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Abstract

Background: The histone H3K36me3 mark regulates transcription elongation, pre-mRNA splicing, DNA methylation,
and DNA damage repair. However, knowledge of the regulation of the enzyme SETD2, which deposits this function-
ally important mark, is very limited.

Results: Here, we show that the poorly characterized N-terminal region of SETD2 plays a determining role in regulat-
ing the stability of SETD2. This stretch of 1-1403 amino acids contributes to the robust degradation of SETD2 by the
proteasome. Besides, the SETD2 protein is aggregate prone and forms insoluble bodies in nuclei especially upon
proteasome inhibition. Removal of the N-terminal segment results in the stabilization of SETD2 and leads to a marked

deposition and protein aggregation.

increase in global H3K36me3 which, uncharacteristically, happens in a Pol ll-independent manner.

Conclusion: The functionally uncharacterized N-terminal segment of SETD2 regulates its half-life to maintain the
requisite cellular amount of the protein. The absence of SETD2 proteolysis results in a Pol ll-independent H3K36me3
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Background

The N-terminal tails of histones protrude from the nucle-
osome and are hotspots for the occurrence of a variety
of post-translational modifications (PTMs) that play key
roles in regulating epigenetic processes. H3K36me3 is
one such important functionally characterized PTM. In
yeast, this mark suppresses cryptic transcription from
within the coding region of genes by preventing histone
exchange [1]. In mammalian cells, it is involved in the
recruitment of DNA repair machinery, in splicing and
also, in establishing DNA methylation patterns by acting
as a binding site for the enzyme DNMT3a [2—6]. Recent
reports have emphasized the tumor-suppressive role of
H3K36me3 in renal cancer especially, where the gene
coding for the SETD2 histone methyltransferase is often
deleted or mutated [7-9].
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In yeast, the SET domain-containing protein Set2
(ySet2) is the sole H3K36 methyltransferase [10]. ySet2
interacts with the large subunit of the RNA polymerase II,
Rpbl, through its SRI (Set2—-Rpb1 Interaction) domain,
and co-transcriptionally deposits H3K36me3 [11]. The
deletion of the SRI domain from ySet2 abolishes both the
Set2—RNA Pol II interaction and H3K36me3 methylation
in yeast [12]. H3K36 methylation is a highly conserved
histone mark and Set2 homologs are found in more com-
plex eukaryotes [13]. These homologs share the con-
served features like the AWS (associated with SET), SET
[Su(var)3-9, Enhancer-of-zeste and Trithorax] and Post-
SET domains that are required for the catalytic activity
of the enzyme, and also, the protein—protein interac-
tion domains such as the WW and the SRI. Notably, the
mammalian homolog, SETD2, has a long N-terminal seg-
ment that is not present in ySet2. The function of this
region has remained obscure [13, 14].

Here, we show that SETD2 is an inherently aggre-
gate-prone protein and its N-terminal region regulates
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its half-life. This, in turn, is important for the fidelity of
the deposition of the functionally important H3K36me3
mark. Our findings reveal that the previously uncharac-
terized N-terminal region of SETD2 is important in gov-
erning appropriate SETD2 function and activity.

Results

SETD2 is robustly degraded by the ubiquitin—proteasome
pathway

To understand the regulation of the SETD2 enzyme in
human cells, we introduced a construct to express Halo-
or GFP-tagged SETD2 FL (full length) under the con-
trol of the CMV promoter in 293T cells. Strikingly, the
expression of GFP-SETD2 FL was barely detected post-
72 h of transfection although the expression of GFP in
vector control transfected cells was robust (Additional
file 1: Figure Sla). Also, RT-PCR revealed a marked
increase in the transcript level of SETD2 suggesting a
robust transcription from the constructs introduced
(Additional file 1: Figure S1b). Similar results were
obtained with Halo-SETD2 FL transfected cells in which
the expression was not detected with the western blotting
of whole-cell lysates with an anti-Halo antibody (Fig. 1a,
lane 3).

Autophagy and the ubiquitin—proteasome system
(UPS) are the major pathways for protein degradation in
mammalian cells [15]. To investigate whether autophagy
plays a role in SETD2 turn-over, 293T cells expressing
GFP-SETD2 FL were treated with increasing concentra-
tion of the lysosome inhibitor, chloroquine. Chloroquine
treatment did not have an apparent effect on the GFP-
SETD2 FL protein level (Additional file 1: Figure S1c).

