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SUMMARY
Post-translational modification by SUMO is a key regulator of cell identity. In mouse embryonic fibroblasts
(MEFs), SUMO impedes reprogramming to pluripotency, while in embryonic stem cells (ESCs), it represses
the emergence of totipotent-like cells, suggesting that SUMO targets distinct substrates to preserve somatic
and pluripotent states. Using MS-based proteomics, we show that the composition of endogenous SUMOy-
lomes differs dramatically betweenMEFs and ESCs. In MEFs, SUMO2/3 targets proteins associated with ca-
nonical SUMO functions, such as splicing, and transcriptional regulators driving somatic enhancer selection.
In contrast, in ESCs, SUMO2/3 primarily modifies highly interconnected repressive chromatin complexes,
thereby preventing chromatin opening and transitioning to totipotent-like states. We also characterize
several SUMO-modified pluripotency factors and show that SUMOylation of Dppa2 and Dppa4 impedes
the conversion to 2-cell-embryo-like states. Altogether, we propose that rewiring the repertoire of SUMO
target networks is a major driver of cell fate decision during embryonic development.
INTRODUCTION

Precise specification of cell fate within stem cell lineages is crit-

ical for ensuring correct cell, tissue, organ, and organism iden-

tity. During development, restriction of cell potency over time is

governed by specific transcription factors (TFs) that implement

particular gene expression programs. Remarkably, pioneer TFs

have the ability to direct and reverse cellular identities (Graf

and Enver, 2009; Zaret and Carroll, 2011). The most extensively

studied model is the conversion of primary fibroblasts into

induced pluripotent stem cells (iPSCs) by ectopic expression

of a set of core pluripotency-related TFs (Takahashi and Yama-

naka, 2006). Recently, we and others have shown that the post-

translational modification by SUMO (small ubiquitin-like modi-

fier) acts as a general barrier to cell-fate changes (Borkent

et al., 2016; Cheloufi et al., 2015; Cossec et al., 2018). In this pro-

cess, SUMO functions, at least in part, as a cement to stabilize

key chromatin-associated substrates required for the mainte-

nance of cell identity (Cossec et al., 2018). Notably, impairing

SUMOylation favors reprogramming of mouse embryonic fibro-

blasts (MEFs) to iPSCs. Moreover, global suppression of

SUMOylation in embryonic stem cells (ESCs) promotes their
Ce
This is an open access article under the CC BY-N
conversion into cells resembling the 2-cell-stage embryo, called

2C-like cells, which express part of the zygotic genome activa-

tion (ZGA) transcriptional program (Cossec et al., 2018).

The SUMO proteins share structural similarities with ubiquitin,

and their conjugation to substrates occurs through a related

enzymatic cascade involving the sequential action of an E1 acti-

vating enzyme (Sae1/Uba2), an E2 conjugating enzyme (Ubc9),

and several E3 protein ligases (Pias) (Flotho and Melchior,

2013). The SUMO-specific proteases (Senps) are responsible

both for maturation of precursor SUMO proteins and for decon-

jugation of SUMO from target proteins (Hochstrasser, 2009). The

mammalian SUMOprotein family consists of three functional pa-

ralogs: SUMO1, SUMO2, and SUMO3. Mature SUMO2 and

SUMO3 are 95% identical, whereas SUMO1 shares only 43%

sequence identity to SUMO2 or SUMO3. Importantly, SUMO2/

3 is the main component of SUMO chains, a process greatly

enhanced by stress (Saitoh and Hinchey, 2000). Global identifi-

cation of SUMO substrates showed predominant modification

of nuclear targets (Hendriks and Vertegaal, 2016) and SUMOyla-

tion is emerging as an important regulator of chromatin structure

and function (Cubeñas-Potts and Matunis, 2013). In line with this

notion, chromatin immunoprecipitation sequencing (ChIP-seq)
ll Reports 32, 108146, September 15, 2020 ª 2020 The Authors. 1
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analyses revealed that SUMO is widely present all over the

genome, where it regulates large gene expression programs

(Liu et al., 2012; Neyret-Kahn et al., 2013; Niskanen et al.,

2015; Seifert et al., 2015). Surprisingly, the SUMO chromatin

landscapes are highly divergent in MEFs and in ESCs (Cossec

et al., 2018).Whereas inMEFs, SUMO is presentmainly on active

enhancers, in ESCs, it is enriched in heterochromatin, suggest-

ing that SUMOylation safeguards somatic and pluripotent cell

identities through modification of different protein groups, the

nature of which remained to be identified.

Here we characterized the set of endogenous SUMOylated

proteins (SUMOylome) in MEFs and ESCs, taking advantage of

a recently developed proteomics approach for quantitative map-

ping of lysines modified by native SUMO2/3 (Hendriks et al.,

2018). Our data reveal strikingly little overlap between the reper-

toires of SUMO2/3 substrates in differentiated and pluripotent

cells. Whereas in MEFs, SUMO2/3 targets proteins involved in

general cellular transactions and key determinants of fibroblastic

cell identity, in ESCs, SUMO2/3 primarily modifies multiple

heterochromatin repressive complexes that are highly intercon-

nected. We moreover mapped the MEF and ESC total pro-

teomes, revealing that the observed heterogeneity in their SU-

MOylomes cannot be explained by protein expression levels

alone. Among the most SUMOylated proteins in ESCs, we iden-

tified a number of SUMOylated pluripotency factors, including

Dppa2 and Dppa4, which were previously shown to be critical

for establishing the 2C-like state (De Iaco et al., 2019; Eckers-

ley-Maslin et al., 2019). Importantly, SUMO-deficient mutants

of Dppa2 and Dppa4 favor the conversion of ESCs into 2C-like

cells and strengthen their specific transcriptional program.

Collectively, our data suggest that concerted SUMOylation of a

highly distinct repertoire of critical determinants of cell identity

contributes to the establishment and maintenance of somatic

and pluripotent states. They also provide a valuable resource

for further exploration of the complex SUMO protein network in

controlling cellular plasticity.

RESULTS

Site-Specific Profiling of the Endogenous MEF and ESC
SUMOylomes
To gain clues regarding the role of SUMO in cell fate determina-

tion, we undertook comparative large-scale characterization of

endogenous SUMOylated proteins in differentiated cells,

MEFs, and pluripotent ESCs. To this aim, we used a recently

developed SUMO proteomics strategy that facilitates site-spe-

cific profiling of native SUMO2/3 (Hendriks et al., 2018) (Fig-

ure 1A). This method uniquely identifies the exact lysine residues

that are modified by SUMO2/3, without disturbing the SUMO

equilibrium and without the requirement for genetic engineering

(Hendriks and Vertegaal, 2016; Sheng et al., 2019).

We performed the experiment in quadruplicate to facilitate la-

bel-free quantification, while considering the notably larger

cellular size of MEFs compared with ESCs. In this regard, we

compared both an equal number of cells and an equal amount

of post-lysis total protein material. In total, across both experi-

ments and both cell types, 2,480 unique SUMO2/3-modified

peptide sequences were identified, corresponding to 1,533
2 Cell Reports 32, 108146, September 15, 2020
confidently localized SUMO2/3 sites (Table S1), which mapped

to 724 SUMO2/3 target proteins (Table S2). Overall, we detected

a considerably higher density of SUMO2/3 in ESCs compared

with MEFs, with nearly 10-fold more detectable SUMOylated

peptides per milligram of total protein (Figure 1B). Intriguingly,

when comparing equal numbers of ESCs and MEFs, we did

not note a significantly different degree of SUMO2/3 conjugation

via mass spectrometry (MS) (Figure 1B). Western blot analysis

showed a lower abundance of free SUMO2/3 together with

moderately increased SUMO2/3 conjugates in ESCs compared

with an equal number of MEFs (Figure 1C). Of note, the amount

of both free and conjugated SUMO1 was significantly increased

in ESCs (Figure 1C). Specifically, when comparing an equal num-

ber of ESC andMEF cells, we observed reproducible and similar

numbers of SUMOylation events, with �1,500 unique SUMO-

modified peptides (Figure 1D), �1,000 unique SUMO2/3 sites

(Figure 1E), and�500 SUMO2/3 target proteins (Figure 1F) iden-

tified in each of the two cell types. To avoid bias, the rest of the

study was carried out comparing an equal number of cells to

ensure a comparable amount of SUMO protein. Quantitative

analysis of the SUMOylomes in these conditions allowed quan-

tification of 1,174 (�77%) SUMO2/3 sites in quadruplicate (Table

S1) and quantification of 589 (�81%) SUMO2/3 target proteins in

quadruplicate (Table S2).

A high degree of correlation was observed between experi-

mental replicates (Figure 1G), especially when considering

SUMO2/3 target proteins. Contrarily, correlation between

MEFs and ESCs was much lower, hinting at a considerable dif-

ference in SUMOylome between the two cell types.

The SUMO Equilibrium Is Distinct between
Differentiated and Pluripotent Cells
Not all SUMO is conjugated to target proteins, and a pool of free

SUMOusually exists inmostmodel systems, which can be indic-

ative of the level of regulatory engagement of the SUMO system

(Hendriks et al., 2018). The proteomics methodology we used is

uniquely capable of concomitantly quantifying this SUMO equi-

librium and can detect free mature and immature SUMO2/3, as

well as the relative distribution of conjugated SUMO2/3 across

target proteins. In ESCs, we observed 92% of all SUMO2/3 to

be conjugated to target proteins (Figure 2A), which is on par

with rapidly dividing cell lines (Hendriks et al., 2018). The level

of SUMO2/3 conjugation in MEFs was only 72% (Figure 2A),

with a considerably larger pool of free SUMO2/3, in line with

western blot observations (Figure 1C). The level of immature

SUMO2 was significantly lower in ESCs, indicative of a high de-

mand for SUMO conjugation (Figure S1A). In terms of SUMOyla-

tion of E1, E2, and E3 enzymes, we observed significantly higher

levels of E1 and E2 modification in MEFs, although overall this

only accounted for 0.7% of the total SUMO2/3 levels (Fig-

ure S1A). More strikingly, we observed high levels of E3 enzyme

modification in ESCs, with 11% of the total SUMO pool residing

on these enzymes (Figure 2A). Specifically, we observed signifi-

cantly higher modification levels of Znf451, Pias4, and Pias2 (Ta-

bles S1 and S2). Although it remains unclear whether the SU-

MOylation status of SUMO E3 ligases regulates their activity,

this suggests that these three factors may play an active role in

defining the SUMO landscape in ESCs. In MEFs, although the
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Figure 1. Experimental Strategy to Characterize Endogenous SUMO2/3 Targets in MEFs and ESCs

(A) Experimental design for the SUMOylome comparison between MEFs and ESCs. All experiments were performed in cell culture quadruplicates and analyzed

as six fractions for each replicate.

