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SUMMARY

CDKG6 is frequently overexpressed in various cancer types and functions as a pos-
itive regulator of the cell cycle and as a coregulator of gene transcription. We pro-
vide evidence that CDK6 is involved in the process of DNA methylation, at least in
ALL. We observe a positive correlation of CDK6 and DNMT expression in a large
number of ALL samples. ChIP-seq analysis reveals CDK6 binding to genomic re-
gions associated with DNA methyltransferases (DNMTs). ATAC-seq shows a
strong reduction in chromatin accessibility for DNMT3B in CDKé-deficient BCR-
ABL* Cdké6 ' cells, accompanied by lower levels of DNMT3B mRNA and less
chromatin-bound DNMT3B, as shown by RNA-seq and chromatome analysis.
Motif analysis suggests that ETS family members interact with CDK6 to regulate
DNMT3B. Reduced representation bisulfite sequencing analysis uncovers revers-
ible and cell line-specific changes in DNA methylation patterns upon CDK® loss.
The results reveal a function of CDK6 as a regulator of DNA methylation in trans-
formed cells.

INTRODUCTION

The transformation of normal to cancer cells is driven by a multitude of genetic and epigenetic alterations.
There is recent evidence that overexpression of the cyclin-dependent kinase 6 (CDK4) is a frequent event in
hematological malignancies and solid tumors (Tadesse et al., 2015; Nagel et al., 2008; Tigan et al., 2016).
Functional characterization of CDK6 has revealed that it affects a variety of molecular processes (Bellutti
etal., 2018; Scheicher et al., 2015; Uras et al., 2017, 2019; Kollmann et al., 2013; Wang et al., 2017). Besides
binding D-type cyclins to drive the G1 phase of the cell cycle, it also regulates gene expression (Kollmann
etal.,, 2013; Tigan et al., 2016). Independent of its kinase activity, it interacts with transcription factors to act
as a chromatin-bound cofactor that induces or represses the expression of specific genes. We have shown
that CDK6 interacts with STAT3 to induce the expression of p16™5* and with the AP-1 transcription factor
c-Jun to induce the expression of VEGF-A (Kollmann et al., 2013). It also cooperates with the NF-kB subunit
pé5 to induce an inflammatory gene response (Handschick et al., 2014). CDKé can also repress transcrip-
tion, as it does in hematopoietic stem cells by interacting with AP-1 to repress EGR1 expression and
thereby to induce the exit from quiescence and the growth of leukemic stem cells (Scheicher et al.,
2015). Together with NFYA and SP1, CDKé induces a transcriptional program to block p53 in hematopoietic
cells (Bellutti et al., 2018).

Gene transcription is frequently regulated by epigenetic mechanisms, such as DNA methylation, various
chemical modifications of histone proteins and chromatin restructuring, which results in gene activation
or gene silencing (Sandoval and Esteller, 2012). The main targets of methylation in the mammalian genome
are cytosines within CpG dinucleotides. CpG dinucleotides are distributed throughout the genome but are
concentrated in regions of about 0.5-2 kb in length, called CpG islands, that are associated with ~60% of
human gene promoters (Sandoval and Esteller, 2012). DNA methylation is considered important in the
pathogenesis of many solid tumors and hematological malignancies (Heller et al., 2016; Guillamot et al.,
2016; Kimura et al., 2019). The CpG islands of many cancer-associated genes are frequently methylated
in cancer cells, resulting in the transcriptional silencing of these genes (Sandoval and Esteller, 2012; Heller
et al.,, 2013). Changes in DNA methylation in regions outside CpG islands may be equally important in
leukemogenesis, with hypomethylation as relevant as hypermethylation (Guillamot et al., 2016; Figueroa
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etal., 2010; Kimura et al., 2019; Irizarry et al., 2009; Qu et al., 2014). Surprisingly, DNA methylation aberra-
tions in tumor cells of various cancer types are highly heterogeneous (Wenger et al., 2019; Sheffield et al.,
2017; Brocks et al., 2014; Li et al., 2016; Landau et al., 2014; Nordlund et al., 2013).

Despite a wealth of evidence, the mechanisms of aberrant methylation in cancer cells remain unclear. There
is a preliminary indication that CDKé may play a part, as inhibition of CDK kinase with palbociclib promotes
the degradation of the DNA methyltransferase 1 (DNMT1) (Acevedo et al., 2016). We now confirm that
CDKé is involved in the regulation of DNA methylation, although its function does not depend on its kinase
activity. In several independent gene expression microarray datasets from a large number of ALL samples
CDKé is co-expressed with DNMTs, TET1 and histone deacetylases (HDAC). ChIP-seq, ATAC-seq, RNA-
seq, and mass spectrometry analysis of chromatin (referred to as chromatome) reveal that DNMT3B is a
target for transcriptional regulation by CDKé in BCR-ABL™ cells. Reduced representation bisulfite
sequencing (RRBS) shows that loss of CDKé causes changes in DNA methylation patterns in a cell line-spe-
cific manner, with both hypomethylation and hypermethylation prominent. Many of the changes in methyl-
ation can be reversed by re-expressing CDK6. The findings demonstrate that CDKé has a function as a
regulator of DNA methylation in transformed cells.

