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SUMMARY

Posttranslational modifications (PTMs) of tubulin specify microtubules for specialized cellular
functions and comprise what is termed a “tubulin code”. PTMs of histones comprise an analogous
“histone code”, although the “readers, writers and erasers” of the cytoskeleton and epigenome
have heretofore been distinct. We show that methylation is a PTM of dynamic microtubules, and
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that the histone methytransferase, SETD2, which is responsible for H3 lysine 36 trimethylation
(H3K36me3) of histones, also methylates a-tubulin at lysine 40, the same lysine that is marked by
acetylation on microtubules. Methylation of microtubules occurs during mitosis and cytokinesis,
and can be ablated by SE7DZ2 deletion, which causes mitotic spindle and cytokinesis defects,
micronuclei and polyploidy. These data now identify SETD2 as a dual function methyltransferase
for both chromatin and the cytoskeleton, and show a requirement for methylation in maintenance
of genomic stability and the integrity of both the tubulin and histone codes.

In Brief

Tubulin and histones share a methyltransferase, suggesting a new basis for known tumorigenic

mutations in the enzyme.
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INTRODUCTION

SET-domain containing 2 (SETD2), also known as HYPB and KMT3A, is a histone
methyltransferase responsible for histone H3 lysine 36 trimethylation (H3K36me3) of
chromatin, an epigenetic mark associated with gene transcription (Edmunds et al., 2008;
Hu et al., 2010). It is also one of the many “readers, writers and erasers” of the histone
code (Jenuwein and Allis, 2001; Strahl and Allis, 2000), which is comprised of post-
translational modifications (PTMs) including acetylation, phosphorylation, ubiquitination
and methylation of multiple sites on histone tails, which together constitute a complex
language for transcriptional regulation (Lee et al., 2010). SETD?2 is able to add a methyl
group to a di-methylated lysine to generate a trimethyl mark, as well as de novo mono- and
di-methylation to generate a trimethyl mark on histone H3 (Wagner and Carpenter, 2012;
Yuan et al., 2009). H3K36me3 of chromatin is a non-redundant SETD2 function (Edmunds
et al., 2008), and loss of SETD2 is embryonic lethal (Hu et al., 2010).
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Recently, the concept of the “histone code” has been parlayed into a “tubulin code”
hypothesis to describe how PTMs distinctly mark subsets of microtubules in the
cytoskeleton (Verhey and Gaertig, 2007). The cytoskeleton is a network of fibers that
maintains cell shape, allows cells to move and divide, and forms specialized structures such
as cilia and microvilli. Although the name implies a stable structure, many parts of the
cytoskeleton are dynamic and constantly remodeled, with some parts assembled while others
are dismantled. An important component of the cytoskeleton is microtubules, which are
built from heterodimers of a- and p-tubulin, and are required for many diverse functions
such as mitosis, where they form the mitotic spindle and participate in chromosome
segregation and cytokinesis (Walczak and Heald, 2008). The “tubulin code™ hypothesis
posits that PTMs of specific tubulin subunits within the polymer direct microtubule-

based functions at that location (Verhey and Gaertig, 2007). Indeed, PTMs including
phosphorylation, detyrosination, polyglutamylation, polyglycylation and acetylation are
enriched on specialized microtubule structures such as centrioles and basal bodies, neuronal
axons, and primary cilia (Janke, 2014; Song and Brady, 2015).

Most microtubule PTMs have been discovered serendipitously, usually as the result of
generation of antibodies later found to react with specific modified residues of a- or
B-tubulin (Magiera and Janke, 2013), and as a result, the complete repertoire of microtubule
PTMs has yet to be fully elucidated. PTMs of microtubules serve many functions,

for example recognition by microtubule-associated proteins (MAPS), which can regulate
microtubule dynamics and function. These modifications play important roles during
mitosis, where for example, detyrosination guides chromosome congression (Barisic et

al., 2015). However for many PTMs, the underlying functionality is still undetermined
(Janke, 2014; Song and Brady, 2015). Compared to PTMs that specify stable cytoplasmic
microtubules, which are easily detected by purification or immunoreactivity with PTM-
specific antibodies, little is known about PTMs associated with mitotic spindle and midbody
microtubules that direct their dynamic polymerization and depolymerization during mitosis
(Kwok and Kapoor, 2007; Walczak and Heald, 2008).

Importantly, the “readers, writers and erasers” of the histone and tubulin codes identified to
date have been distinct, even for PTMs such as acetylation that occur on both histones and
microtubules. As a result, in settings such as cancer, where defects in chromatin remodelers
such as SETD2 occur with a high frequency, research to understand how loss of “readers,
writers and erasers” such as SETD2 contribute to disease pathogenesis has focused on
chromatin and the impact of loss of H3K36me3 on the epigenome.