To test whether SETD?2 is targeted for degradation by
the UPS, SETD2 FL expression was checked after treating
the cells with the proteasome inhibitor MG132. Protea-
some inhibition led to an increase in the accumulation of
SETD2. This was confirmed by western blotting of whole-
cell lysate of Halo-SETD2 FL-expressing cells as well as
microscopy visualization of GFP-SETD2 FL expression
(Fig. 1a, b). The addition of MG132 did not have a promi-
nent effect on Halo or GFP expression (Additional file 1:
Figure S1d, e). Also, RT-PCR did not reveal any change in
the transcript abundance of both endogenous and exog-
enous SETD2 upon MG132 treatment, suggesting that
the increased SETD2 protein abundance observed is due
to protein stabilization (Fig. 1c). Importantly, an increase
in the accumulation of the endogenous SETD2 was also
observed upon MG132 treatment of WT 293T cells,
implying that SETD2 degradation by the proteasome
is not limited to the recombinant form of the protein
(Fig. 1d). Degradation of SETD2 leads to the appear-
ance of lower molecular weight bands on a denaturing
gel. Hence, the specificity of the SETD2 antibody was
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validated (Additional file 1: Figure S2). Next, the expres-
sion of GFP-SETD2 FL was tested in HEPG2 and HELA
cells. SETD2 behaved similarly in these cell lines. Very
weak expression of GFP-SETD2 FL was observed which
increased upon proteasome inhibition by MG132 treat-
ment (Fig. le).

Our results suggest that the short half-life of SETD2 is
due to UPS-mediated decay which is consistent with pre-
vious findings [16]. Also, this mechanism for SETD2 pro-
teolysis is not cell line specific.

The removal of N-terminus region stabilizes SETD2
Previously, the expression of yeast Set2 (ySet2) has been
used in human cells to rescue H3K36me3 [17]. Hence,
we next investigated the expression of Halo-ySet2 in
293T cells. Western blotting of whole-cell lysate with an
anti-Halo antibody revealed a robust expression of ySet2
(Fig. 2a). ySet2 is a well-characterized protein that is
degraded by the proteasome in yeast [18]. The UPS and
the architecture of the proteasome itself are conserved
from yeast to mammals [19, 20]. Consistent with that,
our data show that ySet2 responds to MG132 treatment
in 293T cells (Fig. 2a). This suggests that ySet2 is targeted
for degradation through the UPS in human cells too,
although, its expression level is much higher than that
of SETD2 FL. SETD2 has an N-terminal region which is
absent in ySet2 (Fig. 2b). We speculated that the disparity
in the expression between ySet2 and SETD2 FL could be
due to the presence of this segment in SETD2.

For this, we tested the expression level of a truncated
mutant of SETD2, SETD2 C. Consistent with our hypoth-
esis, microscopy of cells expressing the GFP-tagged pro-
teins revealed that the expression level of SETD2 C was
comparable to that of ySet2 (Fig. 2c). Analysis of whole-
cell lysate with anti-Halo western blotting revealed that
the expression of SETD2 C was markedly higher than
SETD2 FL and was comparable to ySet2 (Fig. 2d). RT-
PCR using primers specific for SETD2 FL and SETD2 C
transcripts confirmed that the transcripts were produced
robustly (Fig. 2e). Also, the transcript levels of SETD2 FL
and SETD2 C were comparable.

To ascertain that the differences in protein levels
observed were indeed due to the differences in protein
half-lives, we performed a cycloheximide-chase experi-
ment. For this, two overlapping segments of SETD2
were used (Fig. 2f). The catalytic domain of SETD2 was
included in both the segments in case the SETD2 meth-
yltransferase activity is important for its half-life. Micros-
copy with the GFP-tagged version of the protein revealed
that the N-terminal+ Catalytic domain of SETD2 was
nuclear (Fig. 2g). Next, 293T cells expressing the Halo-
FLAG-tagged N-terminal 4 Catalytic domain of SETD2
or SETD2 C were treated with cycloheximide to inhibit



Bhattacharya and Workman Epigenetics & Chromatin (2020) 13:40 Page 3 of 14

GFP-SETD2 FL

L ] L]
a Bright Field Fluorescence
Untransfected Halo-SETD2 FL
¥ + - +  :MG132 +
o
<
w
(]
- <
245+ s |a-Halo
i
190~

ZEION +

— — — 1](1-Actin
4

1 2 3

VvC GFP-SETD2

+ - 4+ :MG132 d 293T

[——————

= + :MG132
SETD2_2
- - a- SETD2
1 2
1 2 3 4
e HEPG2 HELA
Bright Field Fluorescence Fluorescence Bright Field

