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SUMMARY
The cyclin-dependent kinase 1 (Cdk1) drives cell division. To uncover additional functions of Cdk1, we gener-
ated knockin mice expressing an analog-sensitive version of Cdk1 in place of wild-type Cdk1. In our study,
we focused on embryonic stem cells (ESCs), because this cell type displays particularly high Cdk1 activity.
We found that in ESCs, a large fraction of Cdk1 substrates is localized on chromatin. Cdk1 phosphorylates
many proteins involved in epigenetic regulation, including writers and erasers of all major histone marks.
Consistent with these findings, inhibition of Cdk1 altered histone-modification status of ESCs. High levels
of Cdk1 in ESCs phosphorylate and partially inactivate Dot1l, the H3K79 methyltransferase responsible for
placing activating marks on gene bodies. Decrease of Cdk1 activity during ESC differentiation de-represses
Dot1l, thereby allowing coordinated expression of differentiation genes. These analyses indicate that Cdk1
functions to maintain the epigenetic identity of ESCs.
INTRODUCTION Genetic experiments revealed that nearly all mammalian
Progression of cells through the cell cycle is driven by protein

complexes composed of the regulatory subunits, cyclins, and

their catalytic partners, the cyclin-dependent kinases (Malum-

bres and Barbacid, 2005; Satyanarayana and Kaldis, 2009). In

yeast, a single cyclin-dependent kinase, Cdk1 (CDC28 protein

in Saccaromyces cerevisiae and Cdc2 in Schizosaccharomyces

pombe) is activated at different stages of the cell cycle by distinct

cyclin proteins and drives progression of cells through the

entire cell cycle (Bloom and Cross, 2007; Morgan, 2007). In

contrast, mammalian cells express several different cyclin-

dependent kinases in addition to Cdk1, such as Cdk2, Cdk3,

Cdk4, and Cdk6. These Cdks are activated by various cyclin

subunits belonging to the D-, E-, A-, and B-type families, and

phosphorylate cellular proteins, thereby driving cell-cycle pro-

gression (Malumbres and Barbacid, 2005; Satyanarayana and

Kaldis, 2009).
Cdks are dispensable for cell proliferation in vivo and are

only required for cell division in a narrow range of specific

compartments (Berthet et al., 2003; Malumbres et al., 2004;

Ortega et al., 2003; Rane et al., 1999; Tsutsui et al., 1999;

Ye et al., 2001). In contrast, Cdk1 is absolutely essential for

cell proliferation in all cell types studied. Genetic ablation of

Cdk1 resulted in an early embryonic lethality, while condi-

tional shutdown of Cdk1 in postnatal mice halted cell prolifer-

ation (Diril et al., 2012; Santamarı́a et al., 2007). Hence, Cdk1

represents the master regulator of cell-cycle progression,

which has been conserved from yeast to humans (Mor-

gan, 2007).

Numerous studies have documented the molecular functions

of Cdk1 in driving cell division. Mammalian Cdk1 is activated

by the B-type cyclins and phosphorylates a large number of

proteins that regulate a wide array of events associated with

mitotic progression and cell division, such as reorganization of
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the cytoskeleton, nuclear envelope breakdown, chromosome

condensation, mitotic spindle assembly and function, chromo-

some segregation, and cytokinesis (Gavet and Pines, 2010; Ko-

tak et al., 2013; Mishima et al., 2004; Seibert et al., 2019). Cdk1 is

also activated by the A-type cyclins; cyclin A-Cdk1 complexes

phosphorylate proteins involved in DNA replication, G2 phase

progression and entry of cells into mitosis (Furuno et al., 1999;

Katsuno et al., 2009; Pagliuca et al., 2011; Vigneron et al., 2018).

While these cell-cycle functions of Cdk1 have been exten-

sively studied, little is known whether this kinase performs

additional, cell-type-specific or tissue-specific, cell-cycle-inde-

pendent functions. To address this question, in this study,

we developed knockin mice expressing an analog-sensitive

version of Cdk1 in place of the endogenous Cdk1. These mice,

and cells derived from them, allow one to identify Cdk1 sub-

strates in essentially any organ or cell type, and at any stage of

development.

In our study, we focused on the function of Cdk1 in embryonic

stem cells (ESCs). These cells display very high activity of Cdk1

(and of closely related Cdk2) that greatly exceed those seen in

other proliferating cell types (Fluckiger et al., 2006; Fujii-Yama-

moto et al., 2005; Liu et al., 2019; Stead et al., 2002; Wang

et al., 2017; White et al., 2005). The molecular function of such

high levels of Cdk1 kinase in ESCs has been largely unknown.

Using our system, we uncovered an unexpected function of

Cdk1 in regulating the global epigenetic landscape of pluripotent

stem cells.

RESULTS

Mice Expressing Analog-Sensitive Cdk1 Allow
Identification of Cdk1 Substrates
To generate an ‘‘analog-sensitive’’ version of Cdk1 (further

referred to as AS-Cdk1), wemutated the conserved bulky ‘‘gate-

keeper’’ residue in Cdk1’s ATP-binding pocket from phenylala-

nine 80 to a smaller amino acid, glycine (Figure S1A). Such amino

acid substitution creates an enlarged ATP-binding pocket not
Figure 1. Analyses of ESCs and Organs Expressing Analog-Sensitive C

(A) Diagram illustrating different experimental approaches using analog-sensitive

(B) Endogenous Cdk1 was immunoprecipitated from Cdk1+/+ or Cdk1AS/AS ESCs

control, immunoprecipitates obtained with normal IgG (IgG) were used for kinase r

(arrowhead points to the band corresponding to Cdk1). +3-MB-PP1 denotes ad

(C) Cdk1+/+ or Cdk1AS/AS ESCs were cultured for 18 h in the presence of vehicl

cytometry.

(D) Cdk1+/+ or Cdk1AS/AS ESCs were cultured for 4 days in the presence of the indi

mark places where the image was combined from non-adjacent wells.

(E) Experimental outline of using Cdk1AS/AS cells for identification of substrates.

epitopes for an anti-thiophosphate ester antibody.

(F) In vitro cultured Cdk1AS/AS or Cdk1+/+ ESCs were permeabilized by treatmen

furfuryl-ATPgS for 20 min. Cells were then alkylated with PNBM, and thio-label

antibody. Scale bar, 50 mm.

(G) Detection of Cdk1 substrates in in vitro cultured Cdk1AS/AS ESCs or in froze

thymuses isolated from Cdk1AS/+ (AS/+) or control Cdk1+/+ mice (+/+). Staining fo

(H) In vitro cultured ESCswere permeabilized and supplemented with one of N6-su

(Ph), or N6-furfuryl-ATPgS (Fu) for 20 min. Proteins were then analyzed by wes

phorylated proteins (representing Cdk1 phosphorylation substrates).

(I) Protein lysates were prepared from the indicated organs of Cdk1AS/+ mice and s

substrates). Lysates were then immunoblotted using an anti-thiophosphate este

See also Figure S1.
found in any wild-type kinase (Bishop et al., 2000) (Figure 1A).

In addition, methionine 32 in the third exon of Cdk1 has been

changed to valine. This additional substitution, called ‘‘suppres-

sor of glycine gatekeeper’’ is often needed to maintain normal ki-

nase activity of analog-sensitive kinases (Figure S1B) (Zhang

et al., 2005). Several studies documented that such substitutions

do not alter the kinase specificity (Blethrow et al., 2008; Shah

et al., 1997;Witucki et al., 2002). However, the substituted kinase

can be selectively inhibited by ‘‘bulky’’ chemical compounds

such as 1-NM-PP1 or 3-MB-PP1, which can occupy the

enlarged pocket (Figure 1A). Importantly, these compounds do

not inhibit any other kinase in the mammalian kinome (Bishop

et al., 2000). Moreover, the analog-sensitive kinases can accept

the N6-substituted bulky ATP analogs, while wild-type kinases

cannot utilize these compounds, due to steric hindrance of the

gatekeeper residue (Hertz et al., 2010) (Figure 1A). Hence, by

providing cells expressing an analog-sensitive kinase with bulky

ATP analogs in which the gamma phosphate has been replaced

with a thiophosphate moiety, one can uniquely label direct

kinase substrates with thiophosphate (Hertz et al., 2010). This

thiophosphate tag can be then used to purify and identify target

proteins (Hertz et al., 2010).

We first verified that AS-Cdk1 can be potently and reversibly

inhibited by 3-MB-PP1 (Figure S1B). We then used gene-target-

ing and knocked in the analog-sensitive substitutions into the

endogenous Cdk1 locus in ESCs, thereby generating homozy-

gous Cdk1AS/AS ESCs expressing inhibitable Cdk1 (Figures 1B

and S1C–S1G). As expected, when cultured in the absence of

inhibitors of analog-sensitive kinases, Cdk1AS/AS cells prolifer-

ated normally and displayed unperturbed cell-cycle profiles

(Figure S1H). Addition of analog-sensitive inhibitors 1-NM-PP1

or 3-MB-PP1 to the culture medium blocked proliferation of

Cdk1AS/AS cells and arrested their cell-cycle progression in

G2/M, consistent with the rate-limiting role of Cdk1 in mitotic

entry (Diril et al., 2012) (Figures 1C, 1D, and S1H). As expected,

3-MB-PP1 has no effect on proliferation of Cdk1+/+ cells (Figures

1C, 1D, and S1H).
dk1

kinases.

and subjected to in vitro kinase reactions with histone H1 as a substrate. For

eactions. Lower panel: immunoblots were probedwith antibodies against Cdk1

dition of 3-MB-PP1.

e (DMSO), or 3-MB-PP1, stained with propidium iodide and analyzed by flow

cated concentrations of 3-MB-PP1 and stained with crystal violet. Vertical lines

PNBM, p-nitrobenzyl mesylate used to alkylate proteins in order to generate

t with digitonin, and supplemented with N6-substituted bulky ATP analog, N6-

ed substrates visualized by immunostaining with an anti-thiophosphate ester

n sections prepared from embryonic day 14.5 fetal livers or postnatal day 21

r phospho-histone H3 (pH3) was used to detect mitotic cells. Scale bar, 20 mm

bstituted bulky ATPgS analogs, N6-benzyl-ATPgS (Bn), N6-phenylethyl-ATPgS

tern blotting with an anti-thiophosphate ester antibody to detect thio-phos-

upplemented for 20minwith N6-furfuryl-ATPgS (to allow labeling of direct Cdk1

r antibody to detect thio-phosphorylated proteins.
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Figure 2. Localization of Cdk1 Substrates on Chromatin

(A) In vitro cultured Cdk1AS/AS or Cdk1+/+ ESCs were supplemented with 6-Fu-ATP-g-S for 20 min to thiolabel direct Cdk1 substrates. The indicated fractions

were prepared and analyzed by western blotting with an anti-thiophosphate ester antibody (to detect thio-phosphorylated proteins), or with an anti-Cdk1

antibody. Immunoblots were also probedwith antibodies against a-tubulin (marker of the cytoplasmic fraction), calreticulin (membranes), topoisomerase I (topo I,

soluble nuclear and chromatin), histone H3 (chromatin), and vimentin (cytoskeleton).

(B) The outline of ‘‘thio-ChIP-sequencing’’ approach. PNBM, p-nitrobenzyl mesylate used to alkylate proteins in order to generate epitopes for an anti-thio-

phosphate ester antibody.

(C) Distribution of thiopeaks relative to transcription start sites (TSS) of annotated genes.

(D) A pie-chart depicting the fraction of genes with thiopeaks among active, bivalent, and silent (containing no H3K4me3 and no H3K79me2 marks) genes.

(E) Examples of thio-ChIP-seq peaks (representing DNA-bound Cdk1 substrates) and histone modification profiles for actively transcribed (Ctnnb1) and bivalent

(Irf8) genes. Shown are genome browser tracks for thio-ChIP-seq as well as publicly available ChIP-seq data for the indicated histone marks in mouse ESCs.

(F) Boxplots illustrating expression levels of ESC genes containing thiopeaks in their promoter regions (thio-genes) versus of all other genes (other genes).

p < 2.2 3 10�16 (Mann-Whitney test).

See also Table S1.
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To label direct Cdk1 substrates, we cultured Cdk1AS/AS

cells in the presence of N6-substituted ATPgS analogs bearing

a transferable thiophosphate group (Figure 1E). Subsequently,

thiophosphorylated proteins were intracellularly visualized

by immunostaining of cells with an anti-thiophosphate ester

antibody. Indeed, we detected the presence of abundant

Cdk1 substrates in Cdk1AS/AS cells (Figures 1F and 1G, top
462 Molecular Cell 78, 459–476, May 7, 2020
row). As expected, Cdk1+/+ cells were unable to utilize bulky

ATPgS analogs, and hence displayed no staining (Figure 1F).

In an alternative approach to detect Cdk1 substrates, we

cultured Cdk1AS/AS cells with three chemically distinct types

of N6-substituted ATPgS as above, prepared protein lysates

and immunoblotted them with an anti-thiophosphate ester

antibody. Again, we observed thiolabeling of a large number
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Figure 3. Identification and Analyses of Cdk1 Substrates in ESCs

(A) Schematic representation of the direct labeling and inhibition approaches.

(B) Summary of the direct labeling approach. A total of 1,181 unique thiophosphorylated peptides were detected; 92% of these were ‘‘Cdk1-specific’’, because

they were never detected in Cdk1+/+ cells. Only ‘‘Cdk1-specific’’ peptides were used for subsequent analyses. 64% of ‘‘Cdk1-specific’’ peptides contained

thiophosphorylated serine or threonine residue followed by a proline.

(C) Summary of the inhibition approach. In total, we quantified 11,842 unique phosphopeptides. 19% of them showed altered phosphorylation status (p < 0.05

using the t test with Benjamini-Hochberg correction) in Cdk1-inhibited cells. 97% of these peptides displayed reduction in phosphorylation upon Cdk1 inhibition.

In 53% of peptides showing decreased phosphorylation upon Cdk1 inhibition, the residue displaying decreased phosphorylation corresponded to serine or

threonine followed by a proline.

(legend continued on next page)
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of Cdk1 substrates in Cdk1AS/AS, but not in CDK1+/+ cells

(Figure 1H).

We next injected Cdk1AS/+ cells into mouse blastocysts, and

generated Cdk1AS/+ animals using standard methods. These

mice were viable and displayed no overt abnormalities. We

collected different organs from Cdk1AS/+ animals and incubated

protein lysates in the presence of bulky ATPgS analogs. As it was

the case in ESCs, this led to thiolabeling of Cdk1 substrates,

which were visualized by probing the immunoblots with an

anti-thioester antibody (Figure 1I). Moreover, by supplementing

histologic sections of organs from Cdk1AS/+ mice with bulky

ATPgS, we were able to intracellularly label Cdk1 substrates,

which were detected by immunostaining with an anti-thioester

antibody (Figure 1G, 2nd to 4th rows). Hence, our approach al-

lows one to visualize Cdk1 substrates at a single-cell resolution.