We have now found that SETD2 is required for the integrity of both the histone and

tubulin codes, providing evidence for cross-talk between the epigenome and cytoskeleton.
We show that methylation is a PTM of mitotic microtubules, and that SETD2 binds to and
methylates a-tubulin. Methylation occurs at lysine 40 (a-TubK40me3), the same residue
that is acetylated on microtubules (a-TubK40ac). Methylation occurs on the spindle during
mitosis and the midbody during cytokinesis, and SETD2-null cells exhibit loss of spindle
and midbody methylation, and numerous mitotic and cytokinesis defects, identifying a role
for microtubule methylation by SETD2 in genomic stability.
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RESULTS
SETD2 binds a-tubulin

We found that endogenous SETD2 could be co-immunoprecipitated with a-tubulin in
SETDZ2-proficient human 786-0 cells (Figure 1A). A direct interaction between SETD2
and a-tubulin was demonstrated by incubating SETD2 protein immunopurified using a
SETD2-specific antibody with human recombinant a-tubulin protein (TUBALA), followed
by co-immunoprecipitation (co-IP) of a-tubulin (Figure 1B).

SETD2 binding and H3K36 methylation of histone tails coincides with histone acetylation
at active genes (Edmunds et al., 2008), leading us to ask if acetylation, which is known

to occur on microtubules, might play a role in SETD2 binding to a-tubulin. Treatment of
cells with trichostatin A (TSA), an HDAC inhibitor that selectively inhibits class I and 11
mammalian HDAC:s including the a-tubulin deacetylase HDAC6 (Matsuyama et al., 2002)
had no effect on SETD2 binding to a-tubulin (data not shown), and co-expression of
wild-type EGFP-a-tubulin and mutant EGFP-K40R a-tubulin (which cannot be acetylated)
with full length SETD2 revealed that SETD2 could co-IP with both wild-type and K40R
mutant a-tubulins, indicating that the interaction of SETD2 with a-tubulin did not require
acetylation of K40 (Figure 1C).

To determine the a-tubulin binding domain of SETD2, we constructed a series of GST
fusion proteins containing human SETD2 fragments purified from £. coli (Figures 1D and
1E). While SETD2 protein levels expressed from various constructs differed, we consistently
observed that the presence of the SET (Drosophila Su(var)3-9 and ‘Enhancer of zeste’
proteins) domain was required for binding to a-tubulin. As shown in Figure 1E, GST pull
down assays revealed that the SET domain was sufficient for binding to a-tubulin, consistent
with an enzyme-substrate relationship.

To identify potential sites for methylation on lysine residue(s) of tubulin, we analyzed

the amino acid sequence of a-tubulin for motifs that fit the structural requirements for
substrates of SETD2 and its corresponding demethylase, IMID2A (also known as KDM4A,
JHDMS3A, and TDRD14A). The catalytic domain of both SETD2 and JMJD2A requires

a curved or flexible structure containing Pro at +2 or Gly-Gly at +3 and +4 after the
substrate lysine residue (Chen et al., 2007; Nelson et al., 2006). We found only one
candidate lysine within a-tubulin that met these structural requirements, K40 where the
sequence ‘KTIGG’, is a good fit as a structural motif for a SETD2 or IMID2A substrate.
A biotin-tagged peptide around this region “IQPDGGMPSDKTIGGGDDSF-biotin” could
co-immunoprecipitate a GST-tagged SET domain (Figure 1F). An antibody raised against
the H3K36me3 epitope also could immunopecipitate a-tubulin (Figure S1A), supporting
this as a potential recognition site for SETD2 methylation.

To further confirm these data, we generated a polyclonal antibody against trimethylated K40
peptide of a-tubulin (a-TubK40me3). This antibody had minimal cross reactivity with a
di-methylated K40 peptide and no detectable cross reactivity with mono- or un-methylated
K40 peptides (Figure S1B). We found that similar to the commercially available H3K36me3
antibody, the a-TubK40me3-specific antibody generated to the K40 peptide also detected
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and immunoprecipitated native a-tubulin (Figure S1A), indicating similarity between the
trimethyl SETD2-epitope of chromatin and the methyl-specific epitope recognized by

the a-TubK40me3-specific antibody. The specificity of the a-TubK40me3 antibody was
demonstrated using a peptide competition assay where an a-TubK40me3 peptide strongly,
and a-TubK40me2 peptide modestly, competed for binding of the a-TubK40me3-specific
antibody to a-tubulin, with little loss of immunoreactivity seen with mono-methylated,
acetylated or unmethylated a-TubK40 peptides (Figure S1C).