(B) Comparison of SUMO2/3 site abundance betweenMEFs and ESCs depending on the amount of protein or the number of cells used for the proteomic analysis.

Arb., arbitrary. n = 4.

(C) Immunoblots for SUMO-1 and SUMO2/3 in MEFs and ESCs. Whole-cell lysates from the same number of cells were loaded for the two cell types. Histone H3

was used as a loading control given the comparable histone/chromatin content per cell, regardless of cell type. Representative example, n = 3.

(D) Overview of the average and total numbers of unique SUMO2/3-modified peptides identified from the same number of MEFs or ESCs. Avg., average. n = 4.

(E) Overview of the average and total numbers of unique SUMO2/3 sites identified from the same number of MEFs or ESCs. Avg., average. n = 4.

(F) Overview of the average and total numbers of unique SUMO2/3 target proteins identified from the same number of MEFs or ESCs. Avg., average. n = 4.

(G) Visualization of Pearson correlation betweenMEF and ESC SUMOylomes. MEF-1 toMEF-4 correspond to the four MEF replicates and ESC-1 to ESC-4 to the

four ESCs replicates.

Error bars indicate mean + SD or mean ± SD. See also Tables S1 and S2.
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overall level of E3 modification was lower, we found Ranbp2 to

be significantly more modified (Table S2).

Much like ubiquitin, SUMO2/3 canmodify itself to form chains,

and our data facilitated quantification of SUMO2/3 chain link-

ages. In terms of global levels of chain formation, we did not

find a difference between MEFs and ESCs, with 12% of all

SUMO2/3 residing in chains in both cell types. However, the link-

age type of the chains was highly distinct between differentiated
and pluripotent cells (Figure 2B). In MEFs, SUMO-chain linkages

were distributed mainly across three lysines: K21, K33, and K42.

Contrarily, in ESCs, the primary linkagewas significantly focused

on K11, accounting for more than two-thirds of the total SUMO-

chain linkages. Of note, acetylation of K11, the prototypical site

for SUMO2/3 chain formation (Tatham et al., 2001), was sug-

gested to regulate the formation of non-canonical SUMO2/3

chains (Gärtner et al., 2018). In this regard, it would be interesting
Cell Reports 32, 108146, September 15, 2020 3
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Figure 2. Comparison of the SUMO Equilibrium between Differentiated and Pluripotent Cells

(A) Quantification of the SUMO2/3 equilibrium in MEFs and ESCs, visualizing the average fraction of total SUMO existing as conjugated to certain target proteins,

or as free SUMO. S2, SUMO2; S3, SUMO3; Imm., immature. n = 4.

(B) Quantification of endogenous SUMO2/3 chain architecture in MEFs and ESCs corresponding to endogenous SUMO2 modified by SUMO2/3. n = 4.

(C) Quantification of the SUMO2/3 targeting KxE consensus motifs, either by number of modification sites (number) or in terms of SUMO abundance. n = 4.

Error bars indicate mean + SD. See also Figure S1 and Tables S1 and S2.
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to compare K11 acetylation status between the two cell types.

We also observed mixed SUMO-ubiquitin chain linkages, with

SUMOylation of ubiquitin K48 upregulated in ESCs and SUMOy-

lation of ubiquitin K27 downregulated in ESCs (Table S1). Over-

all, our proteomics analysis of the SUMO equilibrium in ESCs

and MEFs revealed a notably different wiring of the core

SUMO enzymatic machinery, which may ultimately be at the

root of the highly distinct SUMOylomes and their effect on cell

fate.

SUMOylation commonly targets lysines residing in theminimal

SUMO consensus motif, KxE, with the glutamic acid at the +2

position facilitating interaction with the E2 enzyme (Bernier-Villa-

mor et al., 2002). Intriguingly, we observed a significantly lower

KxE adherence in ESCs, with 44.6% KxE compared with

54.5% KxE in MEFs, with both numbers based on �1,000

directly identified SUMO2/3 sites (Figure 2C). Contrarily, when

quantifying the relative SUMO occupancy on KxE motifs, we

found 59.8% and 53.1% in ESCs and MEFs, respectively.

Thus, whereas the overall number of modified sites and quanti-

fied SUMO2/3 signal on KxE motifs appeared to match closely

in MEFs, the SUMOylome in ESCs was concentrated to a higher

degree within a small subset of lysines in KxE motifs. Taken

together, this suggests that the core enzymatic regulation of SU-

MOylation may be differentially orchestrated in pluripotent cells,

with focused targeting of much of the SUMO2/3 signal on a small

set of KxE motifs while simultaneously also SUMOylating a large

number of non-consensus motifs to a lesser degree.

Global SUMOylomes Are Highly Divergent between
MEFs and ESCs
Quantitatively, 86% of all SUMO2/3 sites were significantly

different (fold change > 2 and false discovery rate [FDR] < 0.05)

between MEFs and ESCs (Figures 3A and 3B; Table S1), and

88% of all identified SUMOylated proteins were significantly

different between MEFs and ESCs (FDR < 0.05), with 76% of all

SUMO2/3 target proteins enriched at least 2-fold in one or the

other cell type (239/589 in MEFs and 211/589 in ESCs) (Figure

3B; Table S2). These results demonstrate a dramatic difference
4 Cell Reports 32, 108146, September 15, 2020
in the composition of the SUMOylome between somatic and

pluripotent cells. Importantly, among the identified substrates,

we found several of the proteins for which SUMOylation was sug-

gested to play an important role in the maintenance of cell identity

(Cossec et al., 2018). InMEFs, these includemembers of the AP-1

functional interaction network (Fosl2, Jdp2, Jund, Cebpb), while in

ESCs, we identified members of the PRC1.6 repressive complex

(Pcgf6, Mga, L3mbtl2) in addition to proteins involved in the depo-

sition of the heterochromatin mark H3K9me3 (Trim28/Kap1) (Fig-

ure 3B). Moreover, several additional relevant substrates, such as

Cepba, Setdb1, andRing1b,were detected inMEFs and/or ESCs,

but not quantified across all four replicates (Figure S1B).

We then asked whether differences in the SUMOylome be-

tween the two cell types could be explained by variance of the

global proteome in differentiated and pluripotent cells. To

address this issue, we performed a quadruplicate total proteome

analysis of the exact same samples used for SUMO2/3 enrich-

ment. Overall, we identified 10,189 unique protein groups across

MEFs and ESCs (Table S3), with an exceptionally high Pearson

correlation of R=0.992between cell type replicates (Figure S1C).

In MEFs and ESCs, 9,275 and 9,301 proteins, respectively, were

detectable in at least duplicate, and 7,355 proteins could be

accurately label-free quantified in quadruplicate by at least three

peptides. Expression-level correlations between our total prote-

ome (Table S3) and published RNA sequencing (RNA-seq) data

(Cossec et al., 2018) were high, with R2 = 0.251 for MEFs and

R2 = 0.356 for ESCs (Figure S1D), comparable with what has pre-

viously been reported (Vogel and Marcotte, 2012). Out of all

SUMO2/3 target proteins identified here (Table S2), 91% were

represented in the total proteome analysis, demonstrating

good coverage while also highlighting that SUMO can modify

proteins that are so low in abundance that total proteome anal-

ysis is unlikely to characterize them. Within the subset of

SUMO2/3 target proteins, correlations between the total prote-

ome and mRNA levels were R2 = 0.405 for MEFs and R2 =

0.394 for ESCs (Figure S1E). When comparing levels of

SUMO2/3-modified proteins to the total proteome, we found

only weak correlations of R2 = 0.134 for MEFs and R2 = 0.068
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Figure 3. Global SUMOylome Differences between MEFs and ESCs

(A) Volcano plot displaying differentially modified SUMO2/3 sites in MEFs (blue dots) versus ESCs (red dots). n = 4 cell culture replicates, q < 0.05 with per-

mutation-based FDR calculated at an s0 of 0.5. The black line in the graph represents the FDR cut-off threshold.

(B) Venn diagrams showing the numbers of SUMO2/3 sites (left) and SUMO2/3 target proteins (right) preferentially SUMOylated (log2 fold change [FC] > 1) in

MEFs, ESCs, or common to both cell types.

(C) Correlation between protein abundance (x axis) and the SUMO2/3 abundance for the corresponding proteins (y axis) in MEFs (top) and ESCs (bottom). The

dotted line corresponds to the regression line.

(legend continued on next page)
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for ESCs (Figure 3C), suggesting that the SUMOylome does not

notably follow protein expression levels. Next, we aimed to

confirm differential SUMOylation of proteins between MEFs

and ESCs, regardless of their expression in the two cell types.

Immunoblot analysis of whole lysates from an equal number of

MEFs and ESCs revealed that the ribonucleoprotein Hnrnpc is

equally expressed in differentiated and pluripotent cells, yet a

higher molecular weight form of Hnrnpc was exclusively found

in MEFs (Figure 3D). Treatment with ML-792, a specific inhibitor

of SUMOylation (He et al., 2017), led to a strong reduction in the

intensity of this slower migrating band, thus exemplifying MEF-

specific SUMOylation of Hnrnpc in agreement with the MS-

based SUMOylome data (Table S2). Altogether, we demonstrate

that global proteome differences between differentiated and

pluripotent cells are not sufficient to explain the full extent of SU-

MOylome divergence between the two cell types.