Identification of Cdk1 Substrates in Pluripotent
Stem Cells
In our study, we decided to focus on ESCs, because this cell type

expresses high activity of Cdk1 (and of closely related Cdk2),

which by far exceeds that seen in other proliferating compart-

ments (see Figure 6A) (Fluckiger et al., 2006; Fujii-Yamamoto

et al., 2005; Liu et al., 2019; Stead et al., 2002; Wang et al.,

2017; White et al., 2005). The molecular role of the very high

Cdk1/2 levels in ESCs remains largely unknown.

First, we took advantage of our system to investigate the sub-

cellular localization of Cdk1 substrates in ESCs. To this end, we

labeled Cdk1 substrates (by supplementing in vitro cultured

Cdk1AS/AS ESCs with bulky ATPgS analogs), performed subcel-

lular fractionation, and detected thiophosphorylated proteins in

different fractions by immunoblotting. Very surprisingly, we

found that a large fraction of Cdk1 substrates was present in

the chromatin fraction, suggesting that many of Cdk1 substrates

in ESCs may be DNA-bound (Figure 2A).

To further investigate this possibility, we developed

the ‘‘thio-chromatin immunoprecipitation (ChIP)-sequencing’’’

method. Specifically, we cultured Cdk1AS/AS cells in the pres-

ence of bulky ATPgS analogs (to label direct Cdk1 substrates),

crosslinked proteins to DNA, immunoprecipitated thiophos-

phorylated proteins with an anti-thiophosphate ester antibody,

and subjected the immunoprecipitates to DNA sequencing

(Figure 2B). These analyses revealed 7,924 specific enrichment

regions (‘‘thiopeaks’’) corresponding to DNA-bound Cdk1 sub-

strates, which were assigned to 8,352 genes (Table S1). 66.4%

of these peaks were located within 5 kb of transcription start
(D) Waterfall plot depicting changes in phosphorylation of peptides upon Cdk1

phosphopeptide in 3-MB-PP1- versus in vehicle-treated cells. Negative values co

(E) Venn diagram summarizing results of the inhibition approach. The blue square

unique phosphopeptides is in brackets). The yellow rectangle corresponds to

depicts proteins (peptides) showing decreased phosphorylation upon Cdk1-inhib

the yellow and red rectangles as putative Cdk1 substrates (622 proteins, 1,177 p

(F) Venn diagram illustrating the overlap between proteins identified by us as Cd

approaches. Proteins were considered as substrates only if the phosphorylation

known Cdk1 substrates (as reported by PhosphoSite Plus substrate page for C

is shown.

(G) Graphic representation of the top ten significantly enriched GO categories am

adjusted using the Benjamini-Hochberg procedure.

See also Figures S2 and S3 and Tables S2, S3, and S5.
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sites (Figure 2C). By overlaying the thiopeaks with available

ChIP-sequencing data of histone modifications in ESCs, we

found that these peaks preferentially occupy promoters of active

(marked by H3K4me3 and H3K79me2) or bivalent (marked by

H3K4me3 and H3K27me3) genes (Figures 2D and 2E). Intersec-

tion of thio-ChIP-sequencing with our RNA-sequencing data of

ESC (Table S1) revealed that genes containing Cdk1 substrates

on their promoters are generally expressed at higher levels than

the remaining genes (Figure 2F).

To determine the identity of Cdk1 substrates in ESCs, we

captured thiophosphorylated proteins from whole cell lysates

and analyzed them by mass spectrometry (Figure 3A). In total,

we detected 1,181 unique peptides that were labeled by

thiophosphate moieties (Table S2). 64% of these conformed

to the consensus serine/threonine-proline (S/T-P) Cdk1 phos-

phorylation sequence (Figure 3B), and we considered proteins

containing these residues (417 in total) as putative direct Cdk1

phosphorylation substrates (Table S2).

We next used an orthogonal approach to identify proteins

that depend on Cdk1 for their phosphorylation in ESCs. We

acutely inhibited Cdk1 by treating Cdk1AS/AS ESCs with 3-MB-

PP1 for 30 min and verified that such short treatment did not

significantly alter the cell-cycle profile of cells (Figure S1I).

Subsequently, we prepared lysates from Cdk1-inhibited and

control (vehicle-treated) ESCs, enriched the samples for phos-

phopeptides, labeled them with different isobaric tandem mass

tags (TMT) (McAlister et al., 2012; W€uhr et al., 2012), and

quantified phosphopeptides by mass spectrometry (Figure 3A).

Inhibition of Cdk1 resulted in decreased phosphorylation

(Benjamini-Hochberg corrected p value <0.05) of 2,228 unique

peptides (Table S2). 52.8% of these peptides contained

phosphoresidues that conformed to the consensus Cdk1

phosphorylation S/T-P sequence, and we considered proteins

carrying these residues (662 in total) as potential Cdk1 sub-

strates (Figures 3C–3E; Table S2). Importantly, we observed an

over 50% overlap between Cdk1 substrates identified by the

two approaches (direct labeling versus acute inhibition, Fig-

ure 3F; p < 1.6 3 10�115). Among proteins identified in each of

these approaches we detected several known Cdk1 substrates,

with the highest number present among proteins commonly

identified by the two methods (Figure 3F).

Computational Analyses of Cdk1 Substrates
We observed that proteins identified by us as Cdk1 sub-

strates displayed a higher number of Cdk1-dependent
inhibition. Shown are log2 values of the ratio between abundance of each

rrespond to decreased phosphorylation, positive to increased phosphorylation.

depicts all phosphoproteins quantified by mass spectrometry (the number of

quantified proteins (peptides) containing S/T-P sequence. The red rectangle

ition (Benjamini-Hochberg p value <0.05). We considered the overlap between

eptides).

k1 substrates in the direct labeling (green circle) and inhibition (orange circle)

site matched the consensus S/T-P sequence. The number (and percentage) of

dk1) identified using each approach, and by both approaches (intersection)

ong Cdk1 substrates identified using the inhibition approach. p values were
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phosphoresidues than that predicted by a random chance

(Figure S2A); moreover these residues non-randomly clus-

tered along the amino acid sequence of target proteins (Fig-

ures S2B–S2D). We also observed that most of Cdk1 phos-

phorylation sites (72.7%) were located in disordered

domains of target proteins. Analysis of the amino acid se-

quences surrounding the Cdk1-dependent residues recov-

ered a consensus sequence S/T-P-X-K-K-K-K-K (where X

represents any amino acid); almost exactly the same motif

was identified in the labeling and in the inhibition approaches

(Figures S3A–S3D). These analyses indicate that the Cdk1

consensus sequence displays a stronger preference for basic

residues following the +2 position than currently appreciated.

Intriguingly, in the direct labeling approach, we observed

that in several instances AS-Cdk1 phosphorylated serines

or threonines that were not followed by the proline residue.

Analysis of these non-canonical targets recovered a consensus

S/T-X-K/X-K-K-K-K-K sequence (Figures S3E and S3F). These

findings are consistent with the observations that in vitro Cdk1

can phosphorylate non-S/T-P sites (Harvey et al., 2005;

McCusker et al., 2007; Suzuki et al., 2015; Brown et al., 2015)

and suggest that Cdk1 may phosphorylate in vivo a broader

range of substrates than anticipated. For the purpose of this

study, however, we only focused on proteins phosphorylated

by Cdk1 within the canonical S/T-P sequence.

We next analyzed putative Cdk1 substrates for enrichment in

Gene Ontology (GO) categories. As expected, we observed

enrichment for functions involved in cell division. Strikingly,

the GO term ‘‘covalent chromatin modification’’ was signifi-

cantly enriched among substrates identified by the direct

labeling, in the inhibition approach, as well as by both methods

(Figures 3G, S2E, and S2F; Table S3). In total, we enumerated

76 epigenetic regulators among Cdk1 substrates, representing

writers (such as Mll2, G9a, Prdm2, Setdb1, Setd8, Suv39h2,

Ezh2, Nsd1, Nsd2, Setd2, Dot1l, and p300) and erasers

(Lsd1/Kdm1a, Phf2, Phf8, Jmjd1c, Kdm2a, Kdm3b, Kdm4b,

Kdm4c, Kdm5a, Kdm6b, and Hdac6) of essentially all major

histone modifications: H3K4me, H3K9me, H3K27me,

H3K36me, H3K79me, H4K20me, H3K9Ac, and H3K27Ac, as

well as several epigenetic readers (such as Brd4 and Ledgf/

Psip1) (Figure 4A; Table S4).
Figure 4. Phosphorylation of Epigenetic Regulators by Cdk1

(A) A table listing chromatin modifying enzymes (writers and erasers) identified by

(B) Examples of murine epigenetic regulators identified by us as Cdk1 substrate

corresponding ortholog fromS. cerevisiae. Shown is alignment of themurine and t

phosphorylated by Cdk1 in inhibition and/or labeling approaches are marked in

(C) In vitro kinase reactions with the indicated wild-type cyclin-Cdk kinases, using

the canonical Cdk1 and Cdk2 substrate, histone H1, were used to ensure the com

Lanes marked ‘‘�’’ indicate incubation of substrates with [g32P]-ATP without any

(D) 293T cells were transfected with constructs encoding cyclin E, analog-sensiti

Cells were permeabilized with digitonin and supplemented with N6-furfuryl-ATPg

Flag antibody, and immunoblots probed with an anti-thiophosphate ester antibod

cyclin E-Cdk2) was expressed in cells together with cyclin E and analog-sensitiv

cells with cyclin E and wild-type Cdk2 (WT). Lower panel: whole cell lysates (WCL

and Lsd1, respectively (see Method Details).

(E) Cdk1AS/AS ESCs were left untreated (lanes 1 and 4), or treated with 3-MB-PP1 f

against the indicated histone modifications and against histone H3 (Total H3,

normalized against total histone H3 levels. Mean values ± SD of 2 replicates.

See also Figures S4 and S5 and Table S4.
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Comparison with Yeast Cdk1 Substrates
To extend these findings, we took advantage of a study that

identified yeast Cdk1 substrates using the inhibition approach

in Saccharomyces cerevisiae expressing analog-sensitive

Cdk1 (CDC28) (Holt et al., 2009). We observed a significant over-

lap (p = 3.343 10�10) between Cdk1 substrates identified by the

inhibition approach in yeast versus in mouse ESCs, including

several well-established targets of Cdk1 such as Cdc20, Bub1,

Cdc6, Cdc25b, and Plk1 (Figure S2G; Table S5). However, yeast

Cdk1 substrates did not show enrichment for ‘‘chromatin modi-

fication’’ GO category, indicating that this function of Cdk1 is not

evolutionarily conserved (Figure S2H; Table S3). Indeed, analysis

of murine epigenetic regulators identified by us as Cdk1 sub-

strates revealed that 24 of them do not have yeast orthologs (Ta-

ble S4). In case of additional 27 murine epigenetic regulators

where yeast orthologs are present, the Cdk1-dependent phos-

phorylation events occur on domains that are absent in the yeast

counterparts (Figures 4B and S4; Table S4).

The Function of Cdk1 in Epigenetic Regulation
To further probe a possible role of mammalian Cdk1 in epige-

netic regulation, we tested phosphorylation of 19 epigenetic

regulators, selected from proteins identified by us as potential

Cdk1 substrates, using three approaches: (1) we performed

in vitro kinase reactions with wild-type Cdk1 together with cy-

clins A or B (Figure 4C); (2) because Cdk1 sharesmany of its sub-

strates with a closely related cyclin-dependent kinase Cdk2,

which is also highly active in ESCs (Liu et al., 2019; Stead

et al., 2002; White et al., 2005), we performed in vitro kinase

reactions with Cdk2 (Figure 4C); and (3) to test if epigenetic

regulators are phosphorylated by Cdk2 in vivo, we ectopically

co-expressed epigenetic regulators together with analog-sensi-

tive Cdk2. Bulky ATPgS was added to cells, resulting in thiolab-

eling of direct Cdk2 substrates. Epigenetic regulators were then

immunoprecipitated, and immunoblots were probed with

an anti-thiophosphate ester antibody to detect thiophosphory-

lation by AS-Cdk2 (Figure 4D). Using these approaches we veri-

fied 18/19 tested epigenetic regulators as direct Cdk1 and Cdk2

substrates. Intriguingly, we observed some specificity in the

ability of particular cyclin-Cdk combinations to phosphorylate

different epigenetic regulators. For example, Phf8, G9a, and
us as Cdk1 substrates using the direct labeling and/or inhibition approaches.

s, which are phosphorylated by Cdk1 within the domain that is absent in the

he correspondingS. cerevisiae protein. Residues ofmouse proteins found to be

red.

the indicated epigenetic regulators as substrates. In vitro kinase reactions with

parable specific activity of all cyclin-Cdk kinases used (Hist H1, lowest panel).

added kinase.

ve Cdk2 (AS), and Flag-tagged versions of the indicated epigenetic regulators.

S. Subsequently, epigenetic regulators were immunoprecipitated with an anti-

y. As a negative control, Flag-tagged version of Hsp90 (not phosphorylated by

e Cdk2. For another negative control, epigenetic regulators were expressed in

) were probed with an anti-Flag antibody. 3xAla and T60E are mutants of G9a

or 3 (lane 2) or 4 days (lane 3). Chromatin fractions were probed with antibodies

loading control). Right: densitometric quantification of the indicated marks,



(legend on next page)
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Arid4b were efficiently phosphorylated by cyclin A-Cdk1,

B-Cdk1, and E-Cdk2; Lsd1 and Jarid2 by cyclin A-Cdk1 and

E-Cdk2; and Kdm6b, Kdm4c, and Kdm2a mainly by cyclin

A-Cdk1. These observations raise a possibility that different

cyclin-Cdks may play distinct roles in the epigenetic regulation.

To further verify the significance of phosphorylation of

epigenetic regulators by Cdk1, we inserted phosphomimetic

or phosphoinactivating substitutions into Cdk1-dependent

phosphoresidues of the H3K9 methyltransferase G9a. Muta-

tion of these residues to alanines significantly increased the

levels of G9a protein in ESCs, while the phosphomimetic

G9a mutant was expressed at strongly reduced levels (Fig-

ure S5A). These observations suggest that phosphorylation

of G9a by Cdk1 may destabilize G9a. Consistent with this

notion, we observed that inhibition of Cdk1 kinase activity in

ESCs resulted in a strong upregulation of G9a protein levels,

which was followed by significantly increased global

H3K9me3 mark (Figure S5B).