+ DMSO

+MG132

— 10x

Fig. 1 SETD2 is robustly degraded by the proteasome. a Western blot of whole-cell lysates probed with the depicted antibodies. Lysates of wild
type 293T (untransfected) cells or expressing SETD2 full-length (FL) were prepared after 12 h of MG132 (10 uM) treatment. The expected band for
the target protein is indicated by an arrow. b Microscopy images showing the effect of MG132 treatment on expression of GFP-SETD2 FL in 293T
cells. The scale bar is 1 mm. ¢ RNA was isolated from GFP-SETD2 FL transfected cells and RT-PCR was performed to check the transcript levels.
GAPDH was used as a normalization control. VC- empty vector control. d Whole-cell lysates of 293T cells were prepared after 12 h of MG132 (10 uM)
treatment and probed with the antibodies depicted. e Microscopy images showing the effect of MG132 treatment on the expression of GFP-SETD2
FL in the cell lines described. The scale baris T mm

protein translation. Whole-cell extracts were prepared the removal of the N-terminal region of SETD2 is a sig-
at different time-points and the expression level of nificant contributor towards the greater accumulation of
SETD2 was scored by probing with an anti-FLAG anti- SETD2 C.

body. The protein level of the N+ Catalytic Domain seg- Collectively, the results suggest that the proteolytic
ment was barely detectable 4-h post-treatment though instability of the full-length SETD2 might be a key con-
SETD2 C still remains abundant (Fig. 2h). This suggests  tributor to the differences observed in protein abundance
that the difference in protein half-lives that arises upon  between SETD2 FL and SETD2 C.
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Fig. 2 Removal of the N-terminal region of SETD2 leads to its stabilization. a, d Western blot of whole-cell lysates probed with the depicted
antibodies. Lysates of 293T cells expressing Halo-ySet2 constructs were prepared after 12 h of MG132 (10 uM) treatment. U-untransfected. b
Cartoon illustrating the known domains of yeast Set2 (ySet2), SETD2, and the SETD2 C-terminus region that shares the conserved domains with
ySet2. ¢ Microscopy images showing the expression and localization of GFP-SETD2 C and ySet2. The scale bar is 1 mm for 10 x images and 10 um
for the magnified ones. e RNA was isolated from transfected cells described in d and RT-PCR was performed to check the SETD2 transcript levels.
GAPDH was used as a normalization control. SETD2_1 primer pair binds to the N-terminal segment of SETD2 transcripts, whereas, SETD2_2 binds

to the C-terminal region which is common in both SETD2 FL and C. f Cartoon illustrating the SETD2 segments used in the cycloheximide-chase
experiment. g Microscopy images showing the expression and localization of the GFP-SETD2 N + Catalytic Domain of SETD2. The scale bar is 10 um.
h Western blot of whole-cell lysates probed with the depicted antibodies. Lysates of 293T cells expressing Halo-FLAG-SETD2 constructs were
prepared after cycloheximide (10 pg/ml) treatment. The duration of the treatment is shown in the figure. HE- High Exposure, LE-Low Exposure
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Unlike the full-length protein, SETD2 fragments express
robustly
We wanted to test whether a specific stretch of the N-ter-
minal region of SETD2 causes its robust degradation.
To test that, we made sub-fragments of the N-terminal
region, 1-503 (Na) and 504—1403 (Nb), and tested their
expression (Fig. 3a). Strikingly, western blotting of whole-
cell lysates with an anti-Halo antibody revealed that both
the fragments expressed robustly in 293T cells with their
expression level similar to SETD2 C; whereas, SETD2
FL could not be detected (Fig. 3b). Notably, microscopy
analyses revealed that the fragment Nb was cytoplas-
mic, unlike Na and C which were nuclear (Fig. 3c). To
test whether the localization of this fragment alters its
stability, the c-myc nuclear localization signal (NLS) was
added to GFP-Nb (Nb’) and the expression was checked.
Western blotting of the whole-cell lysates revealed a
reduced expression level of Nb’ as compared to Nb with
continued sensitivity to MG132 treatment (Fig. 3d).
Microscopy confirmed that the addition of NLS resulted
in the nuclear translocation of Nb and also, reduced its
expression level (Fig. 3e). Nevertheless, the expression
of all the SETD2 fragments was very robust compared to
SETD2 FL and continued to display sensitivity to MG132.
From these experiments, no specific region emerged in
the SETD2 protein that is particularly targeted for UPS-
mediated decay.

SETD2 forms nuclear puncta

Microscopy revealed that GFP-SETD2 Na is nuclear and
formed puncta (Fig. 3c). This was surprising because this
segment lacks a putative NLS with a significant score as
per NLS mapper prediction (https://nls-mapper.iab.keio.
ac.jp/cgi-bin/NLS_Mapper_form.cgi) [21]. We decided to
characterize the NLS of SETD2 to better understand the
unexpected localization of the SETD2 fragments. To this
end, the localization of a series of GFP-SETD2 fragments
was checked using fluorescence microscopy (Additional
file 1: Figure S3). Of all the SETD2 fragments tested, the
data revealed the presence of putative NLS in three frag-
ments of SETD2: 967-1690, 1964—2263, and 2423-2564
(Fig. 4a). This was consistent with the NLS mapper pre-
diction that revealed the presence of NLS in each of these
segments (Additional file 1: Figure S3). To validate these
NLS, site-directed mutagenesis was performed to mutate
the lysine (K) and arginine (R) residues to alanine (A) and
the disruption of the nuclear localization of the mutated
GFP-SETD2 fragments was confirmed by microscopy
(Fig. 4a, Additional file 1: Figure S3b). Further, to validate
that the full-length SETD2 has only these three NLSs,
site-directed mutagenesis was performed to mutate these
NLS one by one (Fig. 4b). The cytoplasmic localization of
the GFP-SETD2 FL mutant, in which all the three NLS
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were disrupted, confirmed that SETD2 has three NLS
(Fig. 4b). Importantly, this also shows that the SETD2
fragment Na forms nuclear puncta without an NLS.