Next, we compared the levels of enzymes involved in the SUMO

modification cascade, notably those of E3 ligases andSUMOpro-

teases, which convey some degree of substrate specificity. We

validated the specificity of our antibodies by knocking down their

respective targets using small interfering RNAs (siRNAs) in either

MEFs or ESCs (Figures S1F and S1G). Immunoblot analyses

were then performed using equal numbers of MEFs and ESCs to

remain consistent with our SUMOylome analysis. This analysis re-

vealed striking differences in the relative amounts of SUMO en-

zymes across the two cell types (Figures 3E and S1H). We found

Pias2 and Pias4 to be more abundant in pluripotent cells. In addi-

tion, the amount of Znf451 is greatly increased in ESCs. This is

particularly intriguing given the unique ability of Znf451 to trigger

SUMO2/3 chain elongation (E4 elongase activity) (Eisenhardt

et al., 2015), pointing to a possible important role for Znf451 and

elongase activities in pluripotent cells. Moreover, Senp1, Senp2,

and Senp3 deSUMOylases were much more abundant in ESCs

compared with MEFs, while Senp5 and Senp7 showed the oppo-

site trend. Differential expressionwas also noted for the unique E1

and E2 enzymes. We ascertained the relative expression levels of

SUMO-related enzymes via our total proteome MS data after

normalizing to levels of histone H3 (Figure 3F). Except for Sae1,

the MS data fully correlated with the western blot data.

Together, these findings indicate that specific combinatorial

expression of SUMO enzymes likely participates to the strikingly

divergentSUMOproteomesbetweensomaticandpluripotentcells.

Cell Type-Specific SUMO Substrates Assemble into
Distinct Functional Networks in Differentiated and
Pluripotent Cells
In contrast to other post-translational modifications that are spe-

cific for individual proteins, SUMOylation can target whole pro-
(D) Immunoblots for Hnrnpc and SUMO2/3 in MEFs and ESCs after 2 days contin

control given the comparable histone/chromatin content per cell, regardless of cel

same blot are shown for Hnrnpc. Representative example, n = 2.

(E) Scheme of the SUMOylation cycle (left) and immunoblots (right) for the indicated

of cells were loaded each time for the two cell types. Fourteen independent blot

histone/chromatin content per cell, regardless of cell type. Loading control for Se

Representative example, n = 2.

(F) Relative protein abundance of members of the SUMOylation machinery identi

The ratio was fixed to 100% for the cell type with the highest expression for eac

See also Figures S1 and Tables S1, S2, and S3.
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tein complexes, a process well established in yeast and referred

to as protein group modification (Psakhye and Jentsch, 2012).

To investigate the propensity of SUMOylation to target function-

ally interconnected proteins or protein complexes in MEFs and

ESCs, we performed protein-protein interaction enrichment

analysis using the STRING database (Hendriks et al., 2014).

Approximately half (84 of 139) of the common targets between

the two cell types were functionally connected (Figure S2), con-

sisting of proteins involved in general cellular processes such as

splicing and RNA processing. In addition, SUMO2/3 globally

modified general TFs and nucleosome components such as his-

tone variants. Of note, well known SUMO substrates such as

PML, Ranbp2, and Top2b, which have been identified in the

vast majority of the cell types analyzed so far (Hendriks and Ver-

tegaal, 2016), were also part of the common networks, thus vali-

dating the approach.

In MEFs, half (128 of 239) of the preferentially SUMOylated

proteins belonged to a diffusely distributed network and were

annotatedmainly as nucleus localized (Figures 4A and S3). Glob-

ally, SUMO2/3 targeted complexes involved in general functions

including splicing and translation, as well as components of the

cytoskeleton. Moreover, in addition to the TFs that are part of the

AP-1 interaction network, we identified members of the Swi/Snf

chromatin remodeling complex to be more SUMOylated in

MEFs, which could represent other potential candidates for the

maintenance of the fibroblastic identity (Vierbuchen et al., 2017).

In contrast, more than half (114 of 211) of the preferentially SU-

MOylated proteins in ESCs were annotated as chromatin asso-

ciated and additionally formed a very dense interconnected

network (Figures 4A and S4). In addition to members of the

PRC1.6 complex and proteinsmediating H3K9me2/me3 deposi-

tion, SUMO2/3 modified a large number of other repressive fac-

tors, including DNA methyltransferases and members of the

NuRD, NoRC, and PRC2 repressive complexes (Figure 4B).

This latter finding is consistent with the strong enrichment of

SUMO at bivalent promoters in ESCs (Cossec et al., 2018).

Moreover, other proteins that have been implicated in constitu-

tive heterochromatin formation and maintenance (Cbx1/HP1b,

Cbx5/HP1a) were highly modified by SUMO in ESCs. Finally,

SUMO2/3 targeted substrates essential for chromosome archi-

tecture and mitosis, such as cohesins and condensins, as well

as centromeric proteins (Figure 4B), a finding in line with the

rapidly cycling state of ESCs and the well-established role for

SUMOylation in mitotic chromosome condensation, sister chro-

matid cohesion and kinetochore function (Mukhopadhyay and

Dasso, 2017). To confirm that SUMO is prominently enriched in

heterochromatin compartments in pluripotent cells, we cross-

correlated our list of SUMO substrates with a published dataset
uous treatment with DMSO or 2 mMML-792. Histone H3 was used as a loading

l type. Signals were obtained from the same blot. Two different exposures of the

SUMOenzymes inMEFs and ESCs.Whole-cell lysates from the same number

s are shown. Histone H3 was used as a loading control given the comparable

np3 is shown; see also Figure S1H. The asterisk indicates a non-specific band.

fied in the total proteome of MEFs and ESCs, normalized to histone H3 levels.

h factor. Error bars indicate mean ± SD.
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Figure 4. Comparison of Cell Type-Specific SUMO Substrate Functional Networks

(A) STRING network analysis of proteins preferentially SUMOylated in MEFs (left) and ESCs (right). Each substrate is colored for its cellular localization as an-

notated by the UniProt protein database.

(B) Examples of ESC-specific SUMO2/3 substrates involved in epigenetic silencing and chromosome maintenance.

(C) Venn diagrams comparing SUMO2/3 substrates with pericentromeric heterochromatin-associated proteins as identified in ESCs (Saksouk et al., 2014).

See also Figures S2–S4.
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of proteins enriched in pericentromeric heterochromatin regions

(Saksouk et al., 2014). We observed that a large number of peri-

centromeric proteins were represented among ESC-enriched

SUMO2/3 substrates, which was not the case for MEF-specific

SUMO2/3 targets (31% versus 0%) (Figure 4C).

Overall, in MEFs, SUMO2/3 targets functions that are canoni-

cally associated with SUMOylation in somatic cells, such as pre-

mRNA splicing and translation (Hendriks and Vertegaal, 2016),

as well as fibroblast-specific TFs. In contrast, ESCs display a

rather unique SUMO proteome characterized by a highly inter-

connected set of repressive and structural chromatin proteins,
which may suggest increased protein group modification

activity.

The Pluripotency Factors Dppa2 and Dppa4 Appear as
the Top-Scoring SUMO Substrates in ESCs
We next investigated the top 20 most differentially SUMOylated

proteins in MEFs versus ESCs (Figure 5A; Table S2). In MEFs,

eight of these were cytosolic proteins, including cytoskeletal-

associated proteins such as Mical2, Acta2, Tpm1, and Nes,

whereas nine substrates corresponded to TFs and TF cofactors,

including the AP-1 family members Fosl2 and Jdp2. Of note, the
Cell Reports 32, 108146, September 15, 2020 7
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Figure 5. Dppa2 and Dppa4 Are Major Endogenous SUMO Substrates in ESCs

(A) Top 20 substrates differentially modified by SUMO2/3 in MEFs and ESCs. Pluripotency proteins are highlighted in red. SUMO2/3 targets are ranked with the

top hits at the bottom for MEFs and at the top for ESCs. Color gradient is for didactic purposes and does not correlate to ratio of change.

(B) Correlation between protein abundance (x axis) and the SUMO2/3 abundance for the corresponding proteins (y axis) in ESCs. Pluripotency factors are

highlighted in red. The black dotted line corresponds to the regression line for all SUMO substrates and the red one to pluripotency factors only.

(C) Immunoblots for Dppa2 and Dppa4 in ESCs after 2 day continuous treatment with DMSO or 2 mM ML-792. The star indicates a non-specific band.

Representative example, n = 3. Two independent blots are shown. Ponceau staining was used as a loading control.

(D) Schematic representation of Dppa2 and Dppa4 depicting SUMOylation sites identified by mass spectrometry. The percentage indicates the contribution of

each lysine to the total SUMOylation of the substrate. In red, the main lysine residues, which were mutated to arginine residues. SAP (SAF-A/B, Acinus, and PIAS)

domain is indicated.

(E) SUMOylation of Dppa2WT or Mut (left) and Dppa4WT or Mut (right) in vivo. Lysates fromHeLa cells transfected with Dppa2 (WT or Mut) or Dppa4 (WT or Mut)

together with Ubc9 and HA-SUMO2 and immunoblotted with indicated antibodies

(F) Immunoblot of Dppa2 (left) in HeLa cells overexpressing 6His-SUMO2 together with Dppa2wild-type (WT) or Dppa2mutant (Mut). Immunoblot of Dppa4 (right)

in HeLa cells overexpressing 6His-SUMO2 together with Dppa4 wild-type (WT) or Dppa4mutant (Mut). Forty-eight hours post-transfection, cells were harvested,

an aliquot of the lysates was directly analyzed (input), and the remaining extracts were used for Ni2+ affinity chromatography to purify 6His-SUMO2 conjugates

(Ni-NTA).

See also Figure S5 and Tables S1, S2, and S3.
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two giant scaffolding proteins Anhak2 and Anhak were among

the top hits. In ESCs, all 20 substrates were nuclear proteins,

half of which corresponded to pluripotency factors (in red in Fig-

ure 5A). We thus investigated the extent to which SUMOylation

targets pluripotency factors in ESCs. Correlation between

SUMO2/3 modification abundance and protein abundance in

ESCs revealed that certain pluripotency factors were among

the most highly SUMOylated proteins, far more so than their
8 Cell Reports 32, 108146, September 15, 2020
expression levels would imply (Figure 5B). Of 191 known plurip-

otency factors detected in the total proteome data, 47 were

modified by SUMO2/3, demonstrating a highly significant pro-

pensity for SUMO2/3 to specifically target pluripotency factors

compared with other proteins (Figure S5A).