Collectively, these observations raised a possibility that

Cdk1 might regulate the epigenetic landscape in ESCs by

directly phosphorylating a large number of epigenetic regulators.

To test this, we treated Cdk1AS/AS cells with 3-MB-PP1, isolated

the chromatin fraction, and probed immunoblots with antibodies

against nine different histone modifications. We observed that

the levels of all these modifications were significantly altered

upon Cdk1 inhibition (Figure 4E).

Regulation of Dot1l by Cdk1 in ESCs
To start dissecting the role of Cdk1 in epigenetic regulation of

ESCs, we focused on Dot1l, an enzyme catalyzing transfer of

methyl groups to lysine 79 of histone H3 (Nguyen and Zhang,

2011). H3K79 methylation marks are localized within the bodies

of transcribed genes, and the amount of the modification corre-

lates with gene expression levels (Nguyen and Zhang, 2011;

Sch€ubeler et al., 2004; Steger et al., 2008; Vakoc et al., 2006).
Figure 5. Negative Regulation of Dot1l by Cdk1

(A) In vitro kinase reactions with the indicated wild-type cyclin-Cdk kinases using D

ensure the comparable activity of all cyclin-Cdk kinases used. Lanes marked ‘‘�’

kinase. In the upper right panel, the middle lanes were spliced out (indicated by

(B) Amino acid sequence of Dot1l containing the predicted bipartite nuclear local

Below, changes in the phosphorylation status of the indicated Dot1l phosphopept

(>40% decrease in phosphorylation) contains the S1105 phosphosite.

(C) Cdk1 or Cdk2 were immunoprecipitated from human breast cancer MCF7 or w

as a substrate. For control, immunoprecipitates from ESCs with normal IgG (IgG

(D) MCF7 cells were transfected with constructs encoding Flag-tagged wild-type

assessed by immunostaining with an anti-Flag antibody. DAPI was used to visua

(E and F) Cdk1AS/AS ESCs were transduced with lentiviruses encoding Flag-tagg

treated for 6 h with vehicle (DMSO) or 3-MB-PP1, and Dot1l localization was asse

cell nuclei. Scale bar, 5 mm.

(G) Cdk1AS/AS ESCs were cultured in the presence of vehicle (DMSO) or 3-MB-P

H3K79me2; DAPI was used to visualize cell nuclei. Scale bar, 10 mm.

(H) Distribution of H3K79me2 peak widths in Cdk1AS/AS ESCs threated with vehi

(I) H3K79me2 ChIP-sequencing signal height and position relative to transcription

with DMSO or 3-MB-PP1.

(J) ChIP-sequencing density heatmap of H3K79me2 enrichment in DMSO- or 3-M

Gene order was arranged from highest to lowest density.

(K) Examples of H3K79me2 modification profiles in Cdk1AS/AS ESCs treated with

ChIP-sequencing.

See also Figure S5 and Tables S6 and S7.
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The rationale for focusing on Dot1l was as follows: (1) we identi-

fied Dot1l as a Cdk1 substrate both by the labeling and the

inhibition approaches; (2) Dot1l is the only enzyme responsible

for placing the H3K79 methyl marks (Nguyen and Zhang,

2011), thereby rendering mechanistic analyses more feasible;

this is in contrast to many other histone modifications, where

multiple different enzymes (several of which were identified

by us as Cdk1 substrates) can redundantly perform the same

task (Kouzarides, 2007); and (3) no H3K79 demethylase has

been identified, and Dot1l is considered to be the sole enzyme

regulating this mark (Nguyen and Zhang, 2011).

Using in vitro kinase reactions with recombinant proteins,

we first verified that Dot1l represents a direct substrate of

wild-type Cdk1 and Cdk2 (Figure 5A). Mass spectrometric

analysis of the phosphorylation status of the endogenous

Dot1l upon an acute (30 min) inhibition of Cdk1 in ESCs re-

vealed that the residue most strongly decreased in phosphor-

ylation, serine 1105, is located within Dot1l’s predicted bipar-

tite nuclear localization signal (NLS) (Figure 5B; Table S2). The

very same residue of Dot1l (serine 1105) has been identified

as a direct Cdk1 phosphorylation site in our thiolabeling

approach (Table S2). These findings suggested that phos-

phorylation of Dot1l by Cdk1 might disrupt the NLS, thereby

preventing Dot1l nuclear localization. To test this possibility,

we first verified, using recombinant proteins and mass spec-

trometry, that wild-type Cdk1 and Cdk2 can directly phos-

phorylate serine 1105 residue of Dot1l (Table S6). We next ex-

pressed wild-type Dot1l, or phosphomimetic serine 1105

Dot1l mutant in human breast cancer MCF7 cells, which

display much lower levels of Cdk1 kinase than those seen in

ESCs (Figure 5C). We observed that whereas wild-type

Dot1l was present predominantly in the nucleus, the phospho-

mimetic mutant was almost exclusively cytoplasmic (Fig-

ure 5D). We also examined localization of Dot1l in asynchro-

nously growing ESCs (displaying very high Cdk1 activity)
ot1l as a substrate. Lower panel: kinase reactions with histone H1were used to

’ indicate incubation of Dot1l or histone H1 with [g32P]-ATP without any added

a vertical line).

ization signal (in bold). Cdk1-dependent phosphorylation site (S1105) is in red.

ides upon an acute (30min) Cdk1 inhibition. Note that themost affected peptide

ild-type ES (ES-V6.5) cells and used for in vitro kinase reactions with histone H1

) were used.

Dot1l or a phosphomimetic S1105 Dot1l mutant. The localization of Dot1l was

lize cell nuclei. Scale bar, 10 mm.

ed wild-type Dot1l (E) or phosphomimetic S1105 Dot1l mutant (F). Cells were

ssed by immunostaining with an anti-Flag antibody. DAPI was used to visualize

P1, together with retinoic acid, and immunostained with an antibody against

cle (DMSO) or 3-MB-PP1.

start sites (TSS) for all genes containing this mark in Cdk1AS/AS ESCs treated

B-PP1-treated Cdk1AS/AS ESCs, within 20 kb around the transcription start site.

DMSO or with 3-MB-PP1. Shown are genome browser tracks for H3K79me2
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Figure 6. Regulation of H3K79me2 Marks by Cdk1 during ESC Differentiation

(A) Cdk1 or Cdk2 were immunoprecipitated from in vitro cultured two different ESC lines, or mouse embryonic fibroblasts (MEFs) derived from three different

embryos, or two independent lines of induced pluripotent stem cells (iPSCs; line iPSC-1 was derived from MEF-3 cells by reprogramming), and used for in vitro

kinase reactions with histone H1 as a substrate. For control, immunoprecipitates from ES-J1 with normal IgG (IgG) were used.

(B) Wild-type ESCs and MEFs were transduced with a lentivirus encoding Flag-tagged wild-type Dot1l. Undifferentiated ESCs were maintained by culturing in a

stem cell medium containing serum and LIF (SL), or were induced to differentiate with retinoic acid (RA) or Wnt3a and activin A (Wnt/Act). The localization of Dot1l

was assessed by immunostaining with an anti-Flag antibody. DAPI was used to visualize cell nuclei. Scale bar, 20 mm.

(C) Densitometric quantification of H3K79me2 marks in three ESC lines and MEFs derived from three independent embryos, normalized against total histone H3

levels. Below: immunoblotting of chromatin fractions for H3K79me2 and total histone H3.

(D) Similar analysis as in (C), using in vitro cultured MEFs derived from three independent embryos and three iPSC lines (iPSC-1 cells were derived from MEF-3

cells, by reprogramming).

(E) Cdk1AS/AS ESCs were treated with the increasing concentrations of 3-MB-PP1. Total lysates were probed with antibodies against H3K79me2 or histone H3.

Shown is densitometric quantification of H3K79me2 marks, normalized against total histone H3 levels (mean values ± SD from 2 independent experiments). *p <

0.05 (one-way ANOVA with Tukey’s multiple comparison test). Identical results were obtained when chromatin fraction was analyzed this way.

(F) Wild-type ESCs were cultured in a stem cell medium (SL), or switched to differentiation medium containing retinoic acid (RA) or Wnt3a and activin A (Wnt/Act)

for 4 or 7 days. Cdk1 or Cdk2 were immunoprecipitated and subjected to in vitro kinase assays using histone H1 as a substrate. For control, immunoprecipitates

from pluripotent ESCs with normal IgG (IgG) were used.

(G) Densitometric quantification of H3K79me2 marks in chromatin fractions of Cdk1AS/AS ESCs cultured in stem cell medium (SL) or switched to differentiation

medium containing Wnt3a and activin A (Wnt/Act) for 4 and 7 days. Mean values ± SD from 2 replicates. **p < 0.05 (paired t test).

See also Figure S6 and Table S8.

ll
Article
(Figures 5C and 6A). We observed that in ESCs, Dot1l was

present both in the cytoplasm and in the nucleus, with pre-

dominant localization in the cytoplasm. Strikingly, an acute in-

hibition of Cdk1 triggered translocation of Dot1l to the nucleus

(Figures 5E and S5C–S5F, see also Figure 6B, upper row).

Consistent with our hypothesis that phosphorylation of Dot1l

inhibits its nuclear import, phosphomimetic Dot1l mutant

was predominantly cytoplasmic in ESCs and failed to undergo
significant re-localization to the nucleus upon Cdk1 inhibition

(Figures 5F and S5G).

We next synchronized wild-type ESCs and monitored

the activity of Cdk1 and Cdk2 as well as localization of

Dot1l throughout cell-cycle progression. We found that both

kinases were active across the ESC cycle, as previously

reported (Liu et al., 2019); the kinase activity associated with

cyclin A was roughly constant, while the activity of cyclin B
Molecular Cell 78, 459–476, May 7, 2020 469
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Figure 7. Inhibition of Cdk1 Promotes Endodermal Differentiation

(A) RT-qPCR analysis of the levels of the indicated transcripts in Cdk1AS/AS ESCs cultured in stem cell medium (SL) or switched to differentiation medium

containing Wnt3a and activin A or retinoic acid (RA), with vehicle (DMSO) or 3-MB-PP1. T represents a mesodermal marker, Sox1 and Pax6 markers of neural

ectoderm. Mean values ± SD from 3 independent experiments. *p < 0.05; **p < 0.01 (unpaired t test).

(legend continued on next page)
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peaked in G2/M phase (Figures S5H and S5I). Dot1l remained

predominantly cytoplasmic in all cell-cycle phases, suggest-

ing that its phosphorylation is maintained across the cell cycle

(Figures S5J and S5K). Consistent with this notion, the

H3K79me2 mark also remained unchanged throughout the

cell cycle (Figure S5L).

Collectively, these results indicate that in ESCs, high activity

of Cdk1 inhibits Dot1l throughout the cell cycle by impeding

its nuclear localization. Inhibition of Cdk1 allows translocation

of Dot1l to the nucleus, where it can perform its histone modi-

fying function. Consistent with this model, we observed that

inhibition of Cdk1 in ESCs significantly increased H3K79me2

modification, as judged by immunoblotting (Figure 4E) or im-

munostaining with anti-H3K79me2 antibodies (Figure 5G).

Moreover, ChIP-sequencing revealed that inhibition of Cdk1

increased H3K79me2 marks on gene bodies (Figures 5H–5K;

Table S7).

We next compared Dot1l localization and H3K79me2 marks

between murine ESCs versus mouse fibroblasts (MEF), a cell

type expressing much lower levels of Cdk1/2 kinase (Figure 6A).

ESCs displayed very high Cdk1/2 activity (Figure 6A), Dot1l was

mostly cytoplasmic (Figure 6B, top row, ‘‘SL’’), and the level of

the H3K79me2 mark was relatively low (Figure 6C). Conversely,

in MEFs, Cdk1/2 activity was low (Figure 6A), Dot1l was mostly

nuclear (Figure 6B, bottom row, MEFs), and the level of the

H3K79me2 mark was substantially higher than that in ESCs

(Figure 6C).

The cell-cycle organization of induced pluripotent stem

cells (iPSCs) resembles that of ESCs (Ghule et al., 2011;

Ruiz et al., 2011). Therefore, we compared the activity of

Cdk1/2 and the levels of H3K79me2 marks between iPSCs

versus fibroblasts from which these iPSCs were derived

through cell reprogramming. Again, we observed an inverse

correlation between Cdk1/2 activity and H3K79me2 marks.

Thus, in iPSCs, the Cdk1/2 activity was very high (Figure 6A)

and H3K79me2 marks were low (Figure 6D), exactly as seen

in ESCs, while the opposite was true in parental fibroblasts

from which these iPSCs were made (see MEF-3 in Figures

6A and 6D). Collectively, these analyses suggest that high

levels of Cdk1/2 in ESCs and in iPSCs partially inactivate

Dot1l, while decreased Cdk1/2 activity promotes Dot1l chro-

matin-modifying function.
(B) Targeted ChIP-qPCR analysis to assess enrichment of H3K79me2 marks on

Cdk1AS/AS ESCswere cultured in stem cell medium (SL), or switched to differentia

to ChIP with an anti-H3K79me2 antibody, followed by PCR amplification of the in

*p < 0.05; **p < 0.01 (multiple t test with Benjamini correction).

(C) Cdk1AS/AS ESCs were cultured for 2 days in a serum- and LIF-free medium to

concentrations of RA with DMSO or 3-MB-PP1. Expression of transcripts encod

markers was gauged by RT-qPCR. Shown is fold induction relative to expressio

(D) Cdk1AS/ASESCswere allowed to form embryoid bodies for 2 days and then cult

MB-PP1 (lower row) for 24 h. Embryoid bodies were then cryosectioned and stai

nuclei. Scale bar, 20 mm.

(E) Bright-field images of embryoid bodies cultured as above. Scale bar, 100

morphology of embryoid bodies.

(F) Transcript levels of the indicated markers in embryoid bodies grown and trea

(G) Embryoid bodies derived fromwild-type ESCs were generated as in (D) and su

Cdk1, RO-3306. The expression of the indicatedmarkers was analyzed by RT-qPC

0.01; **p < 0.001 (multiple t test with Benjamini correction).
Regulation of Dot1l by Cdk1 during Differentiation
Because the dissolution of pluripotency and the onset of differ-

entiation is accompanied by strongly decreased Cdk1/2 kinase

activity (Fluckiger et al., 2006; Fujii-Yamamoto et al., 2005; Liu

et al., 2019; Wang et al., 2017; White et al., 2005), we hypothe-

sized that Dot1l may become activated during this process.