To test whether the full-length SETD2 protein also
behaves similarly, the localization of NLS mutants of
SETD2 was tested upon MG132 treatment. Strikingly, all
the mutants exhibited the formation of nuclear puncta
(Fig. 4b). To characterize the aggregate-prone tendency
of SETD2 further, 293T cells expressing GFP-SETD2
truncations (described in Fig. 2) were observed under the
microscope with or without MG132 treatment. Remark-
ably, all the SETD2 fragments responded to the treatment
with MG132 and demonstrated a marked increase in the
formation of puncta (Fig. 4c). Notably, the completely
cytoplasmic fragment Nb showed a pan-cellular dis-
tribution with a tendency to form puncta upon MG132
treatment similar to SETD2 FL NLS Mutant 3. Further-
more, puncta were also formed by WT GFP-SETD2 FL
protein suggesting that it might not be an artifact caused
due to protein misfolding resulting from the trunca-
tions or mutations (Fig. 4c). To test whether the endog-
enous SETD2 behaves similarly, immunofluorescence of
293T cells was performed with an anti-SETD2 antibody.
Importantly, proteasomal inhibition caused speckle-like
staining, revealing that endogenous SETD2 also forms
puncta (Fig. 4c). This observation, together with the fact
that despite very weak expression, SETD2 FL is aggregate
prone suggests that aggregation is an intrinsic property
of the SETD2 protein that is exacerbated by an increased
protein abundance.

SETD2 forms ubiquitinated insoluble aggregates
Exogenously expressed as well as the endogenous SETD2
formed puncta, especially upon MG132 treatment, that
are reminiscent of inclusion bodies formed by aggre-
gated proteins. The most striking pattern was observed
with the fragment SETD2 Na that formed distinct puncta
even in the absence of proteasome inhibition. As aggre-
gates are often ubiquitinated, to confirm that the puncta
formed by SETD2 are aggregated structures, the colo-
calization of RFP-ubiquitin with GFP- SETD2 Na was
tested. Clear colocalization was observed suggesting
that SETD2 Na puncta are indeed ubiquitinated aggre-
gate structures (Fig. 5a). GFP-SETD2 Na did not colocal-
ize with RFP-Fibrillarin indicating that the puncta were
not nucleolar (Fig. 5a). To biochemically substantiate
that SETD2 is ubiquitinated, Halo-C was affinity purified
from HEK293T cells co-expressing HA-ubiquitin with or
without MG132 treatment. The purified proteins were
then resolved on a gel and analyzed for the presence of
ubiquitination. Western blotting with an anti-HA anti-
body revealed that SETD2 C was indeed ubiquitinated
(Fig. 5b).
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To confirm further that SETD2 forms aggregates, we
checked the solubility of Halo-SETD2 fragments Na, Nb,
and C. 293T cells expressing the Halo-SETD2 fragments
were lysed, their soluble and insoluble fractions sepa-
rated and analyzed by western blotting with an anti-Halo
antibody. Correlating with the microscopy observations,
SETD2 Na that formed spontaneous puncta was highly
insoluble; C was insoluble to a lesser extent (Fig. 5¢c). The
segment Nb was soluble (Fig. 5c). Interestingly, the data
show that the different regions of the same protein have dif-
ferent aggregation propensity under similar experimental
conditions and are not merely a consequence of expression
from a strong CMV promoter. Furthermore, the presence

of low-complexity regions (LCR) in a protein is linked to
its aggregation propensity [22—24]. Hence, we analyzed the
SETD2 protein sequence for the presence of LCR. Strik-
ingly, the solubility profile observed for the SETD2 frag-
ments correlated very well with the LCR distribution of the
protein (Fig. 5d).

Collectively, our data show that SETD2 forms aggregated
ubiquitinated puncta (discussed in the Discussion section).