methylation occurs during mitosis

Because binding of the SET domain to a-tubulin and recognition by both H3K36me3 and a-
TubK40me3-specific antibodies suggested that SETD2 could be methylating microtubules,
we immunostained mouse embryonic fibroblasts (MEFS) using either the a-TubK40me3-
specific or H3K36me3 antibodies together with either a-tubulin (Figures 2A-2B) or
acetylated a-tubulin (Figure S2A-S2B). In mitotic cells, in addition to the expected
immunostaining of chromatin, we observed distinct immunoreactivity with both the a-
TubK40me3 and H3K36me3 antibodies on spindle microtubules but not astral microtubules
(Figures 2A-2B and S2A-S2B). During metaphase, methylation of spindle microtubules
was concentrated near the spindle poles as shown in Figures 2A-2B and S2A-S2B and
illustrated with a line profile through a representative metaphase spindle stained with
a-TubK40me3 and a-tubulin antibodies (Figure S2C). Methylation at the minus ends of
bundled microtubules becomes especially evident when the spindle midzone compacts into
the midbody during cytokinesis (Figures 2A-2C and S2A-S2B).

To further investigate the methylation state of spindle microtubules, we stained cells with

a series of pan mono-, di-, and trimethyl lysine antibodies (Guo et al., 2014). In addition

to the expected mono-, di- and tri-methylation of chromatin (Figures 2, S2 and S3), we

also observed immunoreactivity of spindle and midbody microtubules using a pan tri-methyl
lysine (Kme3) antibody (Figure S3A), but not however, with the pan mono-methyl (Kmel)
or di-methyl (Kme2) lysine antibodies (Figures S3B and S3C). Antibodies to methyl

lysine marks made by other histone methyltransferases, H3K4me3 (COMPASS complex)

or H3K27me3 (EZH2) showed no immunoreactivity for these microtubule structures (Figure
S3D). Together, these data identify a methylated epitope on mitotic microtubules recognized
by the a-TubK40me3, H3K36me3 and pan-Kme3 antibodies, rather than non-specific
association of histones/chromatin with this structure.

A striking feature of microtubule trimethylation was the apparently exclusive relationship
between trimethylation and the well-known a-tubulin K40ac mark, particularly during the
later stages of mitosis. Co-staining with a-TubK40me3 and H3K36me3 and a-tubulin
antibodies showed trimethylation on the distal, minus ends of midbodies distinct from
chromatin H3K36me3 staining (Figures 2A-2C), while co-staining with a-TubK40me3,
H3K36me3 and acetylated a-tubulin showed the methyl mark occurred more distally

on the midbody than the acetyl mark (Figures and S2A-S2B). As shown in Figure

2C, quantification (N= 66) of the fluorescence intensity of trimethyl- and acetyl-specific
antibody staining along the length of the midbody revealed an inverse relationship between
acetylation and trimethylation. This suggested the possibility that microtubule acetylation
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and methylation were reciprocal marks, and focused our attention on the site for microtubule
acetylation, lysine 40 of a-tubulin (Janke, 2014; \erhey and Gaertig, 2007).

SETD2 methylates lysine 40 of a-tubulin

To examine whether methylation at K40 of a-tubulin occurs /n vivo, we used mass
spectrometry to analyze human myc-tagged a-tubulin (TUBA1B-myc) proteins purified
from HEK293T cells. Trimethylation at K40 of a-tubulin was recognized by peaks
corresponding to calculated molecular weights from the N- and C-terminus of the peptide
(Figure 3A). We next determined if a-tubulin could be directly methylated by SETD2.
SETD?2 is able to add a methyl group to di-methylated lysine to generate H3K36me3, but is
also capable of de novo mono- and di-methylation to generate a trimethyl mark (Wagner and
Carpenter, 2012; Yuan et al., 2009), indicating SETD?2 substrate recognition is not confined
to di-methylated lysine residues. Using purified a-tubulin, bovine microtubules or histones
(control) as substrates, /n7 vitro methylation assays revealed that recombinant SETD2 was
able to methylate both tubulin proteins and histones (Figures 3B and S4A). Polymerization
of microtubules was not required for methylation by SETD2 since SETD2 methylated both
soluble tubulin and polymerized microtubules, as well as recombinant a-tubulin protein
(Figures 3B and S4A). Together, these data demonstrate that trimethylation of a-tubulin is a
new PTM of microtubules, and identify SETD2 as a dual function methyltransferase that can
directly methylate both histones and a.-tubulin.