To test this, we first progressively inhibited Cdk1 by culturing

Cdk1AS/AS ESCs in a medium containing increasing 3-MB-PP1

concentrations. We observed that this resulted in a progressive

increase of the H3K79me2marks (Figure 6E). We next subjected

wild-type ESCs to differentiation induced by retinoic acid or

Wnt3a/activin A. As expected, Cdk1/2 kinase activity progres-

sively declined during this process (Figure 6F). This was accom-

panied by translocation of Dot1l from the cytoplasm to the nu-

cleus (Figure 6B, second and third rows), and by the increase

in H3K79me2 marks (Figure 6G). Importantly, Dot1l phosphomi-

metic mutant failed to undergo nuclear localization upon

differentiation of ESCs and remained largely cytoplasmic (Fig-

ure S6A). Collectively, these observations suggest that during

differentiation, decreasing levels of Cdk1/2 kinase liberate

Dot1l, which then translocates to the nucleus to perform its

histone-modifying function.

We noticed that further inhibition of Cdk1 during differentiation

(by addition of 3-MB-PP1 to the culture medium) synergized

with the retinoic acid andWnt3a/activin A in inducing the expres-

sion of endodermal genes, such as Gata6, Sox17, and Foxa2

(Figure 7A). Targeted ChIP revealed that inhibition of Cdk1 re-

sulted in increased H3K79me2 marks on gene bodies of

Gata6, Sox17, and Foxa2 (Figure 7B). Consistent with these

findings, we observed that inhibition of Cdk1 cooperated with

weak differentiation signals to induce the endodermal fate

(Figure 7C). We extended these observations using embryoid

bodies derived from Cdk1AS/AS or Cdk1+/+ ESCs. Again, treat-

ment of Cdk1AS/AS embryoid bodies with 3-MB-PP1, or treat-

ment of Cdk1 wild-type embryoid bodies with a Cdk1 inhibitor

RO-3306 (Vassilev et al., 2006), strongly increased transcript

and protein levels of the endodermal markers (Figures 7D–7G).

To further test the biological significance of Dot1l activation

during the differentiation process, we used CRISPR/Cas9 to

knock out Dot1l in ESCs (Figures S6B–S6F). RNA-sequencing

revealed that expression of only a small number of genes was

deregulated (25 downregulated, 228 upregulated over 2-fold,
the promoter and gene body regions of the Gata6, Sox17, and Foxa2 genes.

tion medium containing retinoic acid (RA), or RA plus 3-MB-PP1, and subjected

dicated gene segments. Mean values ± SD from 2 independent experiments.

dissolve pluripotency, followed by 24 h culture in the presence of the indicated

ing endodermal (Gata6, Foxa2, and Sox17) and ectodermal (Sox1 and Pax6)

n levels in cells growing in stem cell SL medium.

ured in the presence of retinoic acid (RA, upper row) or with retinoic acid plus 3-

ned with antibodies against Gata6 and Sox17. DAPI was used to visualize cell

mm. Note that treatment with 3-MB-PP1 did not have any gross effects on

ted as in (D).

pplemented with retinoic acid alone, or retinoic acid plus a chemical inhibitor of

R. In (F) and (G) shown aremean values ± SD from 3 biological replicates. **p <
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Benjamini-Hochberg corrected p value <0.05, Table S8), consis-

tent with our observation that in undifferentiated ESCs Dot1l is

largely cytoplasmic, and hence partially inactivated. In contrast,

upon switching to differentiation-inducing medium, the expres-

sion profile of Dot1l-deficient cells became strongly deregulated,

as compared towild-type cells (505 downregulated, 961 upregu-

lated over 2-fold, p < 0.05, Table S8). While differentiating

wild-type cells became enlarged and flattened, Dot1l KO col-

onies remained rounded and maintained compact appearance

conforming more closely to an undifferentiated ESC phenotype

(Figure S6G). These observations suggest that Dot1l becomes

rate-limiting for gene expression during differentiation, when

it becomes de-repressed by declining Cdk1 kinase activity.

DISCUSSION

One of the main limitations in studying the in vivo functions of

protein kinases is the lack of tools to identify tissue-specific

substrates of the kinase of interest. In this study, we developed

a novel approach to overcome this limitation, which utilizes a

knockin strain of mice expressing an analog-sensitive version

of a kinase in place of the wild-type protein. These mice express

the kinase of interest at physiological levels, maintain its tissue-

specific expression, and allow one to ‘‘tag’’ direct substrates

of the kinase in any organ or cell type using ‘‘bulky,’’ thio-

substituted ATP analogs. In addition, one can acutely inhibit

the analog-sensitive kinase for a very short period and then

use quantitative phosphoproteome profiling to identify proteins

displaying decreased phosphorylation. These two orthogonal

approaches allow one to identify with high confidence proteins

that represent direct substrates of the kinase (labeling approach)

and which critically depend on this kinase for their phosphoryla-

tion (inhibition approach). We also developed methods that

allow to visualize direct substrates of the kinase in tissue sec-

tions and to determine the subcellular localization of the sub-

strates in a cell type of interest. In addition, we developed a

‘‘thio-ChIP-sequencing’’ method that allows one to reveal the

localization of kinase substrates on specific DNA sequences.

These approaches can be used to study the function of the

endogenous kinase in vivo at any stage of development or in

any disease state (e.g., during cancer initiation, progression,

and in the metastatic spread).

We applied this approach to Cdk1, an ancient cell-cycle ki-

nase that has been conserved throughout the evolution from

yeast to humans. One of the major challenges in studying

the functions of Cdk1 is the fact that its inhibition or genetic abla-

tion halts cell proliferation. Because the cell-cycle effect is so

dominant, it has been difficult to dissect whether Cdk1 plays

other functions that are unrelated to cell-cycle progression.

We circumvented this limitation by identifying direct Cdk1

substrates in exponentially growing cells (labeling approach),

or by identifying proteins that depend on Cdk1 for phosphoryla-

tion using a transient inhibition of Cdk1 activity, which did not

affect cell-cycle progression. In contrast, most cellular assays

require longer Cdk1 inhibition, and the resulting cell-cycle arrest

may confound the interpretation of the results. For instance,

we observed that inhibition of Cdk1 in ESCs altered global

histone modification status, and it could be argued that this
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phenomenon represents an indirect effect. However, our mech-

anistic experiments indicate that this is not the case. The direct

link between Cdk1 activity and the levels H3K9 methyl marks

was provided by our observation that Cdk1 directly phosphory-

lates H3K9 methyltransferase G9a, resulting in G9a protein

destabilization. Likewise, we demonstrated that Cdk1 directly

phosphorylates and inhibits Dot1l by impeding its nuclear local-

ization. Similar mechanistic analyses of other epigenetic regula-

tors, identified by us as direct Cdk1 substrates, will allowone to

elucidate how Cdk1 modulates their enzymatic activity, localiza-

tion, stability, or interaction with other proteins.

We propose that in ESCs, high Cdk1 levels serve to globally

regulate the epigenetic landscape by phosphorylating epige-

netic regulators, thereby helping to maintain the undifferentiated

and pluripotent state. The epigenetic state of ESCs is character-

ized by low levels of H3K9me3, H3K27me3, and H3K79me2

marks; these marks increase during differentiation and are

largely reverted to the ESC-like levels during somatic reprogram-

ming (Hawkins et al., 2010; Sridharan et al., 2013). We propose

that high Cdk1 activity helps to maintain the hypomethylated

state of these marks in ESCs and in iPSCs. Consistent with

this model, we observed that inhibition of Cdk1 activity in

ESCs increased methylation of H3K9, H3K27, and H3K79.

Cdk1 was previously shown to play an important role in

enforcing the undifferentiated state of ESCs, as inhibition of

Cdk1 resulted in the loss of pluripotency and triggered ESC

differentiation (Neganova et al., 2014; Wang et al., 2017). While

in the current study we mechanistically focused on regulation

of Dot1l, several other Cdk1 substrates identified in our study

were shown to play key roles in maintaining ESC identity. For

example, H3K9/H3K36 histone demethylases Kdm4a, Kdm4b,

and Kdm4c acting on gene promoters were shown to be

essential in ensuring transcriptional competence and enforcing

the identity of pluripotent ESCs (Das et al., 2014; Pedersen

et al., 2016). Lsd1 regulates decommissioning of enhancers

during dissolution of pluripotency (Whyte et al., 2012), while

H3K4 and H3K27methyltransferasesMll and Ezh2, respectively,

control ‘‘bivalent,’’ developmentally regulated genes (Bernstein

et al., 2006). Because we found that all these enzymes represent

direct Cdk1 substrates, it is likely that their activity is regulated

by Cdk1 in ESCs. Consistent with our findings, it has been

reported that Cdk1 can phosphorylate Ezh2, with different

studies ascribing activating or inhibitory impact on Ezh2’s

enzymatic activity (Chen et al., 2010; Kaneko et al., 2010; Wei

et al., 2011). Collectively, these observations indicate that the

function of Cdk1 in ESCs extends well beyond its well-estab-

lished role as the regulator of cell-cycle progression and cell di-

vision, and Cdk1 plays a central role in maintaining ESC identity.

The unique role of Cdk1 likely extends to iPSCs, a cell type

with very high levels of Cdk1/2 kinase that resemble those

seen in ESCs. We speculate that re-activation of high Cdk1

levels during somatic reprogramming helps to re-set the epige-

netic landscape to the ESC-like one. Indeed, the epigenetic state

of iPSCs is highly similar to that of ESCs (Hawkins et al., 2010;

Mikkelsen et al., 2008; Sridharan et al., 2013). Like in ESCs,

depletion of Cdk1 in reprogrammed iPSCs attenuated the plurip-

otent state, while ectopic expression of cyclin B-Cdk1 enhanced

the reprogramming efficiency of human fibroblasts (Neganova
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et al., 2014; Wang et al., 2017). Last, while we observed that high

Cdk1 activity in ESCs maintains low levels of H3K79 or H3K9

methyl marks, inhibition of H3K79 or H3K9 methyltransferases

in somatic cells was shown to augment reprogramming

(Chen et al., 2013; Onder et al., 2012; Sridharan et al., 2013).

These observations indicate that Cdk1 is likely to play a major

role in maintaining the epigenetic state of reprogrammed stem

cells. Hence, elucidation of the full range of Cdk1 epigenetic

functions may be of interest also for regenerative medicine.
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N/A N/A

Recombinant DNA

Information about all plasmids used for transfection

and lentivirus generation is provided in the
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for all unique reagents generated in this study should be directed to and will be fulfilled with a

completed Materials Transfer Agreement by the Lead Contact Piotr Sicinski (peter_sicinski@dfci.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Cdk1AS knock-in embryonic stem cells and mice
All mouse procedures have been described in the protocol, which has been approved by the Dana-Farber Cancer Institute Institu-

tional Animal Care and Use Committee. The targeting construct was generated by cloning three fragments of the Cdk1 gene from

V6.5 mouse embryonic stem cells (mixed C57BL/6 and 129/Sv background) into a pSL301 plasmid. First, a 3 kb-long fragment

constituting the left arm of homology was inserted upstream of the puromycin resistance cassette, which was flanked by two

loxP sites. Second 2.1 kb fragment encompassing exons 3 and 4 was mutagenized to introduce M32V (suppressor of glycine gate-

keeper) and F80G (analog-sensitive) substitutions (all cells and mice designated as Cdk1AS contained both mutations). Third 3.85 kb

fragment served as the right arm of homology. The targeting construct was linearized and electroporated into V6.5 mES cells.

Cdk1puro/+ clones were identified by long-range PCR; Southern blotting was used to confirm the correct integration. Subsequently,

cells were electroporated with plasmid encoding Cre recombinase giving rise to Cdk1AS/+ cells. Cdk1AS/+ cells were subjected to a

second round of targeting of the remaining Cdk1+ allele to obtain Cdk1AS/puro cells. Subsequent electroporation with Cre produced

Cdk1AS/AS ES cells. To generatemice, Cdk1AS/+ ES cells were injected intomouse blastocysts, andCdk1AS/+ animals were generated

as before (Geng et al., 1999). Intercrossing of Cdk1AS/+ heterozygotes revealed that homozygous Cdk1AS/AS embryos died during

mid-gestation (around embryonic day 10.5); mutant embryos displayed no obvious abnormalities in the internal organs. This is in

stark contrast to Cdk1�/� embryos which die prior to 2-4 cell stage (Santamarı́a et al., 2007). Hence, the analog-sensitive Cdk1 allele,

despite its normal biochemical function in ES cells, is hypomorphic in vivo. The livers used for in situ staining of Cdk1 substrates were

collected from embryonic day 14.5 (E14.5) (Figure 1G) or E15.5 (Figure 1I) animals.

METHOD DETAILS

ES and iPS cell culture, differentiation and thiolabeling of substrates
Mouse embryonic stem cells V6.5 (Rideout et al., 2000) and J1 (Li et al., 1992) were maintained on a monolayer of mitotically inacti-

vated mouse embryonic fibroblasts in SL medium consisting of Knockout DMEM medium (Invitrogen), 15% HyClone fetal bovine

serum (Invitrogen), 1000 U/mL leukemia inhibitory factor (LIF) (Millipore), 1%MEM non-essential amino acids, 1% penicillin/strepto-

mycin, 1% glutamine and 0.1 mM 2-mercaptoethanol. ES-2 (shown in Figure 6C) is an ES cell line derived by us from an embryonic

day 3.5 blastocyst collected from a mouse of the mixed C57BL/6 and 129/Sv background. iPSCs were generated as in Wernig et al.

(2007) and cultured identically to ES cells. Differentiation was induced as in Thomson et al. (2011) with modifications. ES cells were

trypsinized and plated at 3 3 104/cm2 on gelatin-coated dishes in N2B27 medium (Knockout DMEM, 1% N2 and 2% B27 without

vitamin A (Invitrogen), 1% MEM non-essential amino acids, 1% penicillin/streptomycin, 1% glutamine, 0.1 mM 2-mercaptoethanol

and 10 mMY-27632 (Selleckchem). Two days later mediumwas changed to N2B27with 500 nM retinoic acid (Sigma R2625) or 50 ng/

mLWnt3a (R&D Systems, 5036-WN) and 10 ng/mL Activin A (R&D Systems, 330-AC). Cells were usually harvested after 24 h for gene

expression and Dot1l localization analyses, or allowed to differentiate for 4 and 7 days to follow changes in Cdk1/2 activity and

H3K79me2 mark.