Intriguingly, Dppa4 and Dppa2 represented some of the most

SUMOylated substrates, while compared with all other proteins

in ESCs, they were only moderately expressed (Figure 5B).
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Notably, in terms of relative enrichment of SUMOylation

compared with MEFs, Dppa4 and Dppa2 ranked first and fourth

as ESC-specific SUMO2/3 targets, respectively (Figure 5A; Ta-

ble S2). These two small TFs, which are expressed exclusively

in preimplantation embryos, pluripotent cells (Figure S5B), and

the germline, were shown recently to activate an early ZGA tran-

scriptional program and to be essential for the transition of ESCs

to the 2C-like cells (De Iaco et al., 2019; Eckersley-Maslin et al.,

2019). This rare subpopulation of cells, which share some simi-

larities with the 2-cell-stage embryo, arises at very low frequency

in ESCs in culture (Macfarlan et al., 2012). Immunoblot analysis

of whole lysates revealed the presence of higher molecular

weight forms of Dppa2 and Dppa4, which were highly sensitive

to ML-792 treatment (Figure 5C). These data strongly suggest

that these upper bands correspond to SUMO2/3-modified

Dppa2 and Dppa4, and the fact that they are readily visible in

whole-cell lysate is indicative for their substantial level of

SUMOylation.

To confirm these findings, we generated SUMO-deficient

Dppa2 and Dppa4 mutants. Our MS analysis identified a single

SUMO2/3 acceptor site at lysine 31 (K31) in Dppa2 (Figure 5D;

Table S1) and five SUMOylated lysines in Dppa4, of which the

two most prominent sites, at lysines 141 and 143 (K141, K143),

accounted for nearly 93% of the protein modification (Figure

5D; Table S1). Mutants for Dppa2 (K31R) and Dppa4 (K141R/

K143R) were generated and tested for their effect on SUMOyla-

tion in HeLa cells (which do not endogenously express these pro-

teins) upon ectopic expression of the SUMO enzyme Ubc9

together with HA-SUMO2. Both mutants were strongly impaired,

though not entirely defective, for SUMOmodification (Figure 5E).

Similar results were obtained in nickel pull down assays following

ectopic expression of His-tagged SUMO2 (Figure 5F).

Together, these data indicate that the developmental proteins

Dppa2 and Dppa4 are major endogenous SUMO substrates in

ESCs and that K31 and K141/K143 are critical, though not exclu-

sive SUMOylation sites in Dppa2 and Dppa4, respectively.

SUMO-Deficient Dppa2 and Dppa4 Enhance the
Conversion to the 2C-like State
Dppa2 and Dppa4 act in concert in ESCs to establish the 2C-like

state through binding and activating the Dux gene, the major

driver of the 2C-like transcriptional program (De Iaco et al.,

2019; Eckersley-Maslin et al., 2019). Our previous findings that

global hypoSUMOylation enhances the conversion of ESCs to

2C-like cells and that SUMO is enriched at the Dux gene and si-

lences its expression (Cossec et al., 2018) prompted us to char-

acterize the functional role of SUMOylation of Dppa2 and Dppa4.

We performed rescue experiments to assess the ability of

SUMO-deficient Dppa2 and Dppa4 to induce the transition of

ESCs to 2C-like cells. We took advantage of a recently devel-

oped Dppa2 and Dppa4 double-knockout (KO) Mervl::tdTomato

ESC line (Eckersley-Maslin et al., 2019) to follow the appearance

of the 2C-like population by tdTomato fluorescence. Dppa2 and

Dppa4 wild-type (WT) or mutant (Mut) proteins were fused to

green fluorescent protein (GFP) to track complemented cells

and we expressed the Dppa2-GFP and Dppa4-GFP constructs

in the double-KO ESCs (Figure 6A). Consistent with previous

findings (De Iaco et al., 2019; Eckersley-Maslin et al., 2019),
simultaneous expression of WT Dppa2 and Dppa4 upregulated

the 2C-like fraction (Figure 6B). Interestingly, co-expression of

the SUMO-deficient Dppa2 and Dppa4 mutants resulted in a

significant increase (1.5-fold) in the number of 2C-like cells in

comparison with the WT proteins (Figures 6B and 6C). Similar

increases, though less pronounced, were observed upon over-

production of Dppa2Mut or Dppa4Mut in the corresponding sin-

gle-KO ESCs (Figures S6A–S6D).

To consolidate these observations, we performed a microar-

ray analysis to compare the transcriptome of Dppa2/Dppa4

null ESCs restored with the WT versus Mut versions of Dppa2/

Dppa4 (Figure 6A). We verified that WT and Mut proteins were

equally expressed as assessed by their mRNA levels (Figure 6D;

Table S4). We found that several prominent genes of the 2C-like

signature, including Dux and its target genes Zscan4a and

Tdpoz4, were slightly, though consistently, upregulated upon

expression of the SUMO-deficient proteins compared with the

WT forms (Figure 6D). This observation is in line with the finding

that artificial fusion of SUMO2 to Dppa2 decreases expression of

2C-like genes (Yan et al., 2019). We next defined a set of genes

whose expression is upregulated upon co-expression of the

native Dppa2 and Dppa4 proteins in the double-KO ESCs (Fig-

ure S6E; Table S5). This set of genes was over-represented

among the genes that were upregulated upon expression of

Dppa2/Dppa4 mutants, indicating that SUMOylation of these

factors restrains their transcriptional activity (Figure 6E).

Collectively, these data indicate that SUMOylation of Dppa2

and Dppa4 plays a direct repressive role on the emergence of

the 2C-like cell state and associated transcripts.

DISCUSSION

In this work, we used unbiased MS-based proteomics for in-

depth characterization of endogenous SUMO2/3-modified

proteins and their SUMO acceptor sites in MEFs and ESCs.

Importantly, the proteomics strategy we used does not have a

requirement for exogenous expression of SUMO2/3, thereby

avoiding perturbation of SUMO homeostasis, which is essential

for the maintenance of cell identity (Cheloufi et al., 2015; Cossec

et al., 2018). One of our key observations is the dramatic differ-

ence between the SUMOylomes of pluripotent and somatic

cells, indicating a drastic shift in the repertoire of SUMO2/3 sub-

strates during the process of cell differentiation.

In ESCs, SUMOylated factors are enriched that are associated

with gene silencing and heterochromatin structure, including the

main repressive complexes, such as PRC1.6, PRC2, NuRD,

DNMTs, and NoRC, as well as proteins involved in H3K9me3

deposition and binding. In line with this latter observation,

SUMOylation was found to repress endogenous retrovirus

expression together with maintaining proper H3K9me3 levels

in pluripotent cells (Cossec et al., 2018; Thompson et al., 2015;

Yang et al., 2015). Several pericentromeric proteins were simi-

larly enriched in the SUMO2/3 proteome of ESCs, consistent

with the reported upregulated expression of major satellite re-

peats upon loss of SUMOylation in these cells (Cossec et al.,

2018). Finally, proteins that control chromosome compaction,

such as condensins and cohesins (Skibbens, 2019), were found

to be substantially more SUMO modified in ESCs. Remarkably,
Cell Reports 32, 108146, September 15, 2020 9
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Figure 6. SUMOylation of Dppa2 and Dppa4 Inhibits the Transition to 2C-like Cells and Transcript Activation

(A) Experimental procedure used for counting the number of 2C-like cells and for transcriptomic analysis.

(B) Flow cytometry profiles showing expression of the Mervl::tdTomato reporter (x axis) in Dppa2�/� and Dppa4�/� double-knockout (KO) ESCs transfected with

GFP (left), Dppa2-WT-GFP + Dppa4-WT-GFP (middle), or Dppa2-Mut-GFP + Dppa4-Mut-GFP (right). The population and percentage of tdTomato-positive cells

are shown in the square. Representative example, n = 3.

(C) Percentage of tdTomato-positive cells in Dppa2�/� and Dppa4�/� double-KO ESCs complemented with GFP, Dppa2-WT-GFP + Dppa4-WT-GFP, or Dppa2-

Mut-GFP + Dppa4-Mut-GFP. Error bars indicate mean + SD, n = 3.

(D) Scatterplot comparing gene expression of double-KO ESCs complemented with Dppa2-WT-GFP + Dppa4-WT-GFP or Dppa2-Mut-GFP + Dppa4-Mut-GFP.

Cells were sorted for GFP expression in both conditions. Red dots indicate overexpressed transcripts (fold change > 2). n = 3.

(E) Gene set enrichment analysis (GSEA) for Dppa2/4-specific target genes in double-KO ESCs complemented with Dppa2-WT-GFP + Dppa4-WT-GFP or

Dppa2-Mut-GFP + Dppa4-Mut-GFP. For x axis, genes were ranked on the basis of the ratio of Dppa2/4-Mut-GFP versus Dppa2/4-WT-GFP. NES, normalized

enrichment score; FDR, false discovery rate.

See also Figure S6 and Tables S4 and S5.
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our screen revealed a high degree of functional interconnectivity

of SUMOylated proteins in ESCs compared with MEFs, arguing

for potential protein group modification in pluripotent cells. In

summary, this MS-based characterization of the SUMO2/3 pro-

teome in ESCs unveiled a predominant repressive chromatin-

centric function for SUMOylation, a feature that appears to be

unique to this particular cell type.