Removal of the N-terminal region of SETD2 leads
to a marked increase in global H3K36me3 levels
We found that the removal of the N-terminal region
of SETD2 leads to the stabilization of the remaining
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portion that shares conserved domains with ySet2. The expression of the empty vector (VC) did not rescue
Next, we investigated whether the removal of the N-ter- H3K36me3 as expected (Fig. 6a). Strikingly, the expres-
minal region affects the catalytic activity of SETD2. sion of SETD2 C in KO cells led to a marked increase
To check the activity of the exogenously introduced in the H3K36me3 level as compared to the rescue
SETD2, setd2A (KO) 293T cells were used. Consistent ~ with SETD2 FL (Fig. 6a). The other two H3K36 methyl
with the role of SETD2 as the sole H3K36me3 deposi- marks, H3K36mel, and H3K36me2, largely remained
tor in humans, in the KO cells the H3K36me3 mark was  unchanged (Fig. 6a).

not detected in the whole-cell lysates by immunoblot- Thus, the removal of the N-terminal segment leads to
ting (Fig. 6a). Next, constructs to express Halo-tagged a marked increase in the global H3K36me3 level. Also,
SETD2 FL or SETD2 C were introduced in the KO these experiments demonstrate that in the absence of
cells by transfection. 72 h post-transfection, whole-cell  the N-terminal region, SETD2 retains its histone meth-
lysates were prepared and analyzed by western blotting.  yltransferase activity.
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(See figure on next page.)

Fig. 6 SETD2 has reduced Pol Il dependency at high expression levels. a Western blot of whole-cell lysates probed with the depicted antibodies.
setd2/ 293T (KO) cells were transfected with Halo-vector control (VC), SETD2 full-length (FL) or SETD2 C (C), and the lysates were prepared 72 h
post-transfection. b Western blot of whole-cell lysates of 293T cells expressing Halo-SETD2 constructs, under the control of either CMV or CMVD2,
probed with the depicted antibodies. The expected bands are marked by arrows. *Non-specific. ¢ Bar graph showing H3 normalized H3K36me3
signal intensity of data depicted in b. The data plotted are from three independent biological replicates. d Halo purification was performed from
extracts of 293T cells expressing Halo-SETD2 C. Input and eluted samples were resolved on a gel and probed with the depicted antibodies. @ RNA
was isolated from 293T cells expressing SETD2 from different vectors and RT-PCR was performed to check transcript levels. GAPDH was used as a
normalization control. f Plates showing the results of the colony formation assay to test the effect of introducing full-length SETD2 (FL) or SETD2 C
under the control of a CMV promoter on the cell proliferation of setd2A 293T cells. g, h Quantification of the number and size of colonies obtained
in the colony formation assay (n =6). Unpaired t test was used for statistical analysis. P value is <0.05

At high cellular levels, SETD2 has a reduced RNA pol Il
dependency for H3K36me3 deposition

Studies conducted in yeast have revealed that the deposi-
tion of the H3K36me3 mark is strictly dependent on the
ySet2—Pol II association [12]. We were curious whether
the marked increase in the global H3K36me3 level upon
SETD2 C expression happens in an RNA Pol II-depend-
ent manner.

To test this, Halo-SETD2 constructs without the SRI
domain were introduced in setd2A 293T cells. Simi-
lar to the findings for ySet2 in yeast, removal of the SRI
domain from full-length SETD2 protein (FLASRI) led
to a marked decrease in H3K36me3 levels as compared
to the FL (Fig. 6b, c). Strikingly though, removal of the
SRI domain from SETD2 C (CASRI) had a very marginal
effect on the H3K36me3 levels (Fig. 6b, c). To confirm
that the removal of the SRI domain leads to the abolish-
ment of SETD2-Pol II interaction, Halo-FLAG-SETD2
C and Halo-FLAG-SETD2 CASRI were affinity purified
from 293T extracts using Halo ligand-conjugated mag-
netic resin. Elution of proteins purified using this tech-
nique involves cleaving the Halo tag with TEV protease,
leaving the FLAG epitope which can be detected on the
eluted bait by immunoblotting (Fig. 6d). Immunoblotting
with an anti-Pol II antibody confirmed that the deletion
of the SRI domain from SETD2 leads to the abolishment
of SETD2-Pol II interaction (Fig. 6d).

We wondered whether the decreased dependency on
Pol II interaction for the H3K36me3 activity of SETD2
C is due to the loss of a possible autoinhibition by the
N-terminal region of SETD2 or is due to the increased
expression of SETD2 C fragment as compared to the
full-length protein. To address these possibilities, Halo-
SETD2 C constructs under the control of the CMVD2
promoter were introduced in setd2A cells. CMVD2 pro-
moter is a truncated form of CMV and exhibits a much
weaker transcription activity. The weaker activity of the
CMVD2 promoter was confirmed by RT-PCR (Fig. 6e).
The reduced expression of SETD2 C under the regu-
lation of CMVD2 promoter was verified by analyzing
whole-cell lysate with an anti-Halo antibody (Fig. 6b).
Notably, analysis of H3K36me3 revealed that the RNA

Pol II dependency of SETD2 C was restored at a reduced
expression level as SETD2 CASRI did not exhibit much
activity when expressed using the CMVD2 promoter
(Fig. 6b, ¢).