RESULTS
CDK6 and DNMT/TET/HDAC Expression Correlate in ALL Samples

Epigenetic changes are frequent in leukemia and epigenetic regulators such as DNMTs and TETs are often
mutated in hematopoietic malignancies (Yang et al., 2015, Delhommeau et al., 2009, Cancer Genome Atlas
Research Network et al., 2013, Kimura et al., 2019, de Keersmaecker et al., 2013). Coexpression analysis us-
ing fourindependent gene expression microarray data sets from ALL patients showed a positive correlation
between levels of CDKé and of DNMT3A (mean R = 0.46 in 4 data sets; p < 0.0001), with an only slightly
weaker positive correlation with levels of DNMT3B (mean R = 0.42 in 3 of 4 data sets; p < 0.0001) and a
weaker correlation with levels of DNMT1 (mean R = 0.34 in 4 data sets; p < 0.0001; Figure 1). While CDKé
was positively correlated with TET1 (mean R = 0.49 in 4 data sets; p < 0.0001) and negatively with TET2
(mean R = —0.35in 4 data sets; p < 0.0001), there was no correlation with TET3 in ALL patients (Figure 1).

HDACSs are also affected in hematopoietic malignancies, although aberrant expression is more common
than mutations (Moreno et al., 2010; Zhang et al., 2015). Of the large family of HDACs, we found HDAC1
and HDACS to be coexpressed with CDKé in ALL patients (mean R = 0.55 and 0.42 in 4 data sets; p <
0.0001, respectively). The patterns of coexpression between CDKé and DNMT/TET/HDACs are highly
similar in the four gene expression data sets (Figure 1), showing that expression of CDK6 and several factors
associated with DNA methylation are positively correlated in ALL. The data suggest that CDKé might be
involved in the changes in DNA methylation during leukemogenesis.

DNMTS3B Is Transcriptionally Regulated by CDK6 in BCR-ABL" Cells

The transcriptional regulator CDKé is particularly significant in leukemia, where it is upregulated and con-
tributes to leukemogenesis (Nagel et al., 2008; Tadesse et al., 2015; Tigan et al., 2016). The positive corre-
lation between expression of CDK6 and DNMT3 prompted us to study whether DNMT1, DNMT3A and
DNMT3B are transcriptionally regulated by CDK6. Murine (C57BI/6J) Cdké" and Cdké~’~ cell lines ob-
tained from single-cell bone marrow suspension were retrovirally transduced with a pMSCV-BCR-
ABLp185-IRES-GFP vector as described (Bellutti et al., 2018). CDKé ChlIP-seq analysis of these cells re-
vealed specific ChIP peaks in the 5’ regions of DNMT1 and DNMT3B (Figures 2A and S1A) and additional
CDK6 peaks in the promoter and exonic/intronic regions of DNMT3A (Figure S1B). The chromatin acces-
sibility of the genomic regions harboring the DNMT1 and DNMT3B genes also depended on the presence
of CDK6. ATAC-seq analysis in BCR-ABL* Cdké" and BCR-ABL* Cdk6™’~ cells showed that the chromatin
accessibility in the DNMT3A region was comparable. However, the chromatin accessibility in the DNMT1
and DNMT3B regions was strongly reduced in CDKé-deficient BCR-ABL* Cdké ™'~ cells (Figures 2A and
S1A). The significance of the differences in ATAC-seq were confirmed by RNA-seq analysis, which revealed
reduced DNMT3B expression in BCR-ABL* Cdké ™'~ cells (Figure 2B), while expression of DNMT1 and
DNMT3A remained unchanged.

Analysis of the chromatin-bound proteome showed that the changes in transcription are reflected by

alterations in protein abundance: less DNMT3B bound to chromatin in BCR-ABL* Cdké™~ cells than
in BCR-ABL* Cdké"" cells (Figure 2C). Motif analysis of the genomic region underlying the CDKé
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Figure 1. CDK6 and DNMT/TET/HDAC Expression Correlate in ALL Samples

Correlation of CDKé expression and expression of DNMTs (red), TETs (green) and HDACs (yellow) in 4 independent
cohorts of adult or pediatric acute lymphoblastic leukemia (ALL) patients. Spearman correlation coefficients are shown.
Blue dots: positive correlation, orange dots: negative correlation.

ChIP-seq/ATAC-seq peak (Figure 2A) identified ETS motifs overlapping with CDK6 binding sites in the 5’
region of DNMT3B (Figure 2D). To test if ETS1 binds to this genomic location, we analyzed ETS1 ChIP-seq
data from human K562 cells and murine B-cells. We verified that an ETS1 peak overlaps with the CDK6 bind-
ing site in the promoter/exon 1 region of DNMT3B in both data sets (Figure 2E). These findings suggest
that CDKé directly regulates DNMT3B, possibly mediated by ETS factors.

DNA Methylation Patterns Change upon Loss of CDK6 in BCR-ABL" Cells

To investigate whether the alterations in DNMT3 expression provoke changes of the methylome, we used a
CRISPR-Cas9-based strategy to generate BCR-ABL" cells deficient for CDKé as confirmed by Western blotting
(Figure S2). Our procedure (for details see Transparent Methods) maintains genetic stability and avoids altering
p53: CDKé-deficient transformed cells consistently harbor p53 mutations that may affect the methylome (Tovy
etal., 2017). Dnmt3b expression was downregulated upon Cdké loss in these cells (Figures 3A and S3). Further,
Cdké reexpression strongly induced Dnmt3b mRNA expression (Figure 3A). We used 3 individually derived
BCR-ABL" cell lines for RRBS to study the methylome. Principal component analysis (PCA) based on CpG
site methylation unequivocally separated BCR-ABL* Cdk6~/~ cells from BCR-ABL* Cdké6™ cells (Figure 3B).
The separation was also evident in the sample correlation plot, which showed weaker correlation between
BCR-ABL* Cdké6™/~ and BCR-ABL* Cdké"* cells than within BCR-ABL™ Cdké** cells (Figure S4).