To thiolabel Cdk1 substrates (Figure 1H), in vitro cultured Cdk1AS/AS ES cells were permeabilized with 45 mg/mL digitonin

and supplemented with N6-substituted bulky ATPgS analogs, N6-benzyl-ATPgS, N6-phenylethyl-ATPgS, or N6-furfuryl-ATPgS

for 20 min. Specifically, Cdk1AS/AS ES cells were incubated with the labeling buffer modified from Banko et al. (2011) (20 mM

HEPES pH 7.5, 100 mM KOAc, 5 mM NaOAc, 2 mM MgOAc2, 1 mM EGTA, 10 mM MgCl2, 0.5 mM DTT, 45 mg/mL digitonin,
Molecular Cell 78, 459–476.e1–e13, May 7, 2020 e3
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5 mM GTP, 0.2 mM ATP, 0.1 mM ATP analog, Roche protease inhibitors cocktail) for 20 min. Subsequently, lysates were supple-

mented with 20 mM EDTA and 1.5 mM p-nitrobenzyl mesylate (PNBM), to alkylate proteins in order to generate epitopes for an

anti-thiophosphate ester antibody. Lysates were separated on SDS-PAGE gels, transferred to membranes which were probed

with an anti-thiophosphate ester antibody.

To label Cdk1 substrates in embryonic livers and postnatal thymuses (Figure 1I), freshly harvested organs were pulverized in a

mortar with liquid nitrogen, and lysed in a buffer containing 50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.2%

NP-40 and Roche protease inhibitor cocktail. Cleared lysates were then supplemented with 0.1 mM N6-furfuryl ATPgS, 0.2 mM

ATP, 3 mM GTP and 2 mM TCEP, and labeling reaction was carried out at 30�C for 20 min. Samples were next alkylated and

analyzed by western blotting as described above.

In situ staining of Cdk1 substrates
Freshly harvested embryonic day 14.5 (E14.5) livers or postnatal day 21 (P21) thymi from Cdk1AS/+ or wild-type mice were frozen in

isopentane/dry ice bath in OCT medium. The organs were cryosectioned (15 mm-thick slices) directly onto poly-L-lysine coated

glass slides (Sigma), and fixed for 4 min in 4% PFA. The sections were overlaid with 200 mL of labeling buffer containing 20 mM

HEPES pH 7.5, 100 mM KOAc, 5 mM NaOAc, 2 mM MgOAc2, 1 mM EGTA, 10 mM MgCl2, 5 mM MnCl2, 5 mM TCEP, 5 mM

GTP, 0.2 mM ATP, 0.1 mM N6-furfuryl ATPgS (Biolog, Germany) and 45 mg/mL digitonin. The kinase reaction was carried out for

30 min, and arrested by submerging the slides in 4% PFA, 20 mM EDTA in PBS for 5 min. The specimens were then alkylated for

15 min with 1 mM PNBM, 45 mg/mL digitonin, pH 4.5 (adjusted with formic acid). The alkylation reaction was quenched with

10 mMDTT in TBS, and tissue sections blocked with 5%BSA in TBS containing 0.1% Triton X-100 (TBS-T) for 30 min. Immunostain-

ing was performed with a mix of anti-thiophosphate ester rabbit antibody (Abcam, ab92570) and anti-phospho-histone H3 (Ser10)

mouse antibody (CST, 9706), both at 1:1500 dilution in 2% BSA/TBS-T, overnight at 4�C. Specimens were then incubated for

30 min with 1:500 dilution of donkey anti-rabbit Alexa Fluor 594 and donkey anti-mouse Alexa Fluor 488 secondary antibodies

in TBS-T with Hoechst DNA stain. For visualization of Cdk1 substrates in ES cells (Figure 1F), in vitro cultured Cdk1AS/AS or wild-type

ES cells were fixed, permeabilized, labeled, alkylated and immunostained as described above.

Cell lysis, cell fractionation and western blotting
Cell lysates were prepared in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 10 mM EDTA) with Roche

protease inhibitors and cleared by centrifugation at 16000 rpm, 4�C. Protein content was quantified using BCA Protein Assay Kit

(Pierce). Twenty to fifty micrograms of total proteins were mixed with reducing SDS-PAGE sample buffer, heated to 95�C for

5 min, and resolved on SDS-PAGE. Proteins were transferred to nitrocellulose membranes in Towbin buffer (1 h, 450 mA). The mem-

branes were incubatedwith primary antibodies in 5%milk, TBS plus 0.1%Tween overnight at 4�C, and thenwith a 1:10000 dilution of

HRP-conjugated anti-mouse or anti-rabbit secondary antibodies. The signal was detected using Pierce ECL Western Blotting

substrate (Thermo Fisher). The following primary antibodies were used: anti-Cdk1 1:2000 (Abcam, ab71939), anti-thiophosphate

ester 1:4000 (Abcam, ab92570), anti-Dot1l 1:500 (Bethyl, A300-954A), anti-G9a 1:1000 (Abcam, ab185050), anti-Flag 1:10000

(Sigma, F1804), anti-Hsp90 1:1000 (CST, 4877), anti-a-tubulin 1:5000 (Sigma, T5168), anti-calreticulin 1:5000 (Abcam, ab92516),

anti-topoisomerase I 1:500 (BD, 556597), anti-histone H3 1:2000 (CST, D1H2), and anti-vimentin 1:1000 (CST, D21H3).

In order to determine subcellular localization of Cdk1 substrates, ES cells were fractionated using Subcellular Protein Fractionation

Kit for Cultured Cells (Thermo Scientific, 78840) according to manufacturer’s manual, with modifications to accommodate for

thio-labeling. Specifically, one 80% confluent 10 cm plate of Cdk1AS/AS or wild-type V6.5 cells was washed twice with PBS and incu-

bated with 2.5 mL of the labeling buffer modified from Banko et al. (2011) (20mMHEPES pH 7.5, 100mMKOAc, 5 mMNaOAc, 2 mM

MgOAc2, 1 mM EGTA, 10 mMMgCl2, 0.5 mMDTT, 45 mg/mL digitonin, 5 mMGTP, 0.2 mM ATP, 0.1 mM N6-furfuryl ATPgS (Biolog),

Roche protease inhibitors cocktail) at 30�C for 15 min. The cells were next scraped off, supplemented with 20 mMEDTA and 1.5 mM

p-nitrobenzyl mesylate, and incubated for 15 min at 4�C with rotation. The samples were then spun at 500 x g, 4�C, 7 min, and cell

pellets were re-suspended in the kit’s CEB buffer. The kit manufacturer’s protocol was then followed. The subcellular fractions were

analyzed by western blotting for the presence of thio-labeled Cdk1 substrates.

Identification of Cdk1 substrates in ES cells by direct labeling
Cdk1 substrates reported in this study were identified using two methods of thiophosphate capturing. The first method was through

covalent bond formation between thiophosphorylated peptides and iodoacetyl groups of SulfoLink resin (Thermo Scientific). The

second method involved alkylation of thiophosphate moieties with p-nitrobenzyl mesylate (PNBM), followed by immunoprecipitation

of modified peptides with anti-thiophosphate ester antibody. Both methods produced comparable results.

Capturing of thiophosphorylated peptides on SulfoLink resin
Cdk1AS/AS or wild-type ES cells were harvested and resuspended in a buffer: 50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 10 mM

MgCl2, 0.2% NP-40, Roche protease inhibitor cocktail, 1 mM PMSF. Lysates containing 20 mg protein were supplemented

with 0.1 mM N6-furfuryl ATPgS (Biolog, Germany), 0.2 mM ATP, 3 mM GTP and 2 mM TCEP in a final volume of 10 mL. Labeling

reaction was carried out at 30�C for 30 min and stopped with 20 mM EDTA. The reaction was divided into two 50 mL tubes and

the proteins were precipitated. Briefly, 5 volumes (25 mL) of ice-cold chloroform/methanol mix (1:4) was added to the labeling
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reactions, followed by addition of 15mL of cold H2O and 10min incubation on ice. Samples were next centrifuged for 20min at 1000 x

g, pellets washed in 25 mL of ice-cold methanol, the samples were re-centrifuged and pellets dissolved in 5 mL of 8 M urea in 0.2 M

Tris pH 8.8. The urea was next diluted to 1 M with water, and 10 mM TCEP and Tris pH 8.8 (to bring the pH to 8.0) were added. The

proteins were digested with 200 mg LysC (Wako) (1:50 m/m) overnight at RT. The digest was acidified to pH 2.5 with trifluoroacetic

acid (TFA) and centrifuged at 1000 x g. The supernatant was desalted using C-18 Sep Pak Plus columns, the peptides were

eluted with 5 mL 80% acetonitrile/0.5% acetic acid solution and lyophilized overnight. Dry peptides were dissolved in 1.5 mL of

4 M urea, 0.1 M Tris pH 8.8, 10 mM TCEP, acidified to pH 5 with formic acid, applied to SulfoLink beads suspension, and rotated

overnight. The beads were then spun at 1000 x g and washed sequentially with 10 mL of a) 4M urea in 20 mM HEPES pH 7.0; b)

ddH2O; c) 5 M NaCl; and d) 50% acetonitrile in ddH2O. The beads were spun at 2400 x g, washed with 5% formic acid, resuspended

in 1mL of 10mMDTT, spun again and the phosphorylated peptides were elutedwith 750 mL of 2mg/mLOxone (Sigma) for 5min. The

elution was repeated 2 more times, the samples were pooled and frozen before being analyzed by tandem mass spectrometry.

Immunopurification of thiophosphorylated peptides
The labeling was performed in the same way as in the SulfoLink method. The reaction was stopped with 20 mM EDTA and the cells

were further lysed by adding SDS to 0.1%. The samples were sonicated and cleared by centrifugation at 16000 x g. Labeled lysates

were acidified to pH 5.0 with formic acid and alkylated with 1.5 mM PNBM for 1 h. The proteins were then precipitated, dissolved

in urea, digested with LysC protease, desalted and lyophilized, as above. Peptides where dissolved in 2 mL of PTMScan IAP Buffer

(Cell Signaling Technology), and incubated for 2 h with an anti-thiophosphate ester antibody (Abcam, ab133473) immobilized on

protein A/G resin (Pierce). The beads were washed 4 times with IAP buffer and 2 times with PBS. Thiophosphorylated peptides

were eluted with 150 mL of 100 mM formic acid. Purified peptides were frozen until ready for identification by tandem mass

spectrometry. The thiolabeled and PNBM-modified peptides were identified as described (Allen et al., 2007).

Identification of substrates using the inhibition approach
Cdk1AS/AS ES cells were cultured in SL medium without feeders. Four plates were cultured for 30 min with 1 mM 3-MB-PP1 and five

plates were treated with equal volume of DMSO. The cells were washed with ice-cold PBS and cells from each plate were harvested

separately in 5 mL of 2% SDS in 50 mM Tris pH 8.5 with Halt protease and phosphatase inhibitors (Pierce). The lysates were flash

frozen in liquid nitrogen and stored frozen until analysis by tandem mass spectrometry.

Phosphopeptide enrichment, Tandem Mass Tag labeling, and fractionation of phosphopeptides obtained from the
inhibition approach
Phosphopeptide enrichment

Digested peptides (�10 mg per TMT channel) were resuspended in 1 mL of 2 M lactic acid/50% acetonitrile (ACN) and centrifuged

at 15 000 g for 20 min. Supernatants were removed, placed in an Eppendorf tube containing 15 mg of titanium dioxide beads (GL

Sciences, Japan), and vortexed for 1 h at room temperature. Beads were washed twice with 2 M lactic acid/50% ACN and once

with 0.1% TFA in 50% ACN. Phosphopeptides were eluted twice with 150 mL of 50 mM K2HPO4, pH 10, acidified with 40 mL of

20% formic acid, and subjected to C18 StageTip desalting (3M Empore, South Eagan, MN).

TMT labeling

Isobaric labeling of the enriched phosphopeptides was performed using 10-plex tandem mass tag (TMT) reagents (Thermo Fisher

Scientific, Rockford, IL). TMT reagents (5 mg) were dissolved in 250 mL of dry acetonitrile (ACN), and 10 mL was added to 100 mg

(quantified by Micro BCA, Thermo Scientific, Rockford, IL) of phosphopeptides dissolved in 100 mL of 200 mM HEPES, pH 8.5. After

1 h, the reaction was quenched by adding 8 mL of 5% hydroxylamine. Labeled peptides were combined, acidified with 20 mL of 20%

FA (pH �2), and concentrated via C18 SPE on Sep-Pak cartridges (50 mg bed volume).

Basic pH reverse phase liquid chromatography

TMT labeled phosphopeptides were subjected to orthogonal basic-pH reverse phase (bpHrp) fractionation. Labeled phosphopep-

tides were solubilized in buffer A (5% ACN, 10 mM ammonium bicarbonate, pH 8.0) and separated on an Agilent 300 Extend C18

column (5 mm particles, 4.6 mm i.d. and 220 mm in length). Using an Agilent 1100 binary pump equipped with a degasser and a

photodiode array (PDA) detector (Thermo Scientific, San Jose, CA), a 45 min linear gradient from 8% to 35% acetonitrile in

10 mM ammonium bicarbonate pH 8 (flow rate of 0.8 mL/min) separated the peptide mixtures into a total of 96 fractions. The 96

fractions were consolidated into 24 samples in a checkerboard manner, acidified with 10 mL of 20% formic acid and vacuum-dried.

Each sample was redissolved in 5% formic acid, desalted via StageTip, dried via vacuum centrifugation, and reconstituted for

LC–MS/MS analysis.

Liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) and data analysis
Identification of thiolabeled peptides

Peptides were fractionated as described above and samples were analyzed using an Orbitrap Fusion Tribrid-MS (Thermo Scien-

tific, USA) equipped with an ultra-high pressure liquid chromatography unit (Proxeon). Peptides were separated on a 3 h RP

gradient of 6%–30% acetonitrile in 0.125% formic acid at a flow rate of �400 nl/min. In each data collection cycle, one full MS

scan (400-1400 m/z) was acquired in the Orbitrap (1.2 3 105 resolutions and an AGC of 2 3 105 ions). Top 10 most abundant
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ions were selected for isolation (0.5 Da), fragmentation (CID with 30% collision energy), and subsequent MS2 scans were

acquired in the Orbitrap (15,000 resolution, AGC of 1 3 105 ions). Ions were dynamically excluded for 60 s and had a maximum

ion accumulation time of 150 ms.

2D phosphopeptide profiling of TMT labeled peptides from the inhibition approach

Using the same LC conditions as the direct labeling experiments above, each data collection cycle, one full MS scan (400-1400 m/z)

was acquired in the Orbitrap (1.23 105 resolutions and an AGC of 23 105 ions). The subsequent MS2-MS3 analysis was conducted

for top 10most intense ions and fragmented by CID with following settings: collision energy of 35%, AGC 4x103, isolation window 0.5

Da, maximum ion accumulation time 150 ms with 40 s of dynamic exclusion. Following the MS2 scan, for the MS3 analyses, precur-

sor isolation was performed using a 2.5 Da window and fragmented in the ion trap using CID using a collision energy of 35%, AGC

targeted of 8,000 ions and a maximum ion injection time of 150 ms. Multiple fragment ions (SPS ions) were co-isolated and further

fragmented by HCD. Selection of fragment ions was based on the previous MS2 scan and the MS2-MS3 was conducted using

recently described sequential precursor selection (SPS) methodology (McAlister et al., 2014). MS3 was performed using HCD

with 55% collision energy and reporter ion detection in the Orbitrap with an AGC of 150,000 ions, a resolution of 60,000 and a

maximum ion accumulation time of 150 ms.