Developmental progression from totipotency to fully differenti-

ated states is accompanied by a progressive loss in cellular plas-

ticity and gradual compaction of chromatin (Bo�skovi�c et al.,

2014; Gaspar-Maia et al., 2011; Orkin and Hochedlinger,

2011). Notably, pluripotency is characterized by a specific meta-

stable chromatin conformation that, while being more ‘‘open’’

than in somatic cells and thus favoring a transcriptionally permis-

sive state, simultaneously keeps lineage-specific genes in

check. In ESCs, SUMO, through concerted modification of a

tightly interconnected network of repressive protein complexes,

may thus play a major role in contributing to the unique chro-

matin ‘‘milieu’’ that guides the establishment and maintenance

of pluripotency. In this scenario, SUMOylation would prevent

chromatin decondensation, and thus reversion to totipotent

states, together with avoiding transcriptional permissiveness in
10 Cell Reports 32, 108146, September 15, 2020
this particular open chromatin environment, that could otherwise

lead to cell differentiation upon specific developmental signaling.

In MEFs, differentially SUMOylated substrates are associated

with biological processes found recurrently across other SUMO

proteomic studies, all of which were performed in somatic cells.

These processes include splicing, ribosome biogenesis, and

cytoskeleton regulation (Hendriks and Vertegaal, 2016). Interest-

ingly, we also identified somatic TFs that are part of the AP-1

complex network, including Fosl2, Jdp2, Jund, and Cebpb.

These factors, which are enriched at MEF enhancers, likely

contribute to the maintenance of the somatic state, as shown

for another AP-1member, Fosl1 (Chronis et al., 2017). Moreover,

several components of the Swi/Snf remodeling complex

emerged as MEF-specific SUMO substrates in our study. These

results dovetail with a recent report showing that AP-1 together

with the Swi/Snf complex play a central role in enhancer selec-

tion inMEFs (Vierbuchen et al., 2017). AP-1 TFs select enhancers

and further recruit the Swi/Snf complex to establish accessible

chromatin at these elements, thus enabling proper expression

of the somatic transcriptional program. In MEFs, SUMO is highly

enriched on fibroblastic enhancers, and loss in SUMOylation

leads to the release of somatic TFs from these elements together
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with rapid extinction of the fibroblastic program (Cossec et al.,

2018). Our data thus suggest that SUMO contributes to MEF-

specific gene activation through coordinated modification of

key determinants of enhancer selection, likely via stabilization

of the factors on these elements, thereby actively guiding cell

fate decisions.

The highly distinct composition of the SUMOylome between

MEFs and ESCs may simply reflect differences in protein abun-

dance. Notably, in MEFs, TFs that are strongly expressed in so-

matic cells (Fosl2, Jdp2, Ebf3, and Irf2) are among the most

prominent SUMOylation targets, whereas in ESCs, the top hits

correspond to pluripotency-associated factors (Dppa4, Dppa2,

Sall4, Esrrb, and Nr5a2). However, when comparing absolute

levels of protein SUMOylation with the respective abundance

of the target proteins in the proteome, we found that protein

abundance poorly correlated with SUMOylation levels and ac-

counted for only a minority of the observed difference in the

SUMOylomes. Total proteome MS analysis elucidated >6,000

proteins with significantly different expression levels in either

MEFs or ESCs, yet only a small fraction (�10%) of these were

found to be SUMOylated, thus highlighting a selectivity in SU-

MOylation that cannot be extrapolated from protein expression

levels alone. Furthermore, whereas the abundant pluripotent

factors Oct4 and Sox2 can undergo SUMOylation upon forced

expression of the SUMOylation machinery (Tsuruzoe et al.,

2006; Wu et al., 2012; Zhang et al., 2007), we failed to detect

SUMO-modified forms of the two factors at the endogenous

level in ESCs. Although this may be due to modified protein

levels below the detection threshold, this observation indicates

that highly expressed proteins are not necessarily associated

with high levels of SUMOylation, despite the presence of canon-

ical SUMO attachment sites in the protein. Our data indicate that

Senp5 and Senp7 are more strongly expressed in MEFs,

whereas Pias2, Pias4, Znf451, Senp1, Senp2, and Senp3 are

predominant in ESCs. We rather propose that the redistribution

of SUMO substrates across the two cell types is mostly dictated

by the relative expression of the various components of the

SUMO machinery. Of interest, the knockdown of Senp7 in

MEFs favors their reprogramming to iPSCs (Zaidan et al.,

2018), indicating that changing the ratio between the SUMO pro-

teases may modulate cell fate conversion. Collectively, our data

strongly suggest that the observed high divergence in the SU-

MOylome between ESCs and MEFs, rather than merely reflect-

ing the change in the proteome, is instrumental in establishing

the transcriptional programs determinant to cell-type

specification.

Suppressing SUMOylation in ESCs was found to trigger the

release of the PRC1.6 complex and the H3K9 methyltransferase

Setdb1 from Dux, promoting its expression and emergence of

2C-like cells (Cossec et al., 2018). Here, we confirmed that major

subunits of the two repressive complexes, such as Mga,

L3mbtl2, Pcgf6, and Trim28/Kap1, are extensively SUMOylated

at the endogenous level in ESCs. In addition, Dppa2 and Dppa4,

which act as upstream activators of Dux (De Iaco et al., 2019;

Eckersley-Maslin et al., 2019), emerged as top hits in our ESC

proteomics study. The finding that SUMO-deficient Dppa2 and

Dppa4 mutants enhance Dux expression and reversion to 2C-

like states in rescue settings establishes a direct repressive
role of SUMOylation on the transcriptional activity of these fac-

tors. Thus, SUMO, as a single modifier for several protein

groups, acts locally at multiple levels to repress Dux: by stabiliz-

ing repressive complexes onto the Dux locus and by preventing

activator-driven transcription. Interestingly, thematernal NELFA/

Top2a complex has been shown recently to upregulate Dux and

promote 2C-like transition, in part through chromatin decom-

paction (Hu et al., 2020). Although we did not detect SUMOy-

lated forms of NELFA, with 22 acceptor sites, Top2a appeared

as a major SUMO target in ESCs. The exploration of the function

of SUMO on Top2a in this context and otherDux regulators to be

discovered should shed light on the diverse roles of this modifi-

cation in regulating the totipotency-to-pluripotency transition.

Finally, future work will be needed to investigate when and

where physiological shifts in the repertoire of SUMOylated pro-

teins occur during development and at the adult stage to facilitate

rewiring of the regulatory circuitry controlling cell identity. First an-

swers came recently with the observation that the levels of the E3

SUMO ligase Pias4 decrease from the zygote to the 2C embryo

stage (Higuchi et al., 2019; Yan et al., 2019). Overexpression of

Pias4 results in abnormal ZGA and impairs early mouse embry-

onic development, underscoring the importance of fine-tuning

the balance of SUMOylation/deSUMOylation activities. Finally,

our findings may have relevance in cancer, which, in most cases,

is associated with hyperactivated SUMOylation (Seeler and

Dejean, 2017). Similar proteomics approaches may be used to

identify aberrant SUMO substrates in tumors and thus possible

cancer cell vulnerabilities to be leveraged to therapeutic ends.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SUMO2/3 (IPs) Abcam Cat# ab81371; RRID: AB_1658424

SUMO2/3 (Immunoblots) MBL Cat# M114-3; RRID: AB_592769

SUMO1 Abcam Cat# ab32058; RRID: AB_778173

Ubc9 Abcam Cat# ab75854; RRID: AB_1310787

Dppa2 Millipore Cat# MAB4356; RRID: AB_1977389

Dppa4 R&D systems Cat# AF3730; RRID: AB_2094166

Hnrnpc Abcam Cat# ab133607; RRID: AB_2860560

HA-probe Santa Cruz Cat# sc-805; RRID: AB_631618

Sae1 Abcam Cat# ab185949; RRID: AB_2827735

Uba2 Abcam Cat# ab185955; RRID: AB_2827736

Pias1 Cell signaling Cat# 3550; RRID: AB_1904090

Pias2 Novus Biologicals Cat# NBP2-19819; RRID: AB_2827737

Pias3 Santa Cruz Cat# sc-46682; RRID: AB_628128

Pias4 Cell signaling Cat# 4392; RRID: AB_10547884

Znf451 Sigma Cat# SAB2108741; RRID: AB_2827738

Ranbp2 Santa Cruz Cat# sc-74518; RRID: AB_2176784

Senp1 Santa Cruz Cat# sc-271360; RRID: AB_10611042

Senp2 Santa Cruz Cat# sc-67075; RRID: AB_2198251

Senp3 Cell signaling Cat# 5591; RRID: AB_10694546

Senp5 Abcam Cat# ab47631; RRID: AB_882488

Senp6 Thermo Fisher Scientific Cat# PA5-69704; RRID: AB_2689788

Senp7 Thermo Fisher Scientific Cat# PA5-36089; RRID: AB_2827739

H3 Abcam Cat# ab24834; RRID: AB_2553364

Smchd1 Abcam Cat# ab31865; RRID: AB_777986

Chemicals, Peptides, and Recombinant Proteins

ML-792 Takeda Oncology N/A

Trypsin-EDTA GIBCO Cat# 25300-054

FBS Eurobio Cat# CVFSVF00-01

GlutaMAX GIBCO Cat# 35050-038

NEM-NEAA GIBCO Cat# 11140-050

LIF Miltenyi Biotec Cat# 130-099-895

KSR Invitrogen Cat# 10828028

2-mercaptoethanol GIBCO Cat# 21985-023

TRIzol Life Technologies Cat# 15596018

PfuTurbo polymerase Agilent Cat# 600255

HIS-Select� Nickel Affinity Gel Sigma Aldrich Cat# P6611

Lysyl Endopeptidase, Mass Spectrometry

Grade (Lys-C)

Wako Cat# 125-05061

Protein G Agarose beads Roche Cat# 11243233001

Endoproteinase Asp-N Sequencing Grade Roche Cat# 11420488001

Critical Commercial Assays

Affymetrix Mouse Gene 2.0 ST array Thermo Fisher Cat# 902119

RNA 6000 Nano kit Agilent Cat# 5067-1511

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lipofectamine 2000 Thermo Scientific Cat# 301705

Q5� Site-Directed mutagenesis kit New England Biolabs Cat# E0554S

Gateway BPTM ClonaseTM II Enzyme mix Thermo Scientific Cat# 11789020

Gateway LRTM Clonase IITM Enzyme mix Thermo Scientific Cat# 11791020

Sep-Pak C8 3 cc Vac Cartridge Waters Cat# WAT036780

Empore SPE Disks Sigma Aldrich Cat# 66883-U

ReproSil-Pur 120 C18-AQ, 1.9 mm Dr. Maisch Cat# r119.aq.