Unexpectedly, the BCR-ABL* Cdké™'~ samples are not represented in a distinct cluster in the PCA but are
separated from one another, indicating that loss of CDKé is accompanied by different changes in DNA
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Figure 2. DNMT3B Is Transcriptionally Regulated by CDK6 in BCR-ABL" Cells

(A) Binding of CDK6 to the 5 region of DNMT3B in BCR-ABL" cells determined by ChIP-seq analysis (upper panel).
Chromatin accessibility at the 5 region of DNMT3B in BCR-ABL™ Cdké"* (green) and BCR-ABL* Cdké~'~ (red) cells
determined by ATAC-seq analysis. See also Figure S1.

(B) Heatmap showing mRNA expression of DNMT1/3a/3b in BCR-ABL* Cdké" (green, N = 3) and BCR-ABL* Cdké ™~
(red, N = 3) cells analyzed by RNA-sequencing.

(C) Chromatin-bound DNMT1/3a/3b in BCR-ABL" Cdké"! (green) and BCR-ABL" Cdk6™/~ (red) cells analyzed by
chromatome analysis. Mean values + SD are shown.

(D) ETS motifs found within the ATAC-seq peak at the 5 UTR of DNMT3B.

(E) Binding of ETS1 to the 5 region of DNMT3B in human K562 cells (left panel) and in murine spleen cells (right panel)
determined by ChIP-seq analysis. See also Figure S1.

methylation in the different cell lines. To investigate the differences in more detail, we examined differen-
tial methylation between individual pairs of cell lines. We found 4,707 (2,028 hyper, 2,679 hypo), 4,565 (2,498
hyper, 2,067 hypo) and 5,528 (2,773 hyper, 2,756 hypo) CpG sites with a difference in methylation of at least
40% in each of the three pairwise comparisons (Figure 3C). Only ~1.5% of differentially methylated CpG
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Figure 3. Analysis of the Methylome of BCR-ABL* Cdké6"* and BCR-ABL* Cdké~’~ Cells By Reduced
Representation Bisulfite Sequencing

(A) Quantification of Dnmt3b mRNA expression in BCR-ABL* Cdké"!, BCR-ABL* Cdké ™~ and BCR-ABL* Cdk6~/~+Cdké
cells determined by RT-PCR. Mean fold changes +SEM are shown (N = 8), p values were calculated using one-sample t-
tests.

(B) Principal component analysis of 3 BCR-ABL" Cdké"" (WT, red) and 3 BCR-ABL* Cdk6™/ (KO, blue) cell lines based on
CpG methylation. Each dot represents a unique sample. See also Figure S4.

(C) Volcano plots showing hypomethylated and hypermethylated CpG sites in 3 replicates of BCR-ABL™ Cdké ™~ cell lines
compared to BCR-ABL" Cdké6™ cells.
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Figure 3. Continued

(D) Venn diagram illustrating the overlap of differentially methylated CpG sites in the 3 BCR-ABL* Cdké™~ cell lines.
(E) Density plot showing the location of hypermethylated (pink) and hypomethylated (blue) CpG sites relative to
transcriptional start sites (TSS). See also Figure S4.

sites were shared in two of the cell lines and no single CpG site showed a consistent difference in methyl-
ation in all 3 cell lines (Figure 3D). Annotation of the differentially methylated CpG sites to genomic region
revealed that both hyper- and hypomethylated CpG sites are closely associated with transcriptional start
sites (TSSs) of genes (Figure 3E). The data confirm that loss of CDK6 has a dramatic effect on DNA methyl-
ation in BCR-ABL + cells and suggest that the precise nature of the effect depends on stochastic processes.

In the next step, we asked if DNA methylation changes are also associated with CDKé expression in pa-
tients. Thus, we stratified the TCGA LAML data set into CDK6'°% (lower quartile, N = 27) and CDK6"9" (up-
per quartile, N = 27) samples and tested for correlation between CDK6 and DNMT3B expression as well as
for differences in DNA methylation. As for ALL samples (Figure 1), we found a positive correlation between
CDK6 and DNMT3B expression in AML samples (R = 0.47, p < 0.005). Further, CDK6"'9" samples showed a
strong increase in methylation (B-difference >0.3) for 1,287 probes (Figure S5). Only 11 probes with
decreased methylation (B-difference < -0.3) were found indicating that CDKé expression is mainly associ-
ated with hypermethylation in patient samples.