SETD2 is considered a tumor suppressor [25]. With
this in mind, we tested the effect of SETD2 expression on
cell proliferation by introducing full-length SETD2 (FL)
or SETD2 C under the control of the CMV promoter in
setd2A 293T cells. Consistent with its association with
tumor-suppressive phenotype, the reintroduction of
SETD2 FL led to a decrease in cell proliferation (Fig. 6f,
g). Strikingly, expression of SETD2 C led to a signifi-
cant increase in the proliferation of cells as judged by
the results of the colony formation assay (Fig. 6f, g). An
increase in the colony size was also observed; however,
the differences were not statistically significant (Fig. 6h).

We conclude that high cellular levels of SETD2 result
in an RNA Pol II-independent H3K36me3 deposition and
an increase in cell proliferation.

Discussion

In recent years, many reports have highlighted the
adverse effect of the loss of H3K36me3 that occurs upon
SETD2 deletion. Here, we show that the other end of the
spectrum can also be detrimental as an excess of SETD2
can lead to inadvertent consequences. Previously, SETD2
has been reported to be regulated by the proteasome
[16]. We reveal that the absence of SETD2 proteolysis
results in a Pol II-independent H3K36me3 deposition
and protein aggregation. Our work illustrates the impor-
tance of the N-terminal segment of SETD2, which has
been a mystery, in maintaining the requisite intracellular
amount of the protein.

Regulation of SETD2 half-life is important for regulating its
function

Altered protein half-life can lead to abnormal develop-
ment and diseases such as cancer and neurodegeneration
[26]. Considering the role of H3K36me3 in a variety of
important cellular processes, it is reasonable that regulat-
ing the activity of the methyltransferase responsible for
the deposition of this mark is important. The previously
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uncharacterized N-terminal region, which is absent
in ySet2, plays an important role in SETD2 regulation.
The gain or loss of protein segments may be an impor-
tant contributor to the degradation rate of proteins dur-
ing evolution [27]. The differences in half-lives between
homologs might be needed to adjust for the differences in
the mechanism of deposition of H3K36 methylation. For
instance, unlike in yeast where ySet2 performs all three
states of methylation of H3K36, SETD2 does not appear
to be majorly responsible for mel and me2 deposition.
Therefore, even with a shorter half-life, SETD2 might be
able to do the required H3K36me3 deposition. Some evi-
dence for this is provided by studies on human cancers
which show that the total H3K36me3 levels are not sig-
nificantly impacted by a monoallelic loss of SETD2 [28,
29].

SETD2 over-abundance might have inadvertent
consequences

We found that SETD2 is an inherently aggregate-prone
protein and its aggregation tendency is positively cor-
related with the presence of LCRs. Aggregation induced
by LCRs can be detrimental and there are more than
20 genetic disorders linked to the expansion of trinu-
cleotide repeats within coding sequences that gener-
ates LCRs. The uncontrolled expansion of CAG triplets
that leads to polyQ tracts is associated with Huntington
disease and several ataxias [30]. Overaccumulation of
SETD2 can lead to the formation of stable and insolu-
ble protein aggregates impeding the normal function of
other proteins. SETD2 aggregation might lead to the co-
aggregation of other proteins leading to their inactiva-
tion and proteotoxic stress. Ubiquitinated aggregates like
the ones formed by SETD2 can directly inhibit or clog
proteasomes [31, 32]. As for aggregation of a protein a
concentration threshold is required, possibly the robust
degradation mechanism in cells ensures that SETD2
is kept at levels that maintain its solubility and activity.
Interestingly, SETD2, aka, HYPB were initially identified
in a screen to find interactors of the aggregate-prone pro-
tein Huntingtin (Htt) [33]. It is possible that the reported
Huntingtin—SETD2 interaction was due to the aggrega-
tion propensities of these proteins. Interestingly, the
N-terminus of SETD2 (SETD2 Na) behaves very similarly
to the polyQ containing N-terminus of Huntingtin pro-
tein. Like mutant Htt, SETD2 Na localizes to the nucleus
in the absence of an NLS and forms spontaneous puncta
characteristic of aggregated proteins [34]. The nucleo-
plasm promotes the formation of such aberrant and
insoluble protein aggregates due to the strong crowd-
ing forces from highly concentrated macromolecules
(approximately 100 mg/ml) [35].
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Instead of impeding cellular activities, aggregates can
also play functionally important roles. Aggregates formed
by SETD2 may indicate the formation of functional bod-
ies such as the RNA granules. RNA granules are micron-
sized membrane-less entities formed by phase separation
[36]. RNA granules are complex structures that contain
ribosomal subunits, translation factors, scaffold, and
RNA-binding proteins. These factors control the stabil-
ity, localization, and translation of RNA cargo [37]. Nota-
bly, RNA Pol II also forms granules [38]. Considering
the established interaction between SETD2 and Pol II,
there might be an interplay between the granules formed
by SETD2 and RNA Pol II. Strikingly, the expression of
SETD2 C led to an increase in the proliferation of cells.
This is consistent with the previous report that SETD2
depletion caused decreased cell proliferation in 293T and
HKCS cells [9]. Increased accumulation of SETD2 might
cause it to phase separate, which may lead to a stabiliza-
tion of transcripts which, in turn, might induce signal-
ing pathways leading to cell proliferation. This possibility
along with the likelihood of SETD2 forming part of RNA
granules to regulate transcription and translation will be
interesting to investigate in the future.