Database searching and reporter ion quantitation in-house software tools were used to convert RAW file to the .mzxml format (Hut-

tlin et al., 2010). Correction of erroneous charge state and monoisotopic m/z values were performed using method detailed in Huttlin

et al. (2010). Assignment of MS/MS spectra were made with the Sequest algorithm (Eng et al., 1994) using an indexed Uniprot mouse

database (compiled 2016) prepared with forward and reversed sequences concatenated as per the target-decoy strategy (Elias and

Gygi, 2007). Database searches were conducted using cysteine alkylation and TMT on the peptide N-termini and lysines residues

as static modification, oxidation of methionine as a dynamic modification, precursor ion tolerance of 20 ppm and a fragment ion

tolerance of 0.8 Da (for CID). Sequest matches were filtered using linear discriminant analysis as previously reported (Elias and

Gygi, 2007) first to a dataset level error of 1% at the peptide level based on matches to reversed sequences. Protein rankings

were generated by multiplying peptide probabilities and the dataset was finally filtered to 1% FDR at the protein level. The final pep-

tide-level FDR fell well below 1% (�0.2% peptide level). A reductionist model was used for assignment of peptides to protein

matches, where all peptides were explained using the least number of proteins.

Quantitation of peptides using TMT reporter ions was performed as previously published (McAlister et al., 2014; Ting et al., 2011).

Briefly, a 0.003 Thwindow centered on the theoretical m/z value of each reporter ion was recorded for each of the 6 reporter ions, and

the intensity of the signal closest to the theoretical m/z value was recorded. TMT signals were also corrected for isotope impurities as

per manufacturer’s instructions. Peptides were only considered quantifiable if the total signal-to-noise for all channels was > 200 and

an isolation specificity of > 0.75. Within each TMT experiment, peptide quantitation was normalized by summing the values

across each channel and then each channel was corrected so that each channel had the same summed value. Protein quantitation

was performed by summing the signal-to-noise for all peptides for a given protein.

Statistical analyses and dissemination of proteomic data
Phosphopeptide site localization

We used a modified version of the Ascore algorithm to quantify the confidence with which phosphorylation site could be assigned to

a particular residue. Phosphorylation sites with Ascore values > 13 (p % 0.05) were considered confidently localized to a particular

residue (Huttlin et al., 2010).

Statistical analyses for phosphopeptide profiling

Student’s t test was used to assign confidence in changes in phosphopeptide abundance. Multiple test correction was performed

by adjusting the calculated p-values according to Benjamini–Hochberg. All proteomic data have been deposited into the proteome

exchange repository - www.proteomexchange.org/ with the following dataset ID PXD015173.

Analysis of the direct labeling and inhibition approaches and comparison betweenmouse and yeast Cdk1 substrates
Directly labeled (thiophosphorylated) proteins were considered Cdk1 substrates if the thiophosphorylated serine or threonine residue

was followed by a proline. For the inhibition screen, we identified Cdk1 substrates using the criteria: log2 control/inhibited > 0, p-value

< 0.05 (t test with Benjamini-Hochberg correction), phosphorylated residue followed by a proline. To compare mouse Cdk1 sub-

strates identified by us in the inhibition approach versus the yeast Cdk1 substrates (Holt et al., 2009) (Figure S2G), we used DIOPT

software v7.1 (Hu et al., 2011) (default parameter) to translate S. cerevisiae genes to mouse orthologs. In cases when a given

S. cerevisiae gene was translated to multiple mouse orthologs, all possible mouse orthologs were kept for subsequent analyses.

S. cerevisiae genes were downloaded from the Ensembl database (Zerbino et al., 2018). For analyses shown in Figures 4B and

S4, domain information for each substrate protein was retrieved from Uniprot and DIOPT databases. The domain organization of

the ortholog proteins was plotted using DOG v2.0.1 (Ren et al., 2009). We aligned the mouse and yeast orthologs using the DIOPT

software. If an S#P/T#P residue on a given mouse epigenetic regulator has been determined by us to represent Cdk1 phosphoryla-

tion substrate in ES cells, there can be four possibilities: (1) There is no yeast ortholog of this protein; (2) The corresponding site on

the yeast ortholog is also S#P/T#P; (3) The corresponding site on the yeast ortholog is not S#P/T#P; (4) The sequence containing

mouse S#P/T#P phosphosite does not have a corresponding sequence in yeast (no alignment). Phosphosites fulfilling criterion #4

were considered to reside on a domain that are absent in the yeast counterpart.
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Analyses of the distribution of phosphorylation sites
Tocompare theactual numberofCdk1phosphorylation sitesperprotein versus theexpectednumber (FigureS2A),weperformed1000

simulations in which the same number of phosphorylation sites was randomly distributed to mouse ES cell proteome with probability

proportional to the number of minimal Cdk1 consensus sites (S/T-P) in the protein. The two distributions were then compared using

MannWhitney test. For analyses of the inter-phosphosite distances (Figures S2B–S2D), distances between adjacent phosphorylation

sites in actual andsimulated caseswere calculatedand the twodistributionswere then comparedusingMannWhitney test. In the 1000

simulated cases, the samenumber of phosphorylation siteswas randomly distributed tominimalCdk1consensus sites in eachprotein.

Analyses of consensus Cdk1 phosphorylation motif
For analyses shown in Figure S3, the enrichment scores represent log10 p-values for the frequency of each amino acid at positions�7

to +7 relative to Cdk1-dependent phosphorylated serine or threonine. p-values were calculated relative to the mouse ES

cell phosphoproteome under normal approximation of binominal distribution. Positive signs were assigned to the positions

where the actual frequency was greater than expected. Sequence logos were generated using the sequence logo analysis tool in

PhosphoSitePlus (https://www.phosphosite.org/).

Gene Ontology analyses
Gene Ontology (GO) analyses for enriched ‘biological process’ terms were performed using the web tool DAVID Bioinformatics

Database v6.8 (https://david.ncifcrf.gov/tools.jsp) (Huangda et al., 2009a, 2009b) for the ‘GOTERM_BP_DIRECT’ category. The com-

plete set of all RefSeq geneswas used as a background. TheDAVIDoutputs are shown in Table S3. For plotting purposes, the enriched

GO terms were further subjected to the web tool REVIGO (Supek et al., 2011) with the default parameter to filter redundant terms.

In vitro kinase assays
Kinase assays were performed in a final volume of 30 mL of the kinase buffer: 50 mMHEPES pH 7.5, 10 mMMgCl2, 1 mMDTT, 1 mM

EGTA, 0.1mMNaF, containing 10mMATPand0.4mCi [32P]gATP (Perkin Elmer). To assess the endogenous kinase activity (Figures 1B,

5C, 6A, 6F,S1F, andS5I), Cdk1,Cdk2, cyclin A2or cyclinB1were immunoprecipitated fromwhole cell lysates using anti-CDK1 (sc-54),

anti-CDK2 (sc-163), anti-cyclin A2 (sc-751AC), or anti-cyclin B1 (sc-245AC) antibodies from Santa Cruz. For control,

immunoprecipitates obtained with normal rabbit IgG (sc-2345) or normal mouse IgG (sc-2343) from Santa Cruz were used for kinase

reactions. HistoneH1 (EMDMillipore, 14-155)was used as kinase substrate, 1 mg per reaction. To verify selected epigenetic regulators

as Cdk1/2 substrates (Figures 4C and 5A), Flag-tagged proteins were immunoprecipitated from transiently transfected 293 cells using

anti-Flag M2 affinity gel (Sigma). The beads-bound proteins were subjected to in vitro kinase reactions with recombinant Cdk1/cyclin

A2,Cdk1/cyclin B1,Cdk2/cyclin A2 orCdk2/cyclin E1 complexes (Proqinase) in the kinasebuffer. HistoneH1wasused to compare the

specific activity of the these Cdk/cyclin complexes. Proteins were then resolved by SDS-PAGE, transferred to nitrocellulose mem-

branes and radiolabeled proteins detected by autoradiography. For mass spectrometric identification of phosphorylated residues of

Dot1l, in vitro kinase reactions were performed as above, using immunoprecipitated Dot1l as a substrate, without radioactive ATP.

In-cell substrate labeling by analog-sensitive Cdk2
For analyses shown in Figure 4D, 293 cells were co-transfected using Polyfect (QIAGEN) with 0.4 mg of plasmids encoding

Flag-tagged versions of epigenetic regulators representing candidate Cdk1 substrates, together with 1 mg of AS-Cdk2 (F80G) and

1 mg of cyclin E1 encoding plasmids. Next day, cells were harvested in 200 mL of the labeling buffer modified from Banko et al.

(2011) (20 mM HEPES pH 7.5, 100 mM KOAc, 5 mM NaOAc, 2 mM MgOAc2, 1 mM EGTA, 10 mM MgCl2, 0.5 mM DTT, 45 mg/mL

digitonin, 5 mM GTP, 0.2 mM ATP, 0.1 mM N6-furfuryl ATPgS (Biolog), Roche protease inhibitors cocktail) and incubated for

20 min at 30�C. Equal volume of 2x RIPA buffer was added (100 mM Tris pH 8.0, 300 mM NaCl, 2% NP-40, 0.2% SDS, 20 mM

EDTA) and lysates were cleared by centrifugation at 16000 x g. Flag-tagged proteins were immunoprecipitated from thiolabeled

extracts for 2 h at 4�C using 10 mL of an anti-Flag M2 antibody-coupled resin (Sigma), the beads were washed 3 times in 1x RIPA

buffer, resuspended in 20 mL of 1.5 mM p-nitrobenzyl mesylate (Abcam), pH 4.5 adjusted with formic acid, and incubated for

15 min. Proteins were resolved by SDS-PAGE and immunoblots probed with an anti-thiophosphate ester antibody.

Analysis of Dot1l phosphorylation with anti-phospho-Ser/Thr-Pro antibody
Wild-type V6.5 ESC or V6.5 ESC cells expressing Flag-tagged Dot1l were treated for 2 h with 10 mMRO-3306 or with 20 mMCVT-313

(inhibiting CDK1 and CDK2 at this concentration; Brooks et al., 1997) or DMSO. Cells were next harvested in RIPA buffer containing

protease and phosphatase inhibitors, and Dot1l was immunoprecipitated with an anti-Dot1l antibody (to immunoprecipitate endog-

enous Dot1l in Figure S5D) or anti-Flag antibody (to immunoprecipitate ectopically expressed Dot1l in Figure S5E). The immunopre-

cipitates were analyzed by western blotting using anti-phospho-Ser/Thr-Pro MPM-2 antibody (05-368MG Millipore) and anti-Dot1l

antibody (A300-954A, Bethyl). Normal IgG (IgG) was used as an immunoprecipitation control.

Mass spectrometric analysis of Dot1l phosphorylation by Cdk1 and Cdk2
In vitro kinase assay products were processed and digested using the in-gel digestion method as published previously (Paulo, 2016).

Five ml (100 mg) TMT reagents (127C, 128C, 129C, 130C) in ACN were used to label each sample. Then, 0.05% hydroxylamine
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was used to quench the reaction. Labeled peptides were mixed and dried in a vacuum centrifuge. Mass spectrometric analysis was

conducted as described previously (Navarrete-Perea et al., 2018). Following data acquisition, database searching was performed

against the Dot1l-only database using a SEQUEST-based suite. The ratio of the Dot1l protein level in each channel was

1.0:0.93:1.30:1.68. Phosphorylation site quantification output was normalized using the Dot1L protein levels, and scaled based

on intensities in no kinase control sample. Data are organized and listed in Table S6.

Thio-ChIP-sequencing
Cdk1AS/AS ES cells were plated in N2B27 medium. Two days later, cells were co-treated for 16 h with 500 nM retinoic acid and 1 mM

3-MB-PP1 to obtain cells synchronized at G2/M phase with peak Cdk1 activity. The inhibitor was then washed off with PBS and

2 mL of the labeling buffer, modified from Banko et al. (2011) (20 mM HEPES pH 7.5, 100 mM KOAc, 5 mM NaOAc, 2 mM MgOAc2,

1 mMEGTA, 10mMMgCl2, 0.5 mMDTT, 45 mg/mL digitonin, 5 mMGTP, 0.2 mMATP, 0.1 mMN6-furfuryl ATPgS (Biolog), Roche pro-

tease inhibitors cocktail) were added for 25 min. Control cells were treated the same way except that N6-furfuryl ATPgS was omitted.

Formaldehyde was then added to 0.5% final concentration and plates were incubated for 15 min, followed by quenching with

150 mM glycine. Cells were scraped and collected by centrifugation at 1350 rpm for 5 min at 4�C, resuspended in 6 mL of lysis buffer

(1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1, Halt phosphatase and protease inhibitors) and sonicated for 10 cycles 30 s ON

and 30 s OFF, using Diagenode Bioruptor Pico. The lysates were then cleared by centrifugation at 16000 x g for 5 min, the pH was

adjusted to 6.0 with formic acid, and p-nitrobenzyl mesylate was added to 1.5 mM for 30 min. Two percent of the labeled and control

alkylated lysates volume were saved as input controls and the rest was incubated with 10 mL of anti-thiophosphate ester antibody

overnight at 4�C. Fifty ml of protein G Dybabeads (Invitrogen) were then added and the reactions incubated for another 5 h. Beads

were thenwashed twicewithRIPAbuffer (0.1%SDS,1%TritonX-100,10mMTris-HClpH7.4,1mMEDTA,0.1%sodiumdeoxycholate),

twicewithRIPAbufferwith0.3MNaCl, twicewithLiClbuffer (250mMLiCl, 0.5%NP-40,0.5%sodiumdeoxycholate, 1mMEDTA,10mM

Tris-HClpH8.1) and two timeswithTEbuffer (1mMEDTA, 10mMTris-HClpH8.0) plus0.1%TritonX-100. Thebeads and thepreviously

saved input controls were then rotated with 300 mL elution buffer (1% SDS, 0.1 M NaHCO3) overnight, 65
�C. Next day, the beads were

discarded andDNA recovered by adding 1.5 ml RNase A (10mg/mL) and incubated for 30min at 37�C.Next, 2.4mL EDTA (0.5M), 4.8 mL

Tris-HCl (1 M), 2 mL glycogen (20mg/mL) and 3 mL proteinase K (20mg/mL) were added, followed by 2 h incubation at 62�C. DNAwas

then extracted using phenol/chloroform, washed with 75% ethanol, air-dried and reconstituted in 24 mL TE buffer. The samples were

submitted to Next Generation sequencing by theWhitehead Institute Genome Technology Core. Thio-ChIP-seq readswere aligned to

the non-randomchromosomes of themm9 using Bowtie v1.2 (Langmead et al., 2009) (default parameter, except: -k 1 -m 1–best). The

thiopeakswere called usingMACSv1.4.2 (Zhang et al., 2008) with the corresponding input control (default parameter, except: -p 1e-9).