Expression of CDK6 Reverses Changes in CpG Methylation Caused by Loss of CDK6

It is conceivable that the variable changes in DNA methylation are a result of different levels of CDKé. We
tested this possibility by re-expressing CDK6 using retroviral transduction with a construct encoding HA-
CDK6 (Figure S2) and RRBS analysis and compared methylation in the reconstituted BCR-ABL* Cdké ™~ +-
Cdké cells and the maternal cells (BCR-ABL* Cdké6"t and BCR-ABL* Cdké~/). Re-expression of CDK6 did
not result in the formation of a separate methylation cluster in the hierarchical cluster analysis but showed
that BCR-ABL* Cdké6™/~+Cdké cells clustered with BCR-ABL™ Cdké™~ cells from the same background
(Figure 4A). Thus, re-expression of CDKé does not induce global changes of the methylome but regulates
a distinct set of genes in each cell line. We then analyzed whether the methylation changes caused by loss
of CDKé are reverted by re-expression of CDK6. Hypomethylation of 79% (range: 70%-85%) of CpG sites
was found to be reversible (>1.5-fold increase in methylation) in the three cell lines, while methylation of
34% of the hypermethylated CpG sites (mean: 34%; range: 26%-48%) was reverted when CDKé is re-ex-
pressed (Figure 4B). The reversal of methylation patterns was independent of the location of CpG sites
and was found consistently in CGls, CGl shores, CGl shelves, inter CGl regions, promoters, introns, exons,
and intergenic regions (Figure Sé). The effect of re-expression of CDKé on the methylation of 5,000
randomly selected CpG sites was weak (mean methylation changes: 6.6%; repeated 10 times), confirming
that the changes in methylation mediated by CDK6 re-expression are specific (Figure S7).

As the re-expression of CDK6 produces varying amounts of the protein in the individual cells, the consistent
nature of the changes in methylation caused by re-expression of CDKé shows that the changes are inde-
pendent of the level of CDKé. In other words, expression of CDKé is associated with specific changes in
CpG methylation, with the precise effects different for each individual clone. Re-expression of CDKé6 largely
reverts the hypomethylation mediated by loss of CDKé, although the hypermethylation in BCR-ABL™
Cdké6~/~ cells is only partially revertable, strengthening the dominating hypermethylation seen in CDK6"'9"
patient samples (Figure S5).

CDKé6-Dependent Differential Methylation Is Associated with Altered Gene Expression in
BCR-ABL* Cells

Loss of CDKé is thus associated with changes in DNA methylation. As not all changes in DNA methylation
result in differences in gene regulation, we performed RNA-seq analysis to examine the consequences of
loss of CDKé on gene expression. PCA based on all gene expression data revealed that BCR-ABL* Cdké ™/~
cells and BCR-ABL" Cdké"* cells cluster separately with lower heterogeneity than the RRBS clustering (Fig-
ure S8). The overlay of CDK6-dependent methylation and transcriptional regulation uncovered an inverse
pattern of decreased methylation/increased gene expression or increased methylation/decreased gene
expression for 12 (2 up, 10 down), 29 (16 up, 13 down) and 14 (8 up, 6 down) genes in the three cell lines
(Figure 5A). In silico functional characterization of these genes identified them as involved in cell differen-
tiation (e.g. Runx2, Shox2, Shb), cell proliferation (e.g. Fzd3, Satb1, TBX2), immune systems (e.g. Gfil,
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Figure 4. Reversal of CDK6 Loss Mediated CpG Site Methylation Changes by CDK6 Re-expression

(A) Dendrogram of hierarchical clustering of BCR-ABL" Cdké** (WT, red), BCR-ABL* Cdké6~’/~ (KO, blue) and BCR-ABL*
Cdké ™/~ +Cdké (KO + CDKb, green) cells based on CpG site methylation.

(B) Heatmaps showing methylation values of differentially methylated CpG sites in 3 replicates (Rep 1-3) of BCR-ABL™
Cdké"!, BCR-ABL* Cdké6™/~ and BCR-ABL* Cdk6™/~+Cdké cell lines. Values are depicted as percentage of methylation
and range from 0% (dark blue) to 100% (dark red). See also Figures S6 and S7.

Nfkbiz), MAPK signaling (e.g. Dusp4, MIkl), Wnt signaling (e.g. Fzd3, Fzdé) or cell growth regulation (e.g.
Lhx2, Bcl6) (Figure 5B). This shows that various genes involved in cancer-related pathways are transcription-
ally deregulated by CDKé-mediated changes in DNA methylation.

DISCUSSION

We show for the first time that CDK6 directly affects DNA methylation in a cell-specific manner. Global de-
methylation and de novo methylation of selected CpG islands are key events in the pathogenesis of ma-
lignant diseases (Michalak et al., 2019; Zhou et al., 2018). During the past decade, tremendous effort has
been spent to identify the mechanisms of these epigenetic alterations in cancer cells and a variety of mo-
lecular changes have been associated with deregulated DNA methylation. Large-scale studies have shown
that certain genes encoding enzymes involved in DNA methylation are affected by somatic mutations in
certain types of cancer (Cancer Genome Atlas Research Network et al., 2013; Walter et al., 2011; Ley
et al., 2010). Mutations of DNA methyltransferases (DNMTs), especially of DNMT3A, TET2, IDH1, and
IDH2, have been found in AML and other hematopoietic malignancies (Yang et al., 2015; Spencer et al.,
2017; Delhommeau et al., 2009; Paschka et al., 2010, Cancer Genome Atlas Research Network et al.,
2013) and deregulated expression of DNMTs has been found in multiple tumor types, resulting in aberrant
DNA methylation (Esteller, 2008; Peng et al., 2006; Saito et al., 2003).