Deposited Data

Micro-array dataset This study NCBI GEO: GSE144881

Raw MS data (SUMOylome) This study ProteomeXchange: PXD017697

Raw MS data (total proteome) This study ProteomeXchange: PXD020287

Experimental Models: Cell Lines

R1 mouse ES cells Cossec et al., 2018 N/A

MERVL::tdTomato Dppa4 KO ES cells Laboratory of W.Reik N/A

MERVL::tdTomato Dppa2 KO ES cells Laboratory of W.Reik N/A

MERVL::tdTomato Dppa2/4 double KO ES

cells

Laboratory of W.Reik N/A

Mouse embryonic fibroblasts This study N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Institut Pasteur N/A

Oligonucleotides and plasmids

Mutagenesis primers Eurofins See Method Details for sequences

pCMV6-entry Dppa2 WT plasmid Origene Cat# MR224204

pCMV6-entry Dppa2 K31R plasmid This study N/A

MGC Mouse Dppa4 cDNA Horizon Cat# MMM1013-202805602

pCMV Dppa4 WT plasmid This study N/A

pCMV K141R/K143R plasmid This study N/A

pDONR221 plasmid Laboratory of Wolf Reik N/A

pDEST eGFP plasmid Laboratory of Wolf Reik N/A

pDEST Dppa2 WT-eGFP plasmid This study N/A

pDEST Dppa2 K31R-eGFP plasmid This study N/A

pDEST Dppa4 WT-eGFP plasmid This study N/A

pDEST Dppa4 K141R/K143R-eGFP

plasmid

This study N/A

siRNA Horizon Discovery Table S6

RT-qPCR primers Eurofins Table S6

Software and Algorithms

STRING 11.0 Szklarczyk et al., 2019 N/A

FlowJo software N/A https://www.flowjo.com/

Graphpad – Prism software N/A https://www.graphpad.com/

Cytoscape software Shannon et al., 2003 https://cytoscape.org/

MaxQuant version 1.5.3.30 Cox et al., 2011 https://www.maxquant.org/

Perseus Tyanova et al., 2016 https://maxquant.net/perseus/

Other

MEF and ESC RNA-seq data Cossec et al., 2018 NCBI GEO: GSE99009
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Anne

Dejean (anne.dejean@pasteur.fr).

Materials Availability
Plasmids generated in this study are available upon request from the Lead Contact.

Data and Code Availability
The accession number for the micro-array dataset is NCBI GEO: GSE144881. The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset iden-

tifiers PXD017697 (SUMOylome data), and PXD020287 (total proteome data).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal studies were conducted under animal study protocols approved by the French Ministry of Research. C57BL/6J mice were

bred at the Pasteur Institute animal facility under specific pathogen–free conditions and housed in a 12-hour light/12-hour dark cycle

conditions.

Cell culture
MEF isolation was performed in compliance with the French law and under supervision of the animal core facility (Registration num-

ber: A75-15-01, HA0030). Primary MEFs were isolated at 13.5 days post coitum. Pregnant females were sacrificed by cervical dislo-

cation, male and female embryos were removed, and the fetal liver and head were excised. The rest of embryonic tissue was minced

and incubated with 0.25% trypsin-EDTA (Sigma-Aldrich) for 15 min at 37�C. MEFs were expanded and frozen at passage 1 for sub-

sequent experiments. MEFs were grown in complete medium: DMEM + GlutaMAX (GIBCO) medium supplemented with 10%

FBS and penicillin/streptomycin. HeLa cells were maintained and expanded in complete medium. R1 and MERVL::tdTomato

Dppa2/4 knock out embryonic stem cells (ESCs) were maintained in KSR (knock-out serum replacement medium, GIBCO):

DMEM + GlutaMAX supplemented with 15% KSR, LIF, 0.1 mM, 2-mercaptoethanol, non-essential amino acid and penicillin/strep-

tomycin on gelatin-coated plates. MERVL::tdTomato Dppa2/4 knock out ESCs were a gift from Wolf Reik (Babraham Institute,

Cambridge, UK).

METHOD DETAILS

Site-specific characterization of endogenous SUMOylation and total proteome
Cell lysates preparation for the SUMO-IP

MEFs and ESCs were amplified to reach approximately 250 million cells per replicate. In the case of MEFs, primary cells had a

maximum number of 5 passages. Cells were washed twice with ice-cold PBS and collected on ice by gentle scraping. Collected cells

were pelleted by centrifuging at 500g and 4�C for 2 min, and all the PBS was removed. Pellets were resuspended in 2 mL of ice-cold

PBS per 100 mL cell pellet. A 100 mL portion was collected, spun down at 500 g and 4�C for 2min, the PBSwas removed and the pellet

lysed in 100 mL of SDS NP-40 Tris-buffered saline lysis buffer (2% SDS, 1% NP-40, 150 mM NaCl, and 50 mM TRIS, buffered at pH

7.0) after which it was immediately snap-frozen to serve as an input control. The main batch of cells was spun down at 500g and 4�C
for 2 min, PBS was removed and all cells were vigorously lysed using 10 pellet volumes of Lysis Buffer (6 M guanidine, 50 mM TRIS,

buffered at pH 8.5), after which they were immediately snap frozen. Lysates were stored at �80�C until further processing.

Peptide preparation for SUMO-IP

In essence, sample preparation and SUMO-IP for native and endogenous mass spectrometry (MS) analysis was performed as

described previously (Hendriks et al., 2018). Lysates were thawed at room temperature, after which they were supplemented with

5 mM chloroacetamide (CAA) and 5 mM Tris(2-carboxyethyl)phosphine (TCEP). Subsequently, samples were sonicated using a mi-

crotip sonicator, at 30W and for 1 s per 1 mL of lysate, distributed across 10 s pulses. Samples were incubated for 30 min at 30�C to

allow reduction and alkylation to complete, after which endoproteinase Lys-C (Wako) was added in a 1:200 enzyme-to-protein ratio

(w/w). Digestion was performed overnight, still, and at room temperature. Samples were diluted with three volumes of 50mM ammo-

niumbicarbonate (ABC), and a second round of overnight digestionwas performed by addition of Lys-C in a 1:200 enzyme-to-protein

ratio. Digests were acidified by addition of 0.5% trifluoroacetic acid (TFA), 1:100 vol/vol from a 50% TFA stock, after which they were

transferred to 50mL tubes and centrifuged at 4,250g and at 4�C for 30min. Clarified digests were carefully decanted into clean 50mL

tubes, after which peptides were purified using C8 Sep-Pak cartridges (Waters), essentially according to the manufacturer’s instruc-

tions. Sep-Pak cartridges with 500 mg sorbent were used, with one cartridge used for each ESC replicate, and two cartridges used

for each MEF replicate (maximum binding capacity per cartridge is approximately 5% of sorbent amount, e.g., �25 mg of digested
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protein per cartridge). Small and hydrophilic peptides were pre-eluted using 5mL of 20%ACN in 0.1% TFA, and 3mL of 25%ACN in

0.1% TFA. SUMOylated peptides were eluted using 1 mL of 35% ACN in 0.1 TFA, 1 mL of 40% ACN in 0.1% TFA, and 2 mL of 45%

ACN in 0.1% TFA. For each replicate samples, all elutions were pooled in 50 mL tubes with small holes punctured into the caps, and

then frozen overnight at �80�C. Deep-frozen samples were lyophilized to complete dryness for 96 h, with the pressure target set at

0.004 mbar and the condenser coil at �85�C.
Crosslinking of SUMO antibody to beads

In total, 500 mL of Protein G Agarose beads (Roche) were used to capture 300 mL of SUMO-2/3 antibody (8A2, acquired from Ab-

cam, ab81371; �5-10 mg/mL antibody). All washing and handling steps were followed by centrifugation of the beads at 500g for

3 min in a swing-out centrifuge with delayed deceleration, and careful aspiration of buffers. Beads were pre-washed 4 times with

ice-cold PBS, after which the antibody was added in a 1.5 mL tube, with the tube filled completely with ice-cold PBS. Beads and

antibody were incubated at 4�C on a rotating mixer for 1 h, and subsequently washed 3 times with ice-cold PBS. Crosslinking of

the antibody to the beads was achieved by addition of 1 mL of 0.2 M sodium borate, pH 9.0, which was freshly supplemented with

20 mM dimethyl pimelimidate (DMP). Crosslinking was performed for 30 min at room temperature on a rotating mixer, after which

the crosslinking step was repeated once. SUMO-IP beads where then washed twice with ice-cold PBS, twice with 0.1 M glycine

pH 2.8, and three times with ice-cold PBS, after which they were stored until use at 4�C in PBS supplemented with 10 mM sodium

azide.

Purification of SUMOylated peptides

Lyophilized peptides were dissolved in 10 mL ice-cold SUMO-IP buffer (50 mM MOPS, 10 mM Na2HPO4, 50 mM NaCl, buffered

at pH 7.2). Peptides derived from 7.5 mg of total ESC protein, 7.5 mg of total MEF protein, and 50 mg of total MEF protein, were

dissolved separately. The 7.5 mg (equal protein amount compared to ESC) and 50 mg MEF (equal cell count compared to ESC)

samples were handled as distinct replicates from this point on. Samples were clarified by centrifugation at 4,250g for 30 min at 4�C
in a swing-out centrifuge with delated deceleration. Samples were transferred to new tubes, after which 25 mL SUMO-IP beads

were added to the samples based on 7.5 mg protein, and 50 mL SUMO-IP beads were added to the samples based on 50 mg

protein. Samples were incubated at 4�C for 3 h in a rotating mixer, after which the beads were washed twice with ice-cold

SUMO-IP buffer, twice with ice-cold PBS, and twice with ice-cold MQ water. Upon each first wash with a new buffer, beads

were transferred to a clean 1.5 mL LoBind tube (Eppendorf). To minimize loss of beads, all centrifugation steps were performed

at 500g for 3 min at 4�C in a swing-out centrifuge with delayed deceleration. Elution of SUMO peptides from the beads was per-

formed by addition of 2 bead volumes of ice-cold 0.15% TFA, and performed for 30 min while standing still on ice, with gentle

mixing every 10 min. The elution was transferred to the top of a 0.45 mm spin filter (Millipore), while minimizing carryover of beads.