SETD2 is a mitotic microtubule methyltransferase

To definitively determine if SETD2 methylates mitotic microtubules, we generated a line
of Seta20X/flox mice, isolated Seta2oX/flox MEFs, transfected these cells with a tamoxifen-
inducible ER-Cre expression vector and isolated stable Cre-expressing cells after selection
with blasticidin. Seta2ox/flox. ER. Cre MEFs were treated with 4-hydroxytamoxifen or
vehicle, and loss of SETD2 activity observed by the absence of SETD2 protein (Figure
S4B), loss of a-TubK40me3-immunoreactivity of a-tubulin (Figure S4B), and loss of
nuclear H3K36me3 immunoreactivity (Figure 4A). Immunostaining with H3K36me3 and
a-TubK40me3 antibodies confirmed that methylation of microtubules was lost in Setd?
knockout MEFs (Figure 4A).

SETD?2 is required for genomic stability

To examine the impact of loss of Seta’2 during mitosis, we clonally selected stable
Setd2ox/flox -Efo_Cre MEFs and carried out live cell imaging. In control cells, the average
time in mitosis was 1.4 hours (S.D. = 0.57, N = 63 and illustrated using time-lapse images in
Figure 4B). However, after 4-hydroxytamoxifen treatment and excision of Sefd?2, the average
time in mitosis was increased to 2.0 hours (S.D. = 0.68, N = 37 and illustrated using time-
lapse images in Figure 4B), with SetdZ-null cells taking significantly longer to complete
mitosis (p < 0.0001 unpaired Welch t-test), and often failing to undergo cytokinesis,
resulting in retained cytoplasmic bridges (Figure 4B) and binucleation (Supplemental Movie
1).

This phenotype suggested that acute loss of Setfa”? function caused mitotic and/or cytokinesis
defects. Consistent with induction of the tetraploid checkpoint (Ganem and Pellman, 2007),
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tamoxifen-induced excision of Setd? caused dramatic increase in the sub-G1 population,
and death of Setad2-null cells (Figure S5A). When we analyzed the DNA content of clonally-
derived Seta2Mox/flox MEFs stably expressing tamoxifen-inducible ER-Cre (S4 cells) by
flow cytometry after exclusion of the majority of the sub-G1 population (Figures S5B and
S5C), we observed increased ploidy, with ~30% of S4 cells becoming polyploid (>4N
complement of DNA) upon loss of Sefd? compared to ~14% of controls (Figure 5A). To
eliminate the possibility that the observed increase in >4N DNA was due to cell aggregation,
we used automated confocal microscopy to capture images from 3,000 cells 72 hours

after Cre-mediated excision of SetdZ, and quantitated DAPI fluorescence intensities and
DAPI staining area by dot plot using algorithms developed in Pipeline Pilot (Accelrys)
(Figure 5B). Consistent with the flow cytometry data, polyploidy in Sefd2 knockout cells
(~41%) was significantly higher than controls (~10% and 17% in pharmacologic and
genetic controls). To rule out artifacts associated with clonal selection, we also assessed
polynucleation in a pool of stably expressing Setd27X/foX-ER_Cre MEFs after tamoxifen-
induced Cre-mediated excision of Sefd2. In three biological replicates counting 500 cells
each (total 1,500 cells), polynucleation in Sefd2 knockout cells was significantly higher

than pharmacological and genetic controls (Figures 5C and 5D). Together, these data
demonstrated that loss of SefadZled to an increase in ploidy and polynucleation.

SETD?2 is required for normal mitosis and cytokinesis

To examine the mitotic defects caused by loss of SETD2 activity in more detail, we used
automated confocal microscopy to examine Setd20X/flox-ER-Cre MEF clones 72 hours
following Cre-mediated excision of Sefd2. Images of mitotic cells were obtained and
abnormal mitotic events were identified (Figure 6A) and quantified for N=191 Seta2*/*
cells and N=216 SetdZ”/~ cells (Figure 6B). A significant increase in mitotic and cytokinesis
defects was observed following Setd? loss, including a failure of chromosomes to congress
and an increase in multipolar spindles at prometaphase, lagging chromosomes at anaphase,
and chromosomal bridges at cytokinesis. An increase in micronuclei was also observed in
SetdZ™!~ cells. This suggested that loss of the a-TubK40me3 mark was responsible for these
defects, as other known microtubule PTMs were still present in the spindles of Setd2/~ cells
(Figure S6).

