ner in the chromatome of the protein complex formed by
DNMT1/UHRF1/G9a associated with the chromatin to
secure DNA methylation (44–46) and that SLU7 is required
to maintain the integrity of this protein complex. Moreover,
we found that SLU7 is necessary to preserve the total lev-
els of the different protein members of this complex, sup-
porting its role in the maintenance of DNA methylation,
as it has been demonstrated that disruption of the complex
(67) results in a global DNA hypomethylation. This distin-
guishes SLU7 from the other members of the complex, as
for instance depletion of G9a reduces DNA methylation
activity, but it has no effect on DNMT1 protein location
or levels (44). Moreover, knockdown of UHRF1 severely
reduces the association of DNMT1 to chromatin (45) and
DNA methylation (45) but it does not affect DNMT1 global
levels. Altogether, our results demonstrate a unique position
of SLU7 in maintaining DNMT1 stability, which appar-
ently does not depend solely on the integrity of the complex.
Although as discuss below, we have unraveled novel molecu-
lar mechanisms to explain how SLU7 is regulating DNMT1
stability, further studies are needed to understand whether
mechanisms different from the integrity of the complex it-
self, such as unexplored splicing or post-translational alter-
ations, are implicated in the stability of the other members
of the complex. In any case, the role of SLU7 in maintain-
ing not only DNMT1 stability, but the integrity of the DNA
methylation complex, together with a possible role on other
DNA methylation factors, such as DNMT3, would explain
the huge impact of SLU7 depletion on DNA methylation.

Several post-translational modifications govern the
steady-state levels of DNMT1 protein (68). Indeed, the
increase of DNMT1 in cancers is largely due to alterations
in DNMT1 protein turnover rather than to higher mRNA
abundance (69,70). It has been shown that DNMT1
protein stability is regulated by dynamic phosphorylation
(50), methylation (50,53,71) and acetylation (52,54,55).
For instance, DNMT1 acetylation prevents its binding to
USP7, promoting its degradation (51). In fact, we found
that SLU7 knockdown promotes DNMT1 acetylation, pre-
venting USP7 binding and inducing DNMT1 proteasomal
degradation. We further demonstrated that SLU7 interacts
with DNMT1 and allows its binding to the deacetylase
HDAC1, securing DNMT1 deacetylation and stabilization
(57). Therefore, we uncovered an unknown role of SLU7
in the regulation of post translational modifications of
proteins such as DNMT1, more specifically as a regulator
of the acetylation pathway. In this sense, it has been recently
shown that the splicing factor SF2/ASF (SRSF1) directly
interacts with the E2 conjugating enzyme Ubc9 promoting
the sumoylation of specific substrates (72). These results
further illustrate the pleiotropic functions of some proteins
such as SLU7 and their relevance in the establishment of
crosstalks between different cellular functions.

https://www.mousephenotype.org/data/genes/MGI:2385598#phenotypesTab
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Figure 8. Schematic representation of the mechanisms regulated by SLU7 involved in DNA methylation maintenance. See text for details.

In non-dividing cells DNMT1 shows constitutive low lev-
els of expression (42,43). In contrast, DNMT1 abundance
is enhanced in cell proliferating scenarios when the CpGs of
the newly synthetized DNA strands need to be methylated
(42,43). Our data confirm this switch in DNMT1 abun-
dance and identify SLU7 as essential to stabilize DNMT1
protein levels induced in proliferating cells in a cell cycle
phase- and cell type-independent manner. In this regard,
we consistently found that SLU7 stabilizes DNMT1 protein
in a wide panel of human cancer cell lines of different ori-
gins and in the non-transformed HEK293T cell line. How-
ever, no significant changes were observed in DNMT1 levels
upon SLU7 knockdown when both transformed and non-
transformed cells were arrested by high confluency with-
out serum at G0. Importantly, we demonstrate that this
DNMT1 dependency on SLU7 also operates in vivo, us-
ing a mouse model of liver proliferation induced to recover
liver mass after partial hepatectomy or hepatocyte acute
and chronic damage. We found that in vivo, SLU7 also in-
teracts with DNMT1 and HDAC1, and the downregulation
of SLU7 using a specific shRNA expressed from an ade-
noassociated virus (AAV-shSLU7) prevents the induction
of DNMT1 protein, without affecting the induction of its
mRNA, after PH and liver damage.

All in all, in this study, we demonstrate for the first time
that SLU7 is required to maintain DNA methylation. As
summarized in Figure 8, we show that SLU7 is part in the
chromatome of the protein complex implicated in DNA
methylation. Moreover, we discover that SLU7 is essen-
tial to secure DNMT1 stability, facilitating its interaction
with HDAC1, and thus preventing its acetylation. Impor-
tantly, and in contrast with other works, our data are based
on interactions and mechanisms addressed by endogenous
proteins. Furthermore, we also provide evidence that these
mechanisms operate in vivo. Overall, our results uncover
new and unexpected functions of the splicing factor SLU7

and demonstrate that it plays a holistic function in the reg-
ulation of gene expression.
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Garcı́a-Irigoyen,O., Uriarte,I., Segura,V., Collantes,M., Di Scala,M.
et al. (2014) Splicing regulator SLU7 is essential for maintaining liver
homeostasis. J. Clin. Invest., 124, 2909–2920.
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Muntané,J., Bioulac-Sage,P., Balabaud,C., Prieto,J., Avila,M.A. et al.
(2009) Amphiregulin induces the alternative splicing of p73 into its
oncogenic isoform DeltaEx2p73 in human hepatocellular tumors.
Gastroenterology, 137, 1805–1815.

19. Urtasun,R., Elizalde,M., Azkona,M., Latasa,M.U.,
Garcı́a-Irigoyen,O., Uriarte,I., Fernández-Barrena,M.G., Vicent,S.,
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