We show that expression of DNMT3 and other epigenetic modifiers correlates with CDK6 expression in ALL
patients. To investigate the mechanism we used a multi-omics approach in BCR-ABL" cells. ChIP-seq
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Figure 5. Correlation of Differential Methylation and Gene Expression in BCR-ABL* Cdk6~/~ Cells Compared to
BCR-ABL* Cdké6"* Cells

(A) Heatmaps showing fold changes in DNA methylation (green panels) and gene expression (violet panels) determined
by RNA-sequencing. Fold changes range from red (positive) to blue (negative). The 3 cell lines are presented separately.
(B) Association of hypermethylated/downregulated genes (red rectangles) and hypomethylated/upregulated genes
(blue rectangles) with certain cancer-related molecular pathways. See also Figure S8.

analysis showed that CDK6 is located at multiple sites within the 5 regions and/or intragenic regions of
DNMTs. In the case of DNMT3B, ATAC-seq and RNA-seq analysis associated CDKé binding with open
chromatin and transcriptional regulation. The regulation of DNMT3B mediated by CDK6 is reflected on
the protein level and chromatome analysis showed reduced levels of DNMT3B protein in CDKé6-deficient
cells. Of note, we observed a correlation between CDKé and TET1 expression in the ALL datasets. Howev-
er, because TET1 expression was not detected in our experimental system, this correlation was not further
investigated.

While the frequency of DNMT3B mutations in cancer cells is generally low, deregulated expression of this
gene is of potential clinical relevance in multiple cancer types (Hayette et al., 2012; Lamba et al., 2018;
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Niederwieser et al., 2015; Poole et al., 2017; Amara et al., 2010; Ibrahim et al., 2011). Overexpression of
DNMTS3B has been correlated with shorter event-free survival (EFS) and a trend toward poorer overall sur-
vival (OS) in a large panel of de novo AML patients (Hayette et al., 2012). Increased expression of DNMT3B
has also been associated with poor clinical outcome, worse minimal residual disease, high rate of relapse or
resistant disease and worse EFS in pediatric AML patients (Lamba et al., 2018) and older adults with pri-
mary, cytogenetically normal AML, and high levels of DNMT3B had fewer complete remissions, inferior dis-
ease-free survival, and shorter OS (Niederwieser et al., 2015). Prognostically relevant overexpression of
DNMTS3B is not confined to AML patients. It has also been described for patients with diffuse large B-
cell lymphomas and DNMT3B overexpression was detected in clinical specimens from T-ALL and Burkitt's
lymphoma patients (Poole et al., 2017; Amara et al., 2010). We observed heterogeneous expression of
DNMT3A/B, with levels positively correlating with levels of CDKé in adult or pediatric ALL samples (Fig-
ure 1). This supports the idea that the regulatory effect of CDKé is not confined to our in vitro experiments
but is also relevant in vivo.

CDKé6 does not have a DNA-binding domain, so can only bind to DNA in conjunction with transcription fac-
tors. Such cooperations have been observed between CDKé and STAT3, c-Jun, p6é5, AP-1, NFYA, and SP1
and resultin the transcriptional regulation of specific target genes (Kollmann et al., 2013; Handschick et al.,
2014; Scheicher et al., 2015; Bellutti et al., 2018). To determine which transcription factor interacts with
CDKé on the 5 region of DNMT3B, we performed motif analysis of the region underlying the ChlIP-seq/
ATAC-seq peak as shown in Figure 2A. ETS motifs are the predominant binding sites and ETS1 ChIP-
seq analysis identified ETS1 peaks in the DNMT3B 5’ region in human BCR-ABL" K562 cells as well as mu-
rine B-cells. These data suggest that DNMT3B may be regulated by the binding of CDK&/ETS family to its
promoter region. This idea will be addressed in further studies.

To determine whether CDKé affects the methylome we used the next-generation sequencing approach
RRBS to perform extensive methylation analysis in BCR-ABL" cells either expressing or lacking CDKé.
We found both hypermethylation and hypomethylation. Although the numbers of differentially methylated
CpG sites in different cell lines were comparable, we failed to detect a common pattern of differential
methylation. It is attractive to speculate that this observation reflects the heterogeneity in tumor DNA
methylation that has been described for various types of human cancer (Wenger et al., 2019; Sheffield
etal., 2017; Brocks et al., 2014; Liet al., 2016; Landau et al., 2014; Nordlund et al., 2013). Our result is consis-
tent with the report that aberrant DNA methylation is a signature for the heterogeneity of ALL patients of
similar cytogenetic backgrounds (Nordlund et al., 2013). Importantly, many of the methylation changes
mediated by CDK6 can be reverted by re-expressing CDKé. This indicates that CDK6 is directly involved
in the process of DNA methylation rather than inducing secondary methylation changes. Our finding is
consistent with indications that CDKé is involved in epigenetic programming, such as the observation
that DNMT1 is degraded by inhibition of CDKé with the CDK4/6 inhibitor palbociclib (Acevedo et al.,
2016) and that the CDK4/6 inhibitor abemaciclib causes cell cycle inhibition and changes DNA demethy-
lation and immunogenicity (Dowless et al., 2018). However, we provide the first evidence of a direct effect
of CDK6 on methylation.

The molecular consequences of the changes in DNA methylation mediated by CDKé are unclear. It is
possible that CDK6 does more than regulate gene transcription, conceivably also having effects on tran-
scription factor binding and chromatin organization. DNA methylation can either mask consensus DNA-
binding sites or create new binding sites for transcription factors and nuclear complexes (Bartke et al.,
2010; Spruijt et al., 2013). The transcription factor CTCF, which is involved in large-scale chromatin organi-
zation, is known to be methylation-sensitive (Bell and Felsenfeld, 2000; Hashimoto et al., 2017; Ghirlando
and Felsenfeld, 2016). DNA methylation prevents CTCF binding, thus, CDKé-mediated changes in DNA
methylation may be associated with establishing and/or maintaining higher-order topological structures
in the genome.