Loss of SETD2 a-tubulin methylation causes mitotic and cytokinesis defects

As a non-redundant histone methyltransferase, loss of SETD2 results in an absence of
H3K36me3, making it at least a formal possibility that mitotic defects observed in in
SETD2-null cells occurred secondary to loss of H3K36me3 and disrupted epigenomic
programming. To explore this possibility, RNA-seq studies were performed on SETD2-
proficient and SETD2-disrupted (via TALEN) 786-0 and HKC (human kidney proximal
tubule epithelial) cells (Figure S7). In two biological replicates each for SETDZ2 disrupted
786-0 and HKC cells, as compared with wild type cells, analysis of differentially expressed
genes meeting p<0.05 threshold for significance showed no pathways were consistently
observed to be enriched upon loss of SETD2 in these cells (Figure S7).

Next, a series of rescue experiments were performed in 786-0 cells in which SETDZ2had
been deleted, and then clones selected to re-express either an N-terminal truncated (but
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functional) wild-type (tSETD2-WT), a pathogenic catalytically-dead SET-domain mutation
(tSETD2-R1625C) or a pathogenic SRI-domain mutation (tSETD2-R2510H). The SRI
domain of SETD2 is thought to interact with Pol 1l during transcription and “marking” of
histones by SETD2 (Kizer et al., 2005; Rebehmed et al., 2014). Many pathogenic mutations
in this domain have been noted in RCC, suggesting that in addition to the SET-domain, this
domain plays an important, albeit not completely characterized, role in SETD2 function.
As shown in Figure 7A, H3K36me3 histone methylation disappeared in 786-0 SETD2-null
cells. Expression of tSETD2-WT restored histone methylation, while the tSETD2-R1625C
SET-domain mutant (as expected) failed to restore H3K36me3. Mitotic defects followed

a similar pattern: the incidence of mitotic defects was higher in SETD2-null 786-0 cells
relative to the parental cells (p<0.0001), and tSETD2-WT, but not tSETD2-R1625C SET-
domain mutant (p<0.0001), rescued this increase in mitotic defects (Figures 7B and 7C).
Importantly, while the tSETD2-R2510H SRI-domain mutant fully rescued H3K36me3 to
levels equivalent to tSETD2-WT, it was not able to rescue mitotic defects in 786-0 SETD2-
null cells (Figures 7B and 7C). The tSETD2-R2510H SRI-domain mutant was also unable to
rescue K40me3 of a-tubulin (Figure 7D), even when expressed at an equivalent level with
tSETD2-WT (Figure 7D), consistent with microtubule methylation defects driving genomic
instability in these cells. Together, these data separating loss of histone methylation from
genomic instability point to SETD2 methylation of microtubules as being critical for proper
mitosis and cytokinesis.

DISCUSSION

Given the differential expression of tubulin isotypes in specific cells and tissues and the
identification of several PTMs of tubulin subunits within the microtubule polymer, the
concept of a ‘tubulin code’ has been suggested (Verhey and Gaertig, 2007), parlaying the
‘histone code’ hypothesis that chromatin structure and gene expression are regulated by

a constellation of PTMs (Jenuwein and Allis, 2001; Strahl and Allis, 2000). Although
identifying the “readers, writers and erasers” of both the tubulin and histone codes is

a focus of much research, they have heretofore appeared to be distinct. We report here

the identification of methylation as a modification of a-tubulin within microtubules,

thus identifying methylation as critical component of the tubulin code. Furthermore, we
identified SETD2 as an a-tubulin methyltransferase, defining SETD2 as a dual function
methyltransferase and “writer” required for the integrity of both the histone and tubulin
codes. Although dual function chromatin and cytoskeleton remodelers have not been
previously identified, it is possible that other “readers, writers and erasers” of the histone
code may also have functions associated with the cytoskeleton. Indeed, while we find acute
loss of SETD2 leads to loss of microtubule methylation, often accompanied by catastrophic
microtubule defects, with prolonged selection, we have been able to isolate SETD2-null cell
lines, suggesting the possibility that other methyltransferase(s) may be able to substitute for
SETD?2 to provide a similar function.

The finding that microtubules are methylated at K40 of a-tubulin, the same site used

for acetylation, suggests that methylation and acetylation have opposing functionality for
microtubules. There is precedent for acetylation and methylation at a single histone lysine
residue to provide mutually exclusive regulatory events. Acetylation of histone H3 at
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lysine 9 (H3K9ac) activates transcription while di-and trimethylation of this same lysine
repress transcription (Latham and Dent, 2007). Similarly, mutually exclusive acetylation/
methylation occurs on H3K14, H3K23, H3K27, H3K36, H4K12, H4K20 and H2BK5
(Latham and Dent, 2007).