The elution of the beads was repeated once, and the 2nd elution was pooled with the 1st elution on top of the 0.45 mm filter. Next,

elutions were clarified of beads by centrifuging at 12,000g for 1 min at 4�C, transferred to a clean 1.5 mL LoBind tube, pH-neutral-

ized by addition of 1/10th volume of 1 M Na2HPO4, and allowed to warm up to room temperature. To shorten the SUMO C ter-

minus to DVFQQQTGG, and to shorten the target peptides to a length feasible for MS analysis, second-stage digestion of SU-

MOylated peptides was performed with Endoproteinase Asp-N (Roche), using 150 ng of Asp-N for the samples based on

7.5 mg input protein, and 1 mg of AspN for the samples based on 50 mg input protein. Digestion was performed overnight, at

30�C and shaking at 300 rpm, after which samples were frozen at �80�C until further processing.

StageTip purification and high-pH fractionation of SUMO-IP samples

Preparation of StageTips (Rappsilber et al., 2003), and high-pH fractionation of SUMO-IP samples on StageTip, was performed

essentially as described previously (Hendriks et al., 2018). Quad-layer StageTips were prepared using four punch-outs of C18 ma-

terial (Sigma-Aldrich, Empore SPE Disks, C18, 47 mm). StageTips were equilibrated using 100 mL of methanol, 100 mL of 80% aceto-

nitrile (ACN) in 200 mM ammonium, and two times 75 mL 50 mM ammonium. Samples were thawed out, and supplemented with 1/

10th volume of 200 mM ammonium, just prior to loading them on StageTip. The StageTips were subsequently washed twice with

75 mL 200mM ammonium, and afterward eluted as six fractions (F1-6) using 40 mL of 4, 7, 10, 13, 17, and 25%ACN in 50mM ammo-

nium. All fractions were dried to completion in LoBind tubes, using a SpeedVac for 2 h at 60�C, after which the dried peptides were

dissolved using 10 mL of 0.1% formic acid.

Total proteome sample preparation

A small portion (1% of total sample) from the exact peptide mixture fromwhich SUMO2was immunoprecipitated was used for deter-

mination of the total proteome, representing a Lys-C digest eluted off C8 Sep-Paks in the 25%–45% ACN range. The peptides were

further digested using modified sequencing grade Trypsin (1:100 w/w; Sigma Aldrich), overnight at 37�C. Tryptic peptides were frac-

tionated on-StageTip at high-pH, essentially as described above for SUMOylated peptides. Peptides were eluted as eight fractions

(F1-8) using 80 mL of 2, 4, 7, 10, 13, 17, 22, and 30%ACN in 50mMammonium. All fractions were dried to completion in LoBind tubes,

using a SpeedVac for 3 h at 60�C, after which the dried peptides were dissolved using 10 mL of 0.1% formic acid. 1.5 mL (0.15% of

original total sample) was used for final analysis on the MS.

MS analysis

All samples were analyzed on EASY-nLC 1200 system (Thermo), coupled to either a Q Exactive HF-X Hybrid Quadrupole-Orbitrap

mass spectrometer (Thermo) for SUMO samples, or an Orbitrap Exploris 480 mass spectrometer (Thermo) for total proteome sam-

ples. Separation of peptides was performed using 15-cm columns (75 mm internal diameter) packed in-house with ReproSil-Pur 120

C18-AQ 1.9 mm beads (Dr. Maisch). Elution of peptides from the column was achieved using a gradient ranging from buffer A (0.1%
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formic acid) to buffer B (80% acetonitrile in 0.1% formic acid), at a flow of 250 nl/min. Gradient length was 80 min per sample,

including ramp-up and wash-out, and an analytical gradient of 50 min. The buffer B ramp for the analytical gradient was as follows

for SUMO samples: F1: 13%–24%, F2: 14%–27%, F3-5: 15%–30%, F6: 17%–32%. And as follows for total proteome samples: F1:

5%–38%, F2: 6%–39%, F3: 7%–40%, F4: 8%–41%, F5: 9%–42%, F6: 10%–43%, F7: 12%–45%, F8: 14%–47%. The columnswere

heated to 40�C using a column oven, and ionization was achieved using either a Nanospray Flex Ion Source (Thermo) for SUMO sam-

ples or a NanoSpray Flex NG ion source (Thermo) for total proteome samples. Spray voltage was set at 2 kV, ion transfer tube tem-

perature was set to 275�C, and an RF funnel level of 40% was used. All SUMO samples were measured as two technical replicates,

with 5 mL of the sample per injection, and with different technical settings (‘‘Normal’’ and ‘‘Sensitive’’) to balance speed versus sensi-

tivity. For ‘‘Normal’’ SUMO analysis, full scan range was set to 400-1,600 m/z, MS1 resolution to 60,000, MS1 AGC target to

3,000,000, and MS1 maximum injection time to 60 ms. Precursors with charges 2-6 were selected for fragmentation using an isola-

tion width of 1.3m/z, and fragmented using higher-energy collision disassociation (HCD) with normalized collision energy of 25. Pre-

cursors were excluded from re-sequencing by setting a dynamic exclusion of 60 s. MS2 resolution was set to 60,000, MS2 AGC

target to 200,000, minimum MS2 GC target to 20,000, MS2 maximum injection time to 120 ms, and loop count to 7. For ‘‘Sensitive’’

SUMO analysis all settings were the same except MS1 resolution was set to 120,000, MS1 maximum injection time to 120 ms, MS2

maximum injection time to 500ms, loop count to 4, and a dynamic exclusion to 120 s. For total proteome analysis, full scan rangewas

set to 300-1,750m/z, MS1 resolution to 120,000, MS1 AGC target to ‘‘200’’ (2,000,000 charges), andMS1maximum injection time to

‘‘Auto.’’ Precursors with charges 2-6 were selected for fragmentation using an isolation width of 1.3 m/z, and fragmented using

higher-energy collision disassociation (HCD) with normalized collision energy of 25. Monoisotopic Precursor Selection (MIPS) was

enabled. Precursors were excluded from re-sequencing by setting a dynamic exclusion of 80 s, with an exclusion mass tolerance

of 20 ppm, exclusion of isotopes, and exclusion of alternate charge states for the same precursor. MS2 resolution was set to

15,000, MS2 AGC target to ‘‘200’’ (200,000 charges), MS2 intensity threshold to 430,000, MS2 maximum injection time to ‘‘Auto,’’

and TopN to 18.

Analysis of SUMO MS data

All MS RAW data was analyzed using the freely available MaxQuant software, version 1.5.3.30 (Cox and Mann, 2008; Cox et al.,

2011). All SUMOdata was processed in a single computational run, and default MaxQuant settings were used, with exceptions spec-

ified below. For generation of the theoretical spectral library, themouse FASTA databasewas downloaded fromUniprot on the 23rd of

July, 2018. The mature sequence of SUMO2 was inserted in the database to allow for detection of free SUMO. In silico digestion of

theoretical peptides was performed with Lys-C, Asp-N, and Glu-N, allowing up to 8 missed cleavages. Variable modifications used

were protein N-terminal acetylation (default), methionine oxidation (default), peptide N-terminal pyroglutamate, Ser/Thr/Tyr phos-

phorylation (STY), and Lys SUMOylation, with a maximum of 4 modifications per peptide. The SUMO mass remnant was defined

as described previously (Hendriks et al., 2018); DVFQQQTGG, H60C41N12O15, monoisotopic mass 960.4301, neutral loss b7-

DVFQQQT, diagnostic mass remnants [b2-DV, b3-DVF, b4-DVFQ, b5-DVFQQ, b6-DVFQQQ, b7-DVFQQQT, b9-DVFQQQTGG,

QQ, FQ, FQQ]. Label-free quantification was enabled, with ‘‘Fast LFQ’’ disabled. Maximum peptide mass was set to 6,000 Da. Strin-

gent MaxQuant 1% FDR filtering was applied (default), and additional automatic filtering was ensured by setting the minimum delta

score for modified peptides to 20, with a site decoy fraction of 2%.Matching between runs was enabled, with amatch timewindow of

1min and an alignment window of 20min. For protein quantification, the same variablemodifications were included as for the peptide

search. To further minimize false-positive discovery, additional manual filtering was performed at the peptide level. All modified pep-

tides were required to have a localization probability of > 80% and localization delta score of > 6, be supported by diagnostic mass

remnants, be absent in the decoy database, and have a delta score of > 40 in case SUMO modification was detected on a peptide

C-terminal lysine not preceding an aspartic acid or glutamic acid. All multiply-modified peptides were required to have a delta score

of > 40. SUMO target proteins were derived from the ‘‘proteinGroups.txt’’ file, and all post-filtering SUMO sites were manually map-

ped. Only proteins containing at least one SUMO site were considered as SUMO target proteins, and other putative SUMO target

proteins were discarded.

Analysis of total proteome MS data

All total proteome data was processed in a single computational run using MaxQuant 1.5.3.30 and default settings, with exceptions

specified below. For generation of the theoretical spectral library, the mouse FASTA database was downloaded from Uniprot on the

23rd of July, 2018. In silico digestion of theoretical peptides was performed with trypsin, allowing up to 3 missed cleavages. Variable

modifications used were protein N-terminal acetylation (default), methionine oxidation (default), and Ser/Thr/Tyr phosphorylation

(STY), with a maximum of 3 modifications per peptide. Second peptide search was enabled. Label-free quantification was enabled,

with ‘‘Fast LFQ’’ disabled, ‘‘LFQmin. ratio count’’ set to 3, and ‘‘Skip normalization’’ enabled. iBAQwas enabled. StringentMaxQuant

1% FDR filtering was applied at all levels (default). Matching between runs was enabled only within the same (and not neighboring)

fractions, with a match time window of 1 min and an alignment window of 20 min. For protein quantification, the same variable mod-

ifications were included as for the peptide search.