In summary, we show that loss of CDKé contributes to DNA hypomethylation and hypermethylation. Impor-
tantly, the effect of CDK6 on DNA methylation is generally reversible, a point that should be considered
when targeting CDKé in anticancer therapy. We also identify DNMT3B as a transcriptional target of
CDKaé. This function of CDKé was unknown so far but the extent to which CDKé-dependent changes in
DNA methylation contribute to tumorigenesis and the maintenance of a malignant phenotype remains
to be determined.
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Limitations of the Study

In the present study, we demonstrated that CDK6 affects DNA methylation by transcriptional regulation of
DNMT3B. However, because CDKé does not have a DNA-binding domain, it can only bind to DNA in as-
sociation with transcription factors. Our data suggest that ETS1 is one of these factors but the interaction
between CDKé and ETS1 remains to be investigated in more detail.
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Figure S1, related to Figure 2. Binding of Cdk6 to the 5" regions of (A) Dnmt1 and (B) Dnmt3a in BCR-
ABL* cells determined by ChlP-seq analyses (upper panel). Chromatin accessibility at the 5 regions of
Dnmt1 and Dnmt3a in BCR-ABL* Cdk6"' (green) and BCR-ABL* Cdk6™~ (red) cells determined by
ATAC-seq analyses (lower panel).
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Figure S2, related to Figure 3. Western blot analyses to confirm Cdk6 loss and Cdk6 re-expression
upon Cdk6 knock-out and HA-Cdk6 transduction, respectively. Results from 3 different cell lines (Rep
1-3) are shown. kD, kilodalton; M, marker.
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Figure S3, related to Figure 3. Western blot analyses of Dnmt3b and Cdk6 in BCR-ABL* Cdk6** and
BCR-ABL* Cdk6™~ cell lines. Signals were densitometrically quantified and normalized to HSC70. kD,

kilodalton; M, marker.
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Figure S4, related to Figure 3. Correlation plot of 3 BCR-ABL* Cdk6" (WT) and 3 BCR-ABL* Cdk6™'~
(KO) cell lines based on CpG methylation.



Figure S5, related to Figure 3. Heatmap showing methylation of 1,298 probes with a R-difference of at
least +/-0.3 between CDK6M" (upper quartile, N = 27) and CDK6'"°" (lower quartile, N = 27) AML samples
from the TCGA LAML dataset. Values range from 0 (unmethylated; blue) to 1 (fully methylated; red).
Each row represents a unique probe on the Infinium Human Methylation 450K BeadChip and each
column represents a unique patient.
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Figure S6, related to Figure 4. Heatmaps showing methylation values of differentially methylated CpG
sites in 3 replicates (Rep 1-3) of BCR-ABL* Cdk6"', BCR-ABL* Cdk6”~ and BCR-ABL* Cdk67~+Cdk6
cell lines separated for CpG islands (CGl), CGI shores, CGI shelves, inter CGI regions, promoter
regions, exons, introns and intergenic regions. Values are depicted as percentage of methylation and
range from 0% (dark blue) to 100% (dark red).
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Figure S7, related to Figure 4. Heatmaps showing methylation values of 5 000 randomly selected CpG
sites in BCR-ABL* Cdk6", BCR-ABL* Cdk6~~ and BCR-ABL* Cdk6~'~+Cdk6 cell lines. Random CpG
site selection was repeated for 10 times. Values are depicted as percentage of methylation and range
from 0% (dark blue) to 100% (dark red).
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Figure S8, related to Figure 5. Principal component (PC) analysis of 3 BCR-ABL* Cdk6" (WT, red)
and 3 BCR-ABL* Cdk6™~ (KO, blue) cell lines based on mRNA expression determined by RNA-
sequencing.



TRANSPARENT METHODS

Cloning of CDK6 sgRNAs into px458 plasmid

pSpCas9(BB)-2A-GFP (px458) (plasmid number 48138; Addgene) was a gift from Krzysztof Chylinski.
Cloning into px458 was performed as reported previously with slight modifications (Ran et al., 2013).
The px458 plasmid was digested with Bbsl (Thermofisher Scientific, Rockford, IL, USA) for 30 min at
37°C and gel purified using a Gel Extraction Kit (Qiagen, Hilden, Germany). The forward and reverse
oligonucleotides (oligos) of each sgRNA were diluted at 100 uM in H20. The CDK®6 guide oligos contain
overhangs for ligation into the Bbsl sites in pSpCas9(BB): forward CDK6 oligo:
CACCGCCCGCGACTTGAAGAACGG, reverse CDK® oligo: AAACCCGTTCTTCAAGTCGCGGGC. To
phosphorylate and anneal the oligos, 2 ug of each oligo were mixed with T4 ligation buffer and T4 PNK
(New England Biolabs, NEB, Ipswich, MA, USA) to a final volume of 20 pl and incubated for 1h at 37°C
(phosphorylation), followed by 5 min at 95°C and then ramping down the temperature to 20°C at -
1°C/min (annealing). Annealed and phosphorylated oligos were diluted 1:10 in H20. Ligation reactions
for each sgRNA were performed by mixing 10 ng of the digested and purified px458 plasmid with 90 ng
of the diluted phosphorylated and annealed oligos, T4 ligation buffer, and T4 ligase (NEB) in a final
volume of 10 pl. Ligation was carried out for 16 h at 16°C. Chemically competent DHL5 bacteria were
transformed and plated on LB plates containing 50 mg/ml ampicillin. Plates were incubated overnight at
37°C. Colonies were checked for correct insertion of the sgRNA by PCR colony screening, followed by
sequencing (U6 primer: GAGGGCCTATTTCCCATGATTCC).