a-Tubulin K40 acetylation is associated with certain extraordinarily stable microtubules,
including some cytoplasmic microtubules, the axoneme of cilia, and microtubules in
neuronal axons. It is thus tempting to speculate that methylation may serve an opposing
function, regulating microtubule depolymerization or destruction during mitosis. However,
a-TubK40ac is not directly responsible for microtubule stability (Perdiz et al., 2011); some
highly acetylated spindle microtubules are also highly dynamic. We thus propose that
a-TubK40ac and a-TubK40me3 may recruit different “readers” to the microtubule shaft
and minus ends, respectively, in order to regulate different microtubule-based activities. For
example, it was recently shown that detyrosination of spindle microtubules provides an
epigenetic mark that is read by the kinesin-7 family motor CENP-E during chromosome
congression to the equator (Barisic et al., 2015). As cells proceed toward cytokinesis,
a-TubK40me3 likely also recruits ‘reader’ proteins to the spindle midzone and the midbody.
No proteins are known to localize specifically to the minus ends of these microtubules
(Green et al., 2012), but the defects seen upon loss of Setd2 suggest that microtubule
methylation maybe critical for activation of the NoCut checkpoint (Agromayor and Martin-
Serrano, 2013) and recognition by “readers” to complete cytokinesis.

What might be the consequences in disease settings such as cancer for cells that lose
SETD2? Loss of SETD2 function occurs in approximately 20% of human renal cell
carcinomas (Gerlinger et al., 2012). In some tumors, loss of SETD2 occurs as a subclonal
alteration, with tumors exhibiting loss of this methyltransferase having a more aggressive
phenotype and worse prognosis (Bi et al., 2016; Cancer Genome Atlas Research, 2013;
Hakimi et al., 2013; Ho et al., 2016; Ho et al., 2015; Kovac et al., 2015; Liao et al., 2015;
Liu et al., 2015). A high rate of SETDZ2 mutation has also been observed in bladder and
lung cancer (Cerami et al., 2012; Gao et al., 2013) and SE7TDZ2is also mutated in T-cell
acute lymphoblastic leukemia (Zhang et al., 2012), and acute leukemia (6 %) (Zhu et al.,
2014). Similarly, SETD2 loss has been associated with more aggressive Gl stromal tumors
(GIST)(Huang Gut2015) and high-grade gliomas (Fontebasso et al., 2013; Huether et al.,
2014). Recurrent loss-of-function SETD2 mutations are also observed in leukemia (Zhu et
al., 2014), which interestingly, are most commonly truncating mutations leading to loss of
the SRI domain. SETD2 mutations are also enriched in relapsed pediatric leukemias (Mar
et al., 2014), suggesting therapy supplies a selective pressure for mutation due to loss of
this, and other chromatin remodelers, and leading these authors to suggest that SETD2
inactivation may confer a mutator phenotype that increases mutational diversity, adaptability,
and clonal survival, foreshadowing the genomic instability we see with loss of SETD2.

In this regard, H3K36me3 has recently been shown to play important roles in DNA
repair (Aymard et al., 2014, Li et al., 2013), and the absence of H3K36me3 is associated
with chromatin organizational changes (Simon et al., 2014). These studies suggested a
protective role for SETD2 in maintaining genomic stability, and identified a requirement
for H3K36me3 in double strand break resection and homologous recombination repair
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(Carvalho et al., 2014; Pfister et al., 2014), as well as nucleosome stabilization and
suppression of replication stress (Kanu et al., 2015). However, a role for mitotic defects
resulting from loss of SETD2 functioning as a driver of genomic instability is a previously
unappreciated mechanism by which loss of this methyltransferase may contribute to cancer
development and progression. In this regard, clear cell and papillary RCC have relatively
low mutational loads (Alexandrov et al., 2013; Lawrence et al., 2013), suggesting an
alternative mechanism may exist by which SETD2 maintains genomic stability. Our data
point to an additional, and heretofore unknown mechanism by which SETD2 participates

in genomic stability via its function as a microtubule methyltransferase, and implicate the
SRI domain of SETD2 in its function as an a-tubulin methyltransferase. The SRI domain of
SETD?2 binds the phosphorylated c-terminal domain of Pol Il (Kizer et al., 2005; Rebehmed
et al., 2014), and pathogenic mutations in the SRI domain of SETD2 have been seen in
cancers such as RCC and acute lymphoblastic leukemia (Cancer Genome Atlas Research,
2013, Mar et al., 2014). While deletion of the SRI domain abrogates SETD2 histone
methyltransferase activity, less is known regarding the impact of SRI missense mutations.
Data that a pathogenic SRI mutation causes loss of microtubule, but not histone methylation,
is potentially significant, as it suggests that loss of microtubule methylation may participate
in tumorigenesis even in cells that retain H3K36me3 of chromatin.