Pol Il association is required for enhancing SETD2 activity

Our data show that when the expression level of SETD2
is high, it has a reduced dependency on RNA Pol II asso-
ciation for H3K36me3 deposition. Possibly, the interac-
tion with Pol II is required for the activation of SETD2
enzymatic activity. When present in its normal cellular
amounts, SETD2 is not active enough to lead to a robust
H3K36me3 deposition without the Pol II association.
Pol 1II association enhances SETD2 activity and hence,
although SETD2 FL protein is barely detectable, the
rescue of H3K36me3 can be readily seen in the setd2A
cells. At high abundance, despite its low activity, a robust
H3K36me3 deposition is seen likely due to the increased
copy number of the SETD2 protein in cells. Recent stud-
ies in yeast have also challenged the notion that the Pol II
association is required for chromatin recruitment of Set2
[39]. The study found that the engagement of Set2 and
Pol II through the SRI domain is instead required for the
activation of Set2. Recent findings highlight the impor-
tance of the regulation of SETD2 activity in cells. This
report shows that H3.3S31ph can enhance H3K36me3
deposition by augmenting SETD2 activity, leading to
rapid, high-level expression of stimulation-induced genes
[40]. At a high cellular level, SETD2's dependency on
such factors might be reduced which can lead to unin-
tended transcriptional changes. By keeping the SETD2
expression level low and thus, maintaining its require-
ment for activation by factors such as H3.3S31ph and Pol
11, the cells can regulate H3K36me3 deposition and avoid
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unintended transcriptional changes. Additionally, the
Pol II-independent deposition of H3K36me3 can result
in the redistribution of the H3K36me3 mark resulting in
the mistargeting of important epigenetic regulators. The
PWWP domain-containing proteins DNMT3a, MutSa,
and MORF depend on H3K36me3 for proper recruit-
ment [4, 5, 17, 41]. It is important to note that besides
histone H3, SETD2 also has non-histone targets like
tubulin, the methylation of which is important for the
metaphase transition [42]. Hence, the consequences of
an increase in SETD2 abundance might not be limited to
changes in histone methylation.

Conclusion

SETD?2 is robustly degraded by the proteasome and the
removal of its N-terminal region leads to its stabilization.
We also discovered that SETD2 is an aggregate-prone
protein. We characterized the nuclear localization sig-
nals (NLS) in SETD2 and found that strikingly, SETD2
can form nuclear puncta even without an intact NLS.
This behavior is very similar to that exhibited by well-
characterized aggregate-prone proteins like the mutant
huntingtin. Importantly, it suggests that the robust deg-
radation of SETD2 might be a mechanism to prevent
inadvertent protein aggregation mediated by SETD2 and
of SETD2 itself. This can also be a mechanism to regu-
late the possible liquid phase transition of SETD2 that
needs to be investigated in future studies. Importantly,
an increased accumulation of SETD2 also results in a
reduced RNA Pol II dependency for H3K36me3 deposi-
tion, which is very uncharacteristic. SETD2 has a long
N-terminal region that is missing in its yeast homolog
Set2. Our work illustrates the importance of this N-ter-
minal segment of SETD2 in maintaining the requisite
intracellular amount of the protein.

Methods

Plasmids and oligos

SETD2-HaloTag® human ORF in pFN21A was procured
from Promega. Deletion mutants of SETD2 were con-
structed by PCR (Phusion polymerase, NEB) using full-
length SETD2 as a template and individual fragments
were cloned. All constructs generated were confirmed
by sequencing. SETD2-GFP, mRFP-Ub, pLenti puro HA-
Ubiquitin, pTagRFP-C1-Fibrillarin and pCDNA3-ySet2
were procured from Addgene. siRNAs were purchased
from Dharmacon and oligonucleotides were procured
from Integrated DNA Technologies (IDT).