The GREAT software (McLean et al., 2010) (default parameter) was used to assign peaks to genes of the mouse mm9 assembly.

Analyses of genes associated with Cdk1 substrate peaks (‘thio-genes’)
Genes which were associated with thiopeaks (thio-genes) were classified into active, bivalent or silent groups (Figure 2D) based on

the presence of H3K4me3, H3K79me2 and H3K27me3 histone marks, as in Whyte et al. (2012). The ChIP-seq profiles of histone

modifications from mouse ES cells were obtained from the GEO database (accession numbers are listed below).
ChIP-seq, V6.5 cells Source

H3K4me3 GSM307146, GSM307147, GSM307148, GSM307149

(Marson et al., 2008)

H3K79me2 GSM307150, GSM307151 (Marson et al., 2008)

H3K27me3 GSM307619 (Mikkelsen et al., 2007)

WCE mES (Input control) GSM307154, GSM307155 (Marson et al., 2008)
Sequence reads from multiple biological replicates were combined. ChIP-seq reads were aligned to the non-random chromo-

somes of the mouse (mm9 assembly) genome using Bowtie 2 v2.2.9 (Langmead et al., 2009) (default parameter, except:–local).

Peak calling was performed using MACS2 v2.1.1 (Zhang et al., 2008) with corresponding input control (default parameter).

H3K79me2 and H3K27me3 ChIP-seq peaks were called using the additional parameter ‘–broad’. The GREAT software (McLean

et al., 2010) (default parameter) was used to assign peaks to genes based on the classification rules listed below (Whyte et al., 2012).
Classification rules

H3K4me3 H3K79me2 H3K27me3

Number of geneswithin ± 2 kb of the TSS within first 5 kb of gene body within ± 5 kb of the TSS

Active Required Required - 7193

Bivalent Required - Required 3174

Silent Absent Absent - 7140
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p-values for enrichment of the thio-genes in each of these classes were determined using the hypergeometric test.

Histone H3K79me2 ChIP-sequencing
Cdk1AS/AS ES cells were grownwithout feeders and treated with 1 mM3-MB-PP1 or DMSO for 4 days. Cells were crosslinkedwith 1%

formaldehyde for 20min, glycine (0.125M final concentration) was added, cells were scraped, collected by centrifugation at 1350 x g,

10 min, 4�C, flash frozen in liquid nitrogen and stored at�70�C. Pellets were thawed into Nuclei EZ lysis buffer (Sigma) with protease

inhibitor cocktail (Roche), incubated for 30 min on ice, centrifuged as above, and the nuclei resuspended in 3 mL of sonication buffer

(50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,

protease inhibitors). Nuclei were then sonicated 10x 30 s ON (output level 3, 24W) / 60 s OFF cycles with probe sonicator, on ice.

Sonicated nuclear extracts were then cleared by centrifugation at 16000 x g, 15 min, 4�C. Twenty five microliters of the nuclear ex-

tracts were saved as input material. Chromatin was immunoprecipitated from nuclear extracts with anti-histone H3 Lys79me2 anti-

body bound to beads (obtained by binding ab3594 antibody, Abcam, to protein G Dynabeads, Novex), overnight at 4�C. The beads

were collected using magnetic separator, washed, and chromatin was eluted for 30 min at 65�C with 200 mL of buffer containing

50 mM Tris-HCl, pH 8.0, 10 mM EDTA and 1% SDS. Crosslinking of ChIP and input samples was reversed for 16 h at 65�C. Samples

were treated with RNase A at 0.5 mg/mL for 2 h at 37�C, supplemented with 5 mM CaCl2 and 0.3 mg/mL Proteinase K and digested

for 30 min at 55�C. DNA was next purified with phenol-chloroform-isoamyl alcohol mix (QIAGEN) and 2 mL MaXtract gel tubes (-

QIAGEN). After 10 min centrifugation at 16000 x g, DNA was precipitated by adding 16 mL of 5 M NaCl, 1 mL of 20 mg/mL glycogen

(Fermentas) and 900 mL ethanol, centrifuged at 16000 x g, 4�C, and dissolved in 25 mL of TE buffer. The ChIP and input samples were

submitted to the Whitehead Institute Genome Technology Core for library preparation and DNA sequencing. ChIP-seq reads were

aligned to the non-random chromosomes of the mouse (mm9 assembly) genome using Bowtie 2 v2.2.9 (Langmead and Salzberg,

2012) (default parameter). Peak calling was performed using MACS2 v2.1.1 (Zhang et al., 2008) with corresponding input controls

(default parameter, except:–broad). Selected enriched regions were aligned with each other according to the position of TSS. For

each experiment, the ChIP-seq density profiles were normalized to the density per million total reads. The metagene plot (Figure 5I)

and heatmaps (Figure 5J) were generated using ngsplot (Shen et al., 2014) with color saturation as indicated.

Targeted histone H3K79me2 chromatin immunoprecipitation (ChIP-qPCR)
Cdk1AS/AS ES cells were grownwithout feeders in SLmedium or were differentiated with 500 nM retinoic acid plus 1 mM3-MB-PP1 or

DMSO for 24 h. Cells were fixed with formaldehyde and harvested as described in the ChIP-sequencing section. Cell pellets were

lysed in a buffer containing 50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS, protease and phosphatase inhibitors and sonicated

as described in the Thio-ChIP-sequencing section. The samples were cleared by centrifugation at 16000 x g, 4�C, and 10% of

the supernatant was saved as input control. The remaining extracts were diluted 4 times with a buffer containing 20 mM Tris-HCl

pH 8.0, 150mMNaCl, 2 mMEDTA, 1%Triton X-100 and protease and phosphatase inhibitors, and 3 mg of anti-histone H3 Lys79me2

antibody (Abcam, ab3594) or rabbit IgG (Santa Cruz Biotechnology, sc-2027) were added, followed by overnight incubation at 4�C.
Thirty microliters of protein G Dynabeads (Invitrogen) were added and ChIP samples were agitated for additional 4 h at 4�C. The
beads were recovered using magnetic separator, washed 2 times, and 300 mL of the elution buffer (1% SDS, 100 mM NaHCO3)

was added to the beads and input samples. DNA was recovered as in ChIP-sequencing protocol and dissolved in 50 mL of

10 mM Tris-HCl pH 8.0. Half microliter of ChIP or input DNA was used in 20 mL qPCR reaction with 200 nM of each primer and

AzuraView GreenFast qPCR Blue Mix (Azura Genomics). Enrichment of histone H3K79me2mark over input DNA on different regions

of the endodermal genes was determined by DDCt method using primers designed with help of Primer-BLAST (NCBI). Quantitative

PCR performed on DNA recovered with normal IgG yielded no enrichment over input and these data are not presented.
Gene Region Forward Reverse

Gata6 promoter TAGAGAGCAGTTCCGACCCA GCTAGTCGCTGCTGGTGAAT

intron 1 GTGTCCGGTCCTTCGCTTTA GCGCTGTGATAACTCGGAGA

intron 1 ATTTCCACGTGCGGAACTCT AACTCTGAGCCGGTGACAAG

exon 2 GCCCCAGCACAGGTAAAGAT GCCTGCCACGTAGAAAGTCT

Sox17 promoter TCTACAGCGAGCCTCAGAGT ACCACGGATCTGCTTGAGTG

intron 3 TCGGAAGCTAGCCTGGAGAT GCGGATTAGGCGAAGGGTT

Foxa2 promoter GCCTGGAGAGACCCGTTTAG ATGCTTTGGGCACCTTGGAT

intron 3 TTCATGCCATTCATCCCCAGG CAGCCTAGGTGCTAACCTGTC
Gene expression analysis by RNA-sequencing
To compare the results of thio-ChIP-sequencing with gene expression levels (Figure 2F), ES cells were grown in SL medium. To

compare gene expression between wild-type and Dot1l KO ES cells (Table S8), V6.5 wild-type and Dot1l-knockout ES cells were

grown in SLmedium, or were induced to differentiate withWnt3a and activin A for 24 h. Cell pellets were flash frozen in liquid nitrogen
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and stored at �70�C. Total RNA was purified using RNeasy Mini Kit (QIAGEN) and submitted for Kapa mRNA library preparation

and Illumina NS500 Single-End 75bp sequencing byMolecular Biology Core Facility at Dana-Farber Cancer Institute. RNA-sequenc-

ing data was aligned to GRCm38 using STAR v2.5.4a (Dobin et al., 2013) (default parameter, except:–outSAMstrandField

intronMotif,–outFilterIntronMotifs RemoveNoncanonical). Differential gene expression analysis was performed using the Cuffdiff

function in the Cufflinks v2.2.1 (Trapnell et al., 2012). Analysis was performed on the gene level. A significant change was defined

by the q-value (adjusted p-value using the Benjamini-Hochberg procedure) < 0.05.

Reverse transcription and quantitative PCR
Five hundred nanograms of RNA, extracted from cells using RNeasy Mini Kit (QIAGEN), were used to generate cDNA with High Ca-

pacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems). Quantitative PCR reactions were performed using

Power SYBR Green PCR Master Mix with 10 ng cDNA and the final 150 nM concentration of each primer in a total volume of 20 ml.

Transcript levels of genes of interest were expressed as percent of GAPDH by DDCt method. Sequences of gene-specific primers

were obtained from PrimerBank Massachusetts General Hospital (Wang et al., 2012).
Gene Forward Reverse

Gapdh TCAAGCTCATTTCCTGGTATGAC CTTGCTCAGTGTCCTTGCTG

Pax6 TACCAGTGTCTACCAGCCAAT TGCACGAGTATGAGGAGGTCT

Gata6 TTGCTCCGGTAACAGCAGTG GTGGTCGCTTGTGTAGAAGGA

Sox17 CACAACGCAGAGCTAAGCAA CGCTTCTCTGCCAAGGTC

Foxa2 CCCTACGCCAACATGAACTCG GTTCTGCCGGTAGAAAGGGA

T GCTTCAAGGAGCTAACTAACGAG CGTCACGAAGTCCAGCAAGA

Sox1 GCAGCGTTTCCGTGACTTTAT GGCAGAACCACAGGAAAGAAA
Molecular cloning
Mouse Cdk1 was cloned into pCMV10 (no tag) or p3xFLAG-CMV10 by RT-PCR from mouse ES cell total RNA using forward

(GCGAATTCGATGGAAGACTATATCAAAATAGAG) and reverse (ACGGATCCCTACATCTTCTTAATCTGATTGTC) primers containing

EcoRI and BamHI restriction enzyme sites, respectively. AS-Cdk1 mutant was generated using Stratagene Site-Directed mutagen-

esis kit according to the manufacturer’s instructions with mutagenesis primers GACTCCAGGCTGTATCTCATCGGGGAA

TTCCTGTCCATGGACCTC (Phe80Gly) and CACTGGCCAGATAGTGGCCGTGAAGAAGATCAGACTTG (Met32Val).

Epigenetic regulators were cloned using Gateway system by RT-PCR from mouse ES cell total RNA using primers listed in the

table below. The ORFs were transferred by LR reactions or using NEB builder into destination plasmids: p3xFLAG-CMV10,

pLenti-FUGW-3xFLAG-ires-Neo (modified from Addgene plasmid # 14883), or pLenti-EF1a-3xFLAG. The cDNA encoding first 84

amino acids of Lsd1 contained a long region of GCG repeats. To enable cloning, this fragment was codon optimized, synthesized

(Genewiz) and assembled together with the remaining part of the cDNA in a plasmid.
Protein Plasmid Forward Reverse

Dot1l FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAG

CAGGCTTCGGCGAGAAGCTGGAG

CTGAGGCTCAAG

GGGGACCACTTTGTACAAGAA

AGCTGGGTCTTACTAATTACCTC

CAACGGTTCCGCCGGC

Kdm6b FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAA

GCAGGCTTCGCTCCAAAGAAGA

AGCGTAAGGTAAATCG

GGGGACCACTTTGTACAAGAAAGC

TGGGTCCTAGTCTCACTTGTCATC

GTCGTCCTTGTAGTC

Kdm4a FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCGCTTCTGAGTCTGAAAC

TCTGAATCCCAG

GGGGACCACTTTGTACAAGAAAGC

TGGGTCCTAGTCCTACTCCATGATG

GCCCGGTATAGTG

Kdm4c p3xFLAG-

CMV10

GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCGAGGTGGCCGAGGTGGAA

AGTCC

GGGGACCACTTTGTACAAGAAA

GCTGGGTCCTAGTCCTACTGTCTCTTCT

GGCACTTCTTCTGGAAAG

Kdm2a FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAA

GCAGGCTTCGAACCTGAAGAAG

AAAGGATTCGGTACAGC

GGGGACCACTTTGTACAAGAAAGCTGG

GTCCCTGTTCAGTCTGGGCTGAGCATG

Phf8 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCAG

GCTTCGCCTCGGTGCCTGTGTATTGC

CTCTG

GGGGACCACTTTGTACAAGAAAGCT

GGGTCTCACAGAAGTAACTTGCCA

TTTCTGTGGATTTTCAGG

(Continued on next page)

e10 Molecular Cell 78, 459–476.e1–e13, May 7, 2020



Continued

Protein Plasmid Forward Reverse

Ehmt2 (G9a) FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCAG

GCTTCATGGCGGCGGCGGCGGGAGC

GGGGACCACTTTGTACAAGAAA

GCTGGGTCCTAGTCTCAGGTGTT

GATGGGGGGCAGGGAG

Nsd1 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAA

GCAGGCTTCCCTCCGAAGACAAGG

ACAGCCCTTTC

GGGGACCACTTTGTACAAGAAAGC

TGGGTCCTAGTCTTATTTCTTTTC

TGAATCTGCACATTTGCGACTAG

Nsd2 FUGW-3xFLAG TTGTACAAAAAAGCAGGCTTCGAAT

TTAGCATCAGAAAAAGTCCTCTTTCT

GTTCAG

TTTGTACAAGAAAGCTGGGTCCTAT

TTGCCATCTGTGACCCTTCGCC

Ncoa3 pEXP-EF1a-

3xFLAG

GGGGACAAGTTTGTACAAAAAAGCAG

GCTTCATGAGTGGACTAGGCGAAAG

CTCTTTGGATCCGCTGGCC

GGGGACCACTTTGTACAAGAAAG

CTGGGTCTTATCAGCAGTATTTCTG

ATCGGGGCCCATGGGCATGCCAG

Hdac6 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCAGG

CTTCACCTCAACCGGCCAGGATTCCAC

GGGGACCACTTTGTACAAGAAAGCTGG

GTCCTAGTCTTACTTGTCATCGTCGTCC

TTGTAGTCTCC

Mta1 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCAG

GCTTCATGGCCGCCAACATGTACAGGGT

C

GGGGACCACTTTGTACAAGAAAGCT

GGGTCCTAGTCCTCAATAACAATGG

GCTCATC

Phf17 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCATGAAACGAGGTCGCCTT

CCCAGCAGC

GGGGACCACTTTGTACAAGAAAGCT

GGGTCTTATCAAGAGGCCAAGATG

CTTCGCCTGATG

Jarid2 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCAGCAAGGAAAGACCCAAGA

GGAATATC

GGGGACCACTTTGTACAAGAAAGCTG

GGTCTCATGAGGATGGGAGCCGAGATG

Psip1 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCATGACTCGCGATTTCAAACC

TGGAGACCTC

GGGGACCACTTTGTACAAGAAAGCTGG

GTCTTACTAGTTATCTAGTGTAGAC

TCTTTCAGAGATATTTCAGC

Arid4b FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCAGGC

TTC

AAGGCCCTTGATGAACCTCCTTATTTG

GGGGACCACTTTGTACAAGAAAGCTGGGTC

TCACCTGCACTCAACTGACATTCC

Setdb1 FUGW-3xFLAG GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCTCCTCCCTCCCTGGGTGCA

TGAGTTTG

GGGGACCACTTTGTACAAGAAAGC

TGGGTCCTAAAGAAGTCTCCCTCTGCAT

TCAATGGC

Hsp90 FUGW-

3xFLAG-2xGFP

CCTGAGGAAGTGCACCATGGAGAGGAG ATCCACCTCTTCCATGCGCGAGGC
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The phosphorylation sites substitutions were introduced into plasmids using Multisite Directed Mutagenesus kit from Stratagene

and primers listed below.
Protein Substitution Mutagenesis primer (substituted nucleotides)

Dot1l S1105D,P1106D CTCAGCACGGGTGTGGACGACAAGCGCCGG

GCTC

LSD1 T60E GGAGCAGCTGGAGAGCGAGAGCCT

CGAAAGAAGGAGCC

G9a S115A AAGTCGTTCCCCTCTGCCCCCAGCAAGGG

G9a S346A AAATGGCGGAAAGACGCCCCGTGGGTGAAGCC

G9a T853A GGCATGGGATCTGGCCCCAGAGCGCTC

G9a S115D AAGTCGTTCCCCTCTGACCCCAGCAAGGGGGG

G9a S346D AAATGGCGGAAAGACGACCCGTGGGTGAAGCC

G9a T853E GACACGGCATGGGATCTGGAACCAGA

GCGCTCTGA
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Generation of knockout ES cell lines
Guide RNA (CTGCAAACATCACTACGGAG) to generate Dot1l KO A and to target G9a (CCTGCTGCACTCACCTCTCT) were de-

signed using CRISPOR (Haeussler et al., 2016) and cloned into lentivCRISPR v2 plasmid whichwas a gift fromDr. Feng Zhang (Addg-

ene plasmid # 52961; http://addgene.org/52961 ; RRID:Addgene_52961) (Sanjana et al., 2014). A non-targeting gRNA (ACGGAGGC

TAAGCGTCGCTT) from GeCKO v2 libraries was cloned as well. Dot1l KO B (GATGACCTGTTTGTCGACCT) and C (GCTGTGTGA

CAAATACAACC) were generated with Edit-R predesigned all-in-one lentiviral sgRNAs from Dharmacon. Wild-type V6.5 and

Cdk1AS/AS ES cells were transduced with lentiviral particles carrying Dot1l or G9a gRNAs, as well as non-targeting gRNA, respec-

tively. The cells were selected with 2 mg/mL puromycin and analyzed by western blotting for knockout efficiency. In case of G9a, sin-

gle clones were picked, expanded and pooled to obtain cell population without detectable G9a protein.

It was reported that prolonged inhibition of Cdk1 causes apoptosis of ES cells (Huskey et al., 2015). It was also reported that inac-

tivation of the intrinsic apoptotic pathway, by ablating Bak and Bax function, prevented the death of ES cells upon Cdk1 inhibition,

without affecting expression of pluripotency markers (Huskey et al., 2015). However, we observed that ES cell death upon prolonged

Cdk1 inhibition could be prevented by culturing the cells without feeders for 2-3 passages, and this allowed us to study the conse-

quences of Cdk1 inhibition for up to 4 days, without encountering any apoptosis. Nevertheless, to ensure that the observed effects of

Cdk1-inhibition are not due to the impending apoptosis, we repeated our analyses using Bak- and Bax-deficient ES cells. Guide

RNAs targeting Bak (TCATCGCAGCCCACCTTCGG) and Bax (AGCGAGTGTCTCCGGCGAAT) were selected with help of CRISPOR

(Haeussler et al., 2016), cloned into pX330-Cas9 vector (a gift fromDr. Feng Zhang, Addgene plasmid # 42230 (Cong et al., 2013)) and

co-electroporated into Cdk1AS/AS cells. Five independent clones with homozygous insertions or deletions in Bak and Bax genes were

identified by PCR – DNA sequencing. These cells showed no signs of cell death after Cdk1 inhibition. The results obtained using

Cdk1AS/AS Bak �/� Bax �/� cells were identical to the results with Cdk1AS/AS cells.

Expression of proteins in ES cells, MEFs and MCF7 cells
To generate Ehmt2 (G9a) mutants (Figure S5A), we inserted phosphomimetic (aspartic acid) or phosphoinactivating (alanine) substi-

tutions in place of serine 115 of G9a, the residue identified as Cdk1 target in our inhibition approach (Table S2), together with similar

substitutions (Ser346Asp, Thr853Glu or Ser346Ala, Thr853Ala) in serine 346 and threonine 853. Although the latter two phosphore-

sidues were not identified in our approach, we included them into our mutational analysis as they are a part of a full Cdk1 consensus

sequence (S/TP(X)1-2R/K), and are hence likely phosphorylated by Cdk1. Note that mutation of these three residues to alanines

abolished phosphorylation of G9a by Cdk1 – See Figure 4D, lane ‘‘3xAla.’’ To generate the Dot1l phosphomimetic mutant (Figures

5D, 5F, S5G, and S6A), we substituted serine 1105 of Dot1l (identified as a Cdk1 phosphorylation target both in the direct labeling and

the inhibition approaches, see Table S2) with aspartic acid. To better mimic phosphorylation (by providing the second negative

charge), the mutant contained an additional aspartic acid substitution in the adjacent proline 1106. Such an approach has been

shown to better mimic the charge introduced by Cdk-driven phosphorylation of a serine or threonine residue (Strickfaden et al.,

2007). Transfer plasmids encoding wild-type or phospho-site mutants of Flag-Dot1l or G9a were co-transfected with lentiviral enve-

lope (VSVG) and packaging (d8.9) plasmids into 293FT cells. Virus containingmediumwas collected after 2 days and passed through

a 0.45 mm syringe filter, followed by virus concentration on Amicon Ultra-15 100kDa centrifugal columns (Millipore). Concentrated

virus was added to freshly trypsinized ES cells supplemented with 10 mg/mL polybrene in a gelatinized well. Next day, medium

was exchanged, and 2 days later, ES cells were passaged onto a monolayer of mitotically inactivated, neomycin-resistant feeder

cells and selected with 400 mg/mL G418. Primary E13.5 mouse embryonic fibroblasts at passage three were transduced as

described for ES cells with lentiviral particles encoding Flag-Dot1l. MCF7 cells were transiently transfected with plasmids encoding

WT or phosphomimetic Flag-Dot1l using Lipofectamine 2000.

Quantification of histone modifications
ES cells, iPSCs or MEFs were dissociated with trypsin and counted. Cells were lysed in 250 mL of 1x SDS-PAGE reducing sample

buffer and sonicated to fragment genomic DNA. The lysates were then diluted ten fold, 20 mL were resolved on 15% SDS-PAGE

and transferred to 0.2 mm pore-size nitrocellulose membrane by wet transfer (1 h, 450 mA). The membranes were probed with a

mix of a histone mark-specific antibody from rabbit and an anti-histone H3 antibody from mouse (Millipore Sigma, 05-499), both

diluted 1:1000 in 5% BSA/TBS-T, overnight at 4�C. Membranes were probed with IRDye 680 goat anti-rabbit and IRDye 800

Goat anti-mouse antibodies (Li-Cor) diluted 1:10000 in BSA/TBS-T, and visualized using Odyssey scanner. The level of each histone

modification was expressed as the ratio of fluorescence signal from the histone mark antibody to the signal from total histone H3

channel. The following histone mark antibodies from Cell Signaling Technology were used: acetyl-histone H3K9 (#9649), acetyl-his-

tone H3K27 (#8173), tri-methyl-histone H3K4 (#9751), tri-methyl-histone H3K9 (#13969), tri-methyl-histone H3K27 (#9733), tri-

methyl-histone H3K36 (#4909), mono-methyl-histone H3K79 (#12522), di-methyl-histone H3K79 (#5427), mono-methyl-histone

H3K4 (#5326), tri-methyl-histone H4K20 (#5737). Identical results were obtained when chromatin fraction was analyzed this way.

Crystal violet staining
For analyses shown in Figure 1D, Cdk1AS/AS or wild-type V6.5 ES cells were seeded in a 24-well plate. Cells were treated with

increasing concentrations of 3-MB-PP1 or DMSO. After 4 days, cells were fixed with 10% buffered formalin and stained with crystal

violet solution for 5 min.
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Alkaline phosphatase staining
Wild-type V6.5, Cdk1AS/AS or Dot1l-knockout ES cells were cultured in SL medium, fixed with 4% paraformaldehyde (PFA) in PBS

for 2 min, rinsed with TBS-T, and incubated for 20 min with Alkaline Phosphatase Substrate (Vector Red, SK-5100). Uniformly red

staining is indicative of pluripotent, undifferentiated state of ES cells.

Analyses of embryoid bodies
Cdk1AS/AS or Cdk1+/+ ES cells were trypsinized and depleted of feeders by incubation on gelatin-coated plates 23 20min. Cells were

resuspended in SL medium without LIF and counted. Droplets of 20 ml, each containing 2000 cells, were pipetted onto the inner

surface of a 150 mm plate lid in a 2D array. The lid was then inverted (‘hanging drops’) to cover the dish containing 20 mL PBS. After

24 h, early embryoid bodies (EB) were washed off the lids, allowed to sediment, re-suspended in N2B27 medium, and cultured for

1 day in ultra-low attachment 6-well plates (Corning, CLS3471). Next day, medium was changed to N2B27 with 1 mM retinoic acid

in the absence or presence of 1 mM 3MB-PP1 (Cdk1AS/AS cells) or 10 mM RO-3306 (Cdk1+/+ cells). The EB were harvested for RNA

isolation or immunostaining after 24 h. To obtain sections for staining, EBs were collected by sedimentation in silicon-coated 1.5 mL

tubes, fixed in 4% PFA for 20 min and equilibrated in 30% sucrose at 30�C for 20 min. Pellets of embryoid bodies were frozen in

O.C.T. freezing medium (VWR, 25608-930), and stored at �80�C before cryosectioning onto poly-lysine coated slides.

Immunostaining
Cells were fixed with 4% PFA in PBS for 15 min and incubated in the blocking buffer (5% BSA in PBS, 0.1% Triton X-100) for 30 min.

Slides were next incubated overnight at 4�C with primary antibodies diluted in the blocking buffer, washed with PBS, 0.1% Triton

X-100, and incubated with fluorophore-conjugated secondary antibodies and Hoechst stain diluted in PBS, 0.1% Triton X-100.

For staining of embryoid bodies, slides with cryosections were fixed with 4% PFA for 7 min and incubated for 30 min in PBS

containing 0.25% Triton X-100 and 3% BSA. Slides were then incubated with primary antibodies diluted in PBS 0.25% Triton

X-100 for 2 h, washed and incubated with secondary antibodies in PBS 0.1% Triton X-100. Slides with stained cells or EBs were

mounted with coverslips using Fluoromount G medium (Southern Biotech). The following antibodies were used for immunostaining:

anti-Flag, 1:2000 (Sigma, F1804), anti-histone H3 Lys79me2 1:500 (Abcam, ab3594), anti-Gata6 1:1500 (CST, D61E4); anti-Sox17

1:50 (R&D, AF1924) anti-Foxa2 1:50 (Santa Cruz, sc-6554), and 1:500 dilutions of secondary donkey anti-mouse Alexa Fluor 594

and Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 488, and donkey anti-goat Alexa Fluor 568.

ES cell cycle synchronization and propidium iodide cell cycle analysis
For analyses shown in Figures S5H and S5J, cells were plated on gelatin-coated plastic 24 hours prior to nocodazole treatment. The

cells were then blocked with nocodazole at 50 ng/mL for 12 hours. Next, nocodazole-containing medium was removed, the cells

washed with PBS and supplemented with fresh SL medium. For data shown in Figure S5 cells were collected and fixed in 90%

EtOH immediately (G2/M) or after 6 h (G1/S), 10 h (early S) and 12 h (late S). For data shown in Figure S5J, cells were collected right

away (G2/M) or after 6 h (G1/S) and 8 h (S-phase). Subsequently, the cells were stained with 40 mg/mL propidium iodide with 0.1 mg/

mL RNase A and analyzed by flow cytometry using the BD LSR Fortessa.

QUANTIFICATION AND STATISTICAL ANALYSIS

For Figures 2D, 2F, 3F (significance of overlap), the p-values were determined by the hypergeometric test; for Figure 3G and Figures

S2E, S2F, S2H, by the t test with Benjamini-Hochberg correction; for Figure 5H, by the Mann-Whitney test; for Figure 6E, by one-way

Anova with Tukey’s multiple comparisons test; for Figure 6G by paired two-tailed t test; for Figure 7A, using the unpaired two-tailed t

test; for Figures 7B and 7F and 7G by multiple t test with Benjamini’s correction; for Figures S2A–S2D, by the Mann-Whitney test, for

Figure S2G, by the hypergeometric test.

DATA AND CODE AVAILABILITY

Data resources
The accession number for the proteomic data reported in this paper is www.proteomexchange.org/ PXD015173.

The accession number for next generation sequencing (NGS) data generated in this study (http://www.ncbi.nlm.nih.gov/geo/)is

GSE134645.
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