In conclusion, the discovery that SETD2 is a dual-function methyltransferase for histones
and microtubules, sets the stage for future studies identifying the ‘readers and erasers’ of
K40me3 on microtubules, and determining whether other epigenetic ‘readers, writers and
erasers’ also impinge on the cytoskeleton. These studies now open the door to understanding
regulation and cross-talk between the cytoskeleton and epigenome, and the role of SETD2 in
both normal and pathophysiological conditions such as cancer.

EXPERIMENTAL PROCEDURES

Cell culture and generation of Setd2-null Setd2/1°X/flox mouse embryonic fibroblasts (MEFs)

Setg2Mox/flox M\EFs were generated from 13.5 days postcoitum (d.p.c.) embryos of
Setg2Mox/flox mice. The cells were spontaneously immortalized via serial passaging. The
immortalized cells were transfected with an £R-Cre vector expressing Cre recombinase
fused with a mutated ligand-binding domain for the human estrogen receptor (ER-Cre).
Cells expressing this ER-Cre were cultured in phenol-red free media (DMEM, high glucose,
HEPES, no phenol red) supplemented with Sodium Pyruvate and GlutaMAX (ThermoFisher
Scientific), to prevent any spontaneous activation of the Cre recombinase by estrogenic
compounds found in phenol red containing media. Stable cell lines expressing ER-Cre

were generated by selection using 5ug/ml blasticidin (Thermo Fisher Scientific). Parental
Setg2Mox/flox \EFs treated with 4-hydroxytamoxifen (the active metabolite of tamoxifen,
Sigma-Aldrich) and Seta20x/flox \EFs transfected with ER-Cre, treated with vehicle
(0.01% ethanol) were used to controls. Setd27%/flox \MEFs expressing ER-Cre were treated
with 3uM 4-hydroxytamoxifen for three to five days for efficient Setad2 knockout.
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Generation of anti-a-TubK40me3 antibody

The a-TubK40me3 antibody was generated in rabbit using trimethylated K40 peptide (Ac-
GQMPSD(KMe3)TIGGGDC-amide) conjugated to KLH as an immunogen (Covance). a-
TubK40me3 specific antibody was purified using serial columns coupled with unmethylated
and trimethylated K40 peptide.

Immunocytochemistry

Cells were cultured on coverslips and immediately fixed using 4% paraformaldehyde
solution in PEM/PEG buffer (80mM PIPES (pH7.0), 1ImM EGTA, 1mM MgCl,, 4% w/v
PEG 8000) at room temperature for 30 mins (we failed to observe a robust signal for
methylation of microtubules using a shorter, more conventional 15 mins fixation), followed
by permeabilization using a 0.5% Triton X-100 solution in PEM/PEG buffer for 30 mins.
We found nonspecific chromatin immunostaining with a-TubK40me3 antibody was reduced
by fixation at 37°C using pre-warmed 4% paraformaldehyde solution in PEM/PEG buffer.
See Supplemental Experimental Procedures for details.

Statistics

Statistical significance was determined as indicated in Supplemental Experimental
Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Dynamic microtubules are methylated during mitosis and cytokinesis
SETD2 methylates a-tubulin at lysine 40, the same lysine that is acetylated

Loss of microtubule methylation causes genomic instability
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Figure 1. SETD2 binds a-tubulin
(A) Co-immunoprecipitation of endogen

two different SETD2 antibodies (Sigma-

ous a-tubulin and SETD2 from 786-0 cells with
Aldrich and Abcam).

(B) Co-immunoprecipitation of immunopurified SETD2 from MEFs using SETD2 antibody
and recombinant a-tubulin. Input - recombinant a-tubulin, 10ng.

(C) Co-immunoprecipitation of exogenous SETD2 and a-tubulin from HEK-293T cells
co-expressing SETD2, and EGFP-a-tubulin or EGFP-K40R-a-tubulin.

(D) Schematic of GST-SETD?2 fusion protein constructs.

(E) GST pull down assays of a-tubulin with the GST-SETD?2 fusion constructs incubated
with 1pg of recombinant a-tubulin (TUBA1A) protein and immunoblotted using a-tubulin
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antibody (upper panel). GST-SETD2 construct expression assessed using Coomassie blue
staining (lower panel).

(F) Peptide pull down using biotin-labeled K40 peptide of a-tubulin with the G12 or GST
only constructs. Input 50ng.
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Figure 2. Microtubule methylation during mitosis and cytokinesis in MEFs
(A) Representative images of cells stained using a-tubulin (red) and a-TubK40me3 (green)

antibodies, counterstained with DAPI (blue). The far right panel (Zoom) indicates higher
magnification images for better visualization. Scale bar =10um.