Quantification of SUMO sites and proteins

All experiments were performed in quadruplicate (n = 4). Quantification of SUMO sites was only performed on SUMO sites that were

detected at n = 4/4 in at least one cell type, after which MaxQuant intensity values were median-normalized within experimental con-

ditions. Other detections were considered qualitative. After n = 4/4 filtering and normalization, missing values were globally imputed

using Perseus software (Tyanova et al., 2016). SUMO target proteins were processed and quantified analogously to the proteins, but
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instead using MaxLFQ intensity values from MaxQuant, and requiring at least 2 peptides and at least one SUMOylated peptide per

protein. To find significant differences between MEF and ESC, 2-log transformed values were subjected to two-sample testing in

Perseus, with a permutation based FDR cut-off of 5% and a p0 value of 0.5.

Quantification of conjugated and free pools of SUMO

The mature sequence of SUMO2 was included as a FASTA file in the MaxQuant search, to allow detection of free mature SUMO2/3.

For quantification of pools of SUMO, the ‘‘modificationSpecificPeptides.txt’’ MaxQuant output file was used, and all peptides either

modified by SUMO2/3, or peptides derived from SUMO2/3 itself, were considered. Modification of peptides by SUMO was sub-

classed into targeting SUMO itself (chain formation), the E1 enzyme subunits (Sae1 and Uba2), the E2 enzyme (Ube2i), the E3 en-

zymes (Pias, Znf451, Ranbp2), or otherwise conjugation to other targets. Peptides derived from SUMO2/3 were sub-classed as in-

ternal, mature free SUMO2/3, immature SUMO2, or immature SUMO3. Peptides ending in QQTGG (predominantly DVFQQQTGG,

and to a lesser extent DTIDVFQQQTGG) were considered asmature free SUMO2/3. Peptides containing but not ending with QQTGG

were considered as immature SUMO2 (DVFQQQTGGVY), or immature SUMO3 (DVFQQQTGGSASRGSVPTPNRCP). Intensities for

each group were summed separately for individual replicates, and fractions were calculated from the summed intensities and used

for averages, standard deviations, and Student’s two-tailed t testing.

Quantification of SUMO chains

For SUMO chain quantification, intensity values were directly taken from the ‘‘evidence.txt’’ file. Only confidently localized (> 0.75)

evidences were used. SUMO-modified peptides originating from SUMO2/3 were isolated and binned based on modified lysines.

In case multiple lysines were simultaneously modified, the peptide intensity was added to each site. Mapped SUMO site positions

correspond to SUMO2, the predominantly expressed SUMO family member. Summed site intensities were converted to fractional

values within each replicate, and fractional values were averaged across replicates and used for averages, standard deviations, and

Student’s two-tailed t testing.

Correlation analysis

For the SUMOylome (n = 4), SUMO target protein LFQ intensity values were used (median CV = 25%–27%). For the total proteome

(n = 4), protein intensity values were used (median CV = 15%–18%). For the transcriptome (n = 3) (Cossec et al., 2018), RNA counts

were used (median CV = 12%–20%). Low RNA counts (range 1-10) were randomly adjusted by ± 0.5 counts to prevent an artificial

lack of noise, and all RNA counts were multiplied by 1 million to shift their magnitude into a range comparable to mass spectrometry

intensity values. In all cases, comparisons were only made if non-zero detections were made in at least 2 replicates. Geometric mean

values (excluding zeroes) were calculated, 2-log transformed, and correlations were calculated via linear regression.

Protein-protein interaction analyses of the SUMO substrates

A threshold of log2 fold change > 1 was used to specify which substrates were specifically modified in MEFs or ESCs. The protein

networks analyses were performed using the online version of STRING (STRING 11.0) (Szklarczyk et al., 2019) with high confidence

parameters (0.7), using the sources ‘‘Experiments, Databases, and Co-occurrence’’ and excluding the other sources ‘‘Textmining,

Neighborhood, Gene Fusion, and Co-expression’’ for higher stringency. The networks were then visualized and analyzed in Cyto-

scape software (Shannon et al., 2003).

Directed mutagenesis and cloning
The cDNA for Dppa2 (Origene, MR224204) and Dppa4 (Horizon, MMM1013-202805602) were commercially obtained. First, they

were transferred into a PSK vector to perform the mutagenesis using the PfuTurbo polymerase (Agilent) for Dppa2 and the Q5

Site-Directed Mutagenesis kit (NEB) for Dppa4 following the manufacturer’s instructions. The following primers were used for muta-

genesis: Dppa2 sense (GTTTGGCTCCTCCTCCTCGCGAAAGGGGACCAGCGTTAAAA), Dppa2 anti-sense (TTTTAACGCTGGT

CCCCTTTCGCGAGGAGGAGGAGCCAAAC), Dppa4 sense (GAGGACTGAACCGGGGGAGGAG), Dppa4 anti-sense (ATTCTTTTGT

GAGCTGTCTTCAACCTG). The cDNAs were then transferred back in the original commercial vector under CMV promoter for Dppa2

and a home-made expression vector under CMV promoter for Dppa4. For the experiments with Dppa2 and Dppa4 GFP fusions the

cDNAs were amplified from the previous plasmids using primers containing AttB1 and AttB2 sequences and cloned into the

pDONR221 vector. Gateway cloning (Thermo Scientific) was then used to transfer the cDNA sequences into an in-house-built

pDEST vector offered by Wolf Reik (Babraham Institute, Cambridge, UK) containing a CAG promoter and an in-frame C-terminal

eGFP-coding sequence and blasticidin resistance by IRES fusion.

Transfection
Transfections were performed using Lipofectamine 2000 (Thermo Fisher) following themanufacturer’s instructions. Cells were plated

the day before transfection using 2 mg of plasmid or 50 pmol of siRNAs (Table S6). The medium was changed one day after trans-

fection, and cells were collected two days after transfection for various analyses.

Quantitative PCR
cDNA was generated from 1 mg total RNA purified by Trizol extraction with a High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystems). Quantitative real-time PCR analysis was performed with Power SYBR Green master mix (Thermo Scientific) and the

primer sets (Table S6) using cDNA. Quantitative real-time PCR was performed on a CFX96 PCR system (Bio-Rad).
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His SUMO-2 immunoprecipitation
The His SUMO-2 immunoprecipitations were performed as described previously (Tatham et al., 2009). Briefly, HeLa wells were

seeded one day before transfection with the constructs indicated in the Figure 5F. Two days later, a small fraction of cells was

collected in Laemmli buffer to serve as input. The other fraction was washed 3 times in cold PBS and subsequently lysed in cell lysis

buffer (6 M Guanidine-HCl, 10 mM Tris, 100 mM sodium phosphate, buffered at pH 8.0). 2-mercaptoepthanol and imidazole were

added to the samples to a final concentration of 5 mM. Next, the lysates were sonicated for 30 s at 50% of the full power. Lysates

were centrifuged at 3000g to pellet the debris. The supernatant was incubated with 50 mL of Ni2+ NTA beads (QIAGEN) that were pre-

equilibrated by washing 3 times in cell lysis buffer. The next day, beads were centrifuged at 750g for 2min, and washed 5 times in cell

lysis buffer. Proteins were eluted using 40 mL of Laemmli buffer.

Immunoblots
Cells were collected and directly lysed in Laemmli buffer. Proteins were quantified using Pierce solution supplemented with Ionic

Detergent Compatibility Reagent (Thermo Scientific), following manufacturer’s instructions. Equal amounts of cells were loaded

for immunoblotting, and sample loading was assessed by Ponceau staining after membrane transfer. Antibodies against SUMO2

(MBL, M114-3), SUMO1 (Abcam, ab32058), Ubc9 (Abcam, ab75854), Dppa2 (Millipore, MAB4356), Dppa4 (R&D Systems,

AF3730), Hnrnpc (Abcam, ab133607), Histone H3 (Abcam, ab24834), Smchd1 (Abcam, ab31865), HA-probe (Santa Cruz, SC805),

Sae1 (Abcam, ab185949), Uba2 (Abcam, ab185955), Pias1 (Cell Signaling, 3550), Pias2 (Novus Biologicals, NBP2-19819), Pias3

(Santa Cruz, SC46682), Pias4 (Cell Signaling, 4392), Znf451 (Sigma, SAB2108741), Ranbp2 (Santa Cruz, SC74518), Senp1 (Santa

Cruz, SC271360), Senp2 (Santa Cruz, SC67075), Senp3 (Cell Signaling, 5591), Senp5 (Abcam, ab47631), Senp6 (Thermo Fisher Sci-

entific, PA5-69704), and Senp7 (Thermo Fisher Scientific, PA5-36089), were used between 1/1000 and 1/500 concentration accord-

ing to standard protocols and supplier’s recommendations.

Flow cytometry
For flow cytometry, cells were collected, washed three times in cold PBS, and analyzed on aMACSQuant Analyzer. The results were

analyzed in FlowJo. A stringent FSC and SSC gate was used to separate cells from debris. Only cells that were GFP-positive (GFP+)

were considered as transfected and used to probe the number of tdTomato-positive (tdTomato+) cells.

Affymetrix micro-arrays
MERVL:tdTomato Dppa2/4 knock out embryonic stem cells were transfected with Dppa2 and Dppa4 WT-GFP plasmids or SUMO

deficient Dppa2 and Dppa4 GFP plasmids, using Lipofectamine 2000 according to manufacturer’s instructions. GFP+ cells were

selected by flow cytometry and total RNA was prepared by TRIzol extraction (Invitrogen). RNA integrity and concentration were eval-

uated with a 2100 Bioanalyzer and RNA 6000 Nano kit (Agilent). The preparation of cDNA and its hybridization to an Affymetrix Mouse

Gene 2.0 ST Array was performed following the manufacturer’s protocol (Thermo Fisher). A fold change of > 2 was used as the cri-

terion for significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the GraphPad Prism v7 software. Data are represented as Mean + SD or Mean ± SD,

statistical significance was assessed by Student’s two-tailed t testing; * p < 0.05, ** p < 0.01, *** p < 0.001.
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