Gene editing in BCR-ABL+ cell lines

BCR-ABL+ cell lines were maintained in RPMI medium supplemented with 10% FCS, 50 pmol/L 2-
mercaptoethanol, 100 U/mL penicillin, and 100 ug/mL streptomycin (PAA, Linz, Austria). Cells were
electroporated (one single pulse with a voltage of 1600 V and a pulse width of 20 ms; NeonTM
Transfection System, Invitrogen, Carlsbad, CA, USA) with 1ug control plasmid pSpCas9(BB)-2A-
GFP(px458) or the plasmid expressing sgRNAs against CDK6 pSpCas9(BB)-2A-GFP(px458)-
hCDK6del. For each transfection, 2x10° cells were resuspended in Buffer R (Neon™) in a reaction
volume of 10ul. Transfected cells were cultured in RPMI (supplemented with 10% FCS and 50 pmol/L
2-mercaptoethanol) for 24h. GFP* cells were sorted using a FACSAria™ Il cell sorter (BD Biosciences,
San Jose, CA, USA) and plated as single cell suspension into 96-well plates. For the re-expression of
HA-CDK6, pMSCV-IRES-GFP plasmids were used. The outgrowth of clones was monitored by
microscopic inspection. Cells are routinely tested for mycoplasma contamination.

RNA extraction and Real-Time PCR

Total RNA was extracted from cell lines using the RNeasy Mini Kit (Qiagen) as recommended by the
manufacturer. Reverse transcription was performed using the iISCRIPT cDNA synthesis kit (Bio-Rad).
All gPCRs were performed in duplicate with the SsoFastTM EvaGreen®Supermix (Bio-Rad) according
to the instructions of the manufacturer. Primer sequences for Dnmt3b were as follows: fwd, 5'-
GTGGTGCACTGAGCTCGAAAGGATCTTCG-3’ and rev, 5-
ATCACAGGCAAAGTAGTCCTTCAAGG-3" (Kweon et al., 2017). Levels of mMRNAs were normalized to
Rplp0 mRNA.

Western Blotting

Protein lysates were prepared using RIPA lysis buffer supplemented with cOmplete™ Protease Inhibitor
tablet (Roche Diagnostics, Indianapolis, IN, USA), separated by SDS/PAGE and transferred onto
nitrocellulose blotting membrane (Amersham™ Protran™ 0.45um NC, GE Healthcare, Life Sciences).
Membranes were blocked in 5% BSA followed by incubation with primary antibodies: anti-CDK6 (1:1000,
H-96, Santa Cruz, Dallas, TX, USA), anti-HA (1:1000, ab9110, Abcam, Cambridge, UK), anti-Dnmt3b
(1:1000, ab122932, Abcam) and anti-HSC70 (1:1000, B-6, Santa Cruz). Appropriate secondary HRP
antibodies (1:10000, Cell Signaling Technology, Danvers, MA, USA) were used and membranes were
visualized using Clarity™ ECL Western blotting substrate (Biorad, Hercules, CA, USA).

Reduced Representation Bisulfite Sequencing (RRBS)

RRBS was performed as reported previously (Heller et al., 2016). In brief, genomic DNA was Mspl
(NEB) digested, end-repaired and A-tailed using Klenow Polymerase (NEB) followed by adapter ligation
using Quick Ligase (NEB) and AMPure XP size selection (Beckman Coulter, Fullerton, CA, USA). RRBS
libraries were sodium bisulfite treated using the EZ-DNA Methylation-Direct kit (Zymo Research Corp,
Orange, CA, USA) and quantified by qPCR. Enrichment PCR was performed using the PfuTurboCx
Hotstart Kit (Agilent Technologies, Santa Clara, CA, USA) followed by AMPure XP clean up. Quality of
final RRBS libraries was determined by Experion analysis (Biorad). Sequencing was performed on a
HiSeq2000 sequencer (lllumina Inc, San Diego, CA, USA). RRBS reads were processed using the --




rrbs option of the Trim Galore! software and bismark was used to align reads to GRCm38 and for
methylation calling (Krueger and Andrews, 2011). Differential methylation analysis and data
visualization were performed using the R packages DSS (v2.32.0), methylKit (v1.10.0),
EnhancedVolcano (v1.2.0) and ggplot2 (v3.2.1). RRBS data are deposited in the Gene Expression
Omnibus (GEO) database (Accession ID: GSE145220).

RNA-seq

Total RNA was prepared using the RNeasy Kit (Qiagen) and processed for sequencing using the TruSeq
RNA Sample Preparation Kit (lllumina Inc, San Diego, CA, USA). RNA-seq reads were processed using
Trim Galore! software (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned to
GRCm38 using STAR (Dobin et al., 2013). Data visualization was done using ClustVis (Metsalu and
Vilo, 2015). Gene Ontology analysis were performed using Ontologizer (Bauer et al., 2008) and
visualized using the R package GOplot (Walter et al., 2015). RNA-seq data are deposited in the Gene
Expression Omnibus (GEO) database (Accession ID: GSE156966, GSE145220).