(B) Representative images of cells stained using a-tubulin (red) and H3K36me3 (green)
antibodies, counterstained with DAPI (blue). The far right panel (Zoom) indicates higher
magnification images for better visualization. Scale bar =10um.

(C) Quantitative analysis of average fluorescent intensities of midbodies immunostained
with H3K36me3 (green curve) and acetylated a-tubulin (red curve) antibodies (N = 66
midbodies, from 3 independent experiments). Representative image showing H3K36me3
(green), acetylated a-tubulin (red) and DAPI (blue). Scale bar =10um.

See also Figure S2 and S3.
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Figure 3. SETD2 methylates lysine 40 of a-tubulin

(A) Mass spectrometry analysis showing trimethylation at K40 on a-tubulin from
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HEK-293T cells. Expected molecular weights of trimethylated peptides from the N-terminus
and C-terminus are shown as peaks in red and blue, respectively.
(B) In vitro methylation of bovine microtubule proteins using recombinant SETD2 and
S-[methyl-3H]-Adenosyl-L-Methionine (SAM) as a methyl donor.

See also Figure S4.
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Figure 4. Loss of methylation on midbody and mitosis delay caused by Setd2 ablation
(A) Representative cell images of Setd2*/* and Setd2™~ cells using H3K36me3 or a-

TubK40me3 (green), and acetylated a-tubulin (red) antibodies, counterstained with DAPI
(blue). Scale bar =10um. Note that pre-warming the PFA to 37°C significantly reduced cross
reactivity of the a-TubK40me3 antibody with chromatin while retaining recognition of the
a-TubK40me3 epitope on microtubules, as described in Experimental Procedures.

(B) Live cell images of Setd2*/* and Setd2"~ cells undergoing mitosis and cytokinesis. Red
and green arrowheads denote corresponding cells tracked during cell division.

See also Figure S4.
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Figure 5. Loss of Setd2 induces polyploidy
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(A) FACS analysis of Setd2™ cells (red) and Setd2*/* controls (blue). Error bars represent

the mean and standard deviations of 4 biological replicates. *p<0.0001, n.s. = not

significant.

(B) Scatterplot of DNA content in Seta2 knockout (KO) MEFs with two control

cells; Seta2Mox/flox MEFs treated with 4-hydroxytamoxifen (genetic control) and ER-Cre

transfected Setd20x/flox \EFs treated with vehicle (ethanol) (pharmacologic control).

Statistics comparing Sefd2 KO to pharmacological control, *p<0.05. Scale bar=25um, N=3.
(C) Number of nuclei in Setd2 KO and with control MEFs. Cells were stained with DAPI
and the nuclear content of ~1500 cells (~500 cells in three independent experiments) was

counted manually from multiple confocal images. Scale bar=50pum. N=3.
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(D) Percentage of cells (from Figure 5C) with more than 1 nucleus. **p=0.0012,
***=0.0009. Error bars represent standard error of the mean.
See also Figure S5.
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Figure 6. Mitotic and cytokinesis defects induced by loss of Setd2
(A) Representative images of mitotic and cytokinesis defects in Setad? KO MEFs using

an acetylated a.-tubulin (green) antibody and counterstained with DAPI (blue). Scale
bar=10pm.

(B) Quantitation of abnormal mitotic events in Setd2*/* control and Setd2" cells.
N=number of dividing cells counted. ****p<0.0001.

See also Figure S6.
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Figure 7. SETD2 SRI mutant rescues histone methylation but not tubulin methylation or mitotic
defects
(A) Western blot analyses using histone extracts from parental 786-0 cells, SETD2-null

786-0 cells or SETDZ2-null 786-0 cells expressing tSETD2 (truncated SETD2 with intact
methylation activity), R1625C mutant (SET domain mutant), or R2510H (SRI domain
mutant).

(B) Mitotic defects including chromosome bridges (white) and lagging chromosomes
(black) quantitated for cells from three technical replicates, in each of two biologically
independent experiments for a total of 200 cells for each condition.*p<0.0001.

(C) Representative images of cells stained using a-tubulin (grey), centromere (CREST, red)
antibodies and DAPI (blue). Scale bar =10um.

(D) Immunoprecipitation of cytoplasmic fraction using lysates from (A) with the a.-
TubK40me3 antibody and immunoblotted using a a-tubulin antibody. In the immunoblot
using SETD?2 antibody, the tSETD2-2A-GFP fusion protein was autocleaved to tSETD2
and GFP by self-cleaving 2A peptide after translation. The amounts of a-tubulin

K40 trimethylation were quantitated by analyzing band intensities in five independent
experiments (N=5). *p<0.05, error bars denote standard error of the mean.

See also Figure S7.
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