Cell line maintenance and drug treatment

The cell lines used in this study (HEK293T, HEPG2 and,
HELA) were procured from ATCC. Cells were main-
tained in DMEM supplemented with 10% FBS and 2-mM
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L-glutamine at 37 °C with 5% CO,. MG132 (Sigma) was
added at a final concentration of 10 uM for 12 h. Chlo-
roquine (Sigma) treatment was done as indicated in the
text. Cycloheximide (Sigma) was added at a final concen-
tration of 10 pg/ml. Transfections were performed at cell
confluency of 40% using Fugene HD (Promega) using a
ratio of 1:4 of the plasmid (pg) to transfection reagent

(h.

Colony Formation Assay

The cells (n=4000) were plated in triplicate in 60-mm
tissue culture plates and were allowed to grow as a mon-
olayer for 14 days. Cells were incubated in the complete
culture medium, with media changes every 2-3 days.
After 14 days, the cells were fixed with 4% paraformalde-
hyde for 1 h. The colonies were stained with 0.5% crystal
violet (0.5% in 70% ethanol) for 1 h at room temperature,
rinsed and air-dried. Images were captured and the quan-
tification of the number and size of the colonies was done
using Image].

Isolation of total RNA and PCR

Total RNA was extracted from cells as per the manufac-
turer’s (Qiagen) instructions. It was further treated with
DNasel (NEB) for 30 min at 72 °C to degrade any pos-
sible DNA contamination. RNA (2 pg) was subjected to
reverse transcription using the QScript cDNA synthesis
mix according to the manufacturer’s instructions. cDNAs
were then amplified with the corresponding gene-specific
primer sets. For RT-PCR, PCR was conducted for 24
cycles using the condition of 30 s at 94 °C, 30 s at 60 °C
and 30 s at 72 °C. The PCR products were analyzed on a
1% agarose gels containing 0.5 pg/ml ethidium bromide.
The sequence of oligos is in Additional file 1: Figure S4.

Histone isolation and immunoblot analysis

Histones were isolated and analyzed as described
previously [43]. For immunoblotting, histones were
resolved on 15% SDS-polyacrylamide gel, transferred
to PVDF membrane and probed with antibodies. Sig-
nals were detected using the ECL plus detection kit
(ThermoFisher).

Antibodies

H3K36me3 (CST, 4909S), H3K36me2 (Active Motif,
39255), H3K36mel (Abcam, ab9048), H3 (CST, 9715S),
Halo (Promega, G9211), p-actin (Abcam, ab8224),
SETD2 (Abclonal, A3194), FLAG (Sigma-Aldrich,
A8592), Pol II (Abcam, ab5095).

Cell Fractionation
To prepare soluble and insoluble extracts, 293T cells
were washed with 1xPBS, collected by centrifugation,
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and resuspended in lysis buffer (50-mM Tris, pH 7.5,
350-mM NacCl, 1% Triton-X 100, 0.1% Na-deoxycholate
and a protease inhibitor mix). The lysed cells were cen-
trifuged at 13,000 rpm for 20 min. The supernatant was
collected as the soluble fraction. The pellet was washed
with lysis buffer containing 600-mM NaCl). The remain-
ing insoluble pellet following another centrifugation was
resuspended in Laemmli buffer (Biorad) and solubilized
by sonication on ice.

Affinity purification

293T cells expressing the protein of interest were har-
vested in 1xPBS and collected by centrifugation. The cells
were lysed by resuspending in lysis buffer (50-mM Tris,
pH 7.5, 150-mM NaCl, 1% Triton-X 100, 0.1% Na-deox-
ycholate, and a protease inhibitor cocktail). The lysed
cells were centrifuged at 13,000 rpm for 20 min. The
supernatant was collected and diluted 1:3 by adding dilu-
tion buffer (1x PBS, pH 7.5 with 1-mM DTT and 0.005%
NP-40). The diluted lysate was added to 100 pl of pre-
equilibrated Magne® HaloTag® Beads (Promega, G7282)
and incubated overnight on a rotator at 4 °C. The beads
were then washed with wash buffer (50-mM Tris—HCL,
pH 7.5, 300-mM NaCl, 0.005% NP-40, and 1-mM DTT.
2 ul ACTEV (ThermoFisher, 12575015) protease was used
per 100 pl of elution buffer.

Immunofluorescence

293T cells were plated onto glass coverslips in a 6-well
plate. Cells were washed with 1x PBS and fixed in 4%
paraformaldehyde for 20 min at 37 °C. Cells were then
washed three times with cold 1 x PBS and permeabilized
for 5 min with 1x PBS containing 0.2% Triton-X 100.
Permeabilized cells were then blocked for 30 min with
blocking buffer (3% BSA and 0.1% Triton-X in 1x PBS).
Cells were stained with primary antibodies against
SETD2 (1:1,000; Abclonal) for 1 h at room temperature.
A secondary antibody conjugated with AlexaFluor 568
was applied for 1 h at room temperature. All the images
depicted in the same panel were captured using the same
settings.

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/513072-020-00362-8.

{ Additional file 1: Additional figures. }
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