ChiP-seq
CDK®6 chromatin immunoprecipitation (ChIP) was performed using an antibody against HA (ab9110,

Abcam) as described previously (Bellutti et al., 2018, Scheicher et al., 2015). Cells were crosslinked
with DSG (20 minutes, RT) and 1% formaldehyde (10 minutes, RT) and termination of the fixation
procedure was performed using glycine. For immunoprecipitation (IP), 70 pyl Dynabeads Protein G
magnetic beads (Invitrogen) were used, IP DNA was subjected to sequencing library preparation and
sequencing was performed using the lllumina HiSeq3000/4000 platform. Raw sequencing reads were
quality controlled using FASTQC followed by quality filtering, trimming of reads and adapter removal
using trimmomatic (v0.36). Mapping against the mouse reference genome (Gencode M13) was done
using bwa-mem (v0.7.15) and blacklisted regions were removed using bedtools subtract (v2.26.0).
Multimappers and reads with bad mapping quality were removed using samtools (v1.3.1). Peak calling
was performed by MACS2 (v2.1.0) using default parameters and motif identification was performed
using Homer (v4.9.0) findMotifsGenome.pl with the default -size 200. ChlP-seq data are deposited in
the Gene Expression Omnibus (GEO) database (Accession ID: GSE113752).

ATAC-seq

10° cells were washed once in 50 ul PBS and resuspended in transposase reaction mix (12.5ul 2 x TD
buffer, 2 pl transposase (lllumina), 10.5 yl nuclease-free water and 0.01% NP-40). Tagmentation was
performed for 30 min at 37 °C. The optimum number of amplification cycles was estimated by qPCR
reaction as previously described (Rendeiro et al., 2016). Following library amplification, fragments larger
than 1 200 bp were excluded by SPRI size selection. DNA concentration was measured using a Qubit
fluorometer (Invitrogen). Libraries were amplified using custom Nextera primers (Buenrostro et al., 2013)
and sequenced by the Biomedical Sequencing Facility at CeMM using the lllumina HiSeq3000/4000
platform. ATAC-seq data are deposited in the Gene Expression Omnibus (GEQO) database (Accession
ID: GSE156966).

Chromatome analysis

Chromatome analyses were performed as described previously (Dutta et al., 2012, Bellutti et al., 2018).
Briefly, the purified chromatin pellet was subjected to Benzonase digestion and solubilized in SDS lysis
buffer. Filter Aided Sample Prep (FASP) was performed according to the procedure described previously
(Wisniewski et al., 2009). Peptides were desalted using C18 solid phase extraction spin columns (The
Nest Group, Southborough, MA) labeled with TMT 6plex™ reagents (Pierce, Rockford, IL) and pooled.
Organic solvent was removed in vacuum concentrator and labelled peptides were loaded onto a solid
phase extraction column. Peptides were eluted with 300uL 80% acetonitrile containing 0.1%
trifluoroacetic to achieve a final peptide concentration of ~1ug/ul. Eluate was then used for
phosphopeptide enrichment applying a modified method of immobilized metal affinity chromatography
(IMAC) (Ficarro et al., 2005). Briefly, two times 100 pL of Ni-NTA superflow slurry (Qiagen) were washed
with LCMS-grade water and Ni?* stripped off the beads by incubation with 100 mM of EDTA, pH 8
solution for 1 h at room temperature. Stripped NTA resin was recharged with Fe3*-ions by incubation
with a fresh solution of Fe(lll)Cls and 75 uL of charged resin used for the enrichment of a total of ~300
Mg TMT-labelled peptide. The unbound fraction was transferred to a fresh glass vial and used for offline
fractionation for the analysis of the whole chromatome proteome. After washing the slurry with 0.1%
TFA, phosphopeptides were eluted with a freshly prepared ammonia solution containing 3mM EDTA,
pH 8 and all used for offline fractionation for the analysis of the phosphoproteome. Offline fractionation
via RP-HPLC at pH 10 and 2D-RP/RP Liquid Chromatography Mass Spectrometry were performed as
described (Bellutti et al., 2018). Raw data files were processed using the Proteome Discoverer 2.2.0.
platform, utilizing the Sequest HT database search engine and Percolator validation software node




(V3.04) to remove false positives with a false discovery rate (FDR) of 1% on peptide and protein level
under strict conditions. Searches were performed with full tryptic digestion against the mouse SwissProt
database v2017.12 (25 293 sequences and appended known contaminants) with up to two miscleavage
sites (Bellutti et al., 2018). For statistical analysis and p-value calculation, the integrated ANOVA
hypothesis test was used. TMT ratios with p-values below 0.01 were considered statistically significant.

Publicly available datasets and co-expression analysis

The following human ALL Affymetrix HG-U133_plus_2.0 gene expression microarray datasets were
obtained from ArrayExpress database: E-MTAB-5035, E-GEOD-13351, E-GEOD-49032 and E-GEOD-
13576. Spearman correlation coefficients of log2 expression values were calculated using the “cor”
function of R and data visualization was done using the “corrplot” package. ETS1 ChIP-seq data were
obtained from GEO database: GSM803442, GSM803468, GSE83758. Infinium Human Methylation
450K BeadChip data of AML patients were obtained from the Cancer Genome Atlas database (LAML
dataset).
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