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ABSTRACT

SMYD3 emerges as a common oncogene in tumorigenesis, and overexpression of
SMYD3 is linked to increased cell proliferation and poor prognosis in human cancers.
Here we show that SMYD3 regulates DNA repair. ChIP-seq and microarray analyses
demonstrate that SMYD3 binds and activates homologous recombination genes (MDC1,
EXO1, and RAD54B) in MCF7 cells. SMYD3-depleted cells became hypersensitive to
DNA damage and were defective in homologous recombination repair. Retention of
v-H2A.X foci and decrease of MDC1 and BRCA1 foci were observed in SMYD3
knockdown cells. Moreover, depletion of SMYD3 inhibited H3K4 trimethylation on
MDC1, EXQO1, and RAD54B promoter. Together, we discover a novel mechanism of
SMYD3 in homologous recombination by regulating the expression of MDC1, EXO1,

and RAD54B.
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Chapter 1  Introduction

Cancer development is related to aberrant pattern of histone modification which
causes abnormal genes expression. Many histone methyltransferases have been
implicated in cancer aggressiveness (Albert and Helin, 2010; Cebria et al., 2002; Panier
and Boulton, 2014), one of which is SMYD3 (SET and MYND domain containing
protein 3). SMYD3 is highly expressed in colorectal carcinomas, hepatocellular
carcinomas, pancreatic cancer, prostate cancer and breast cancer (Hamamoto et al., 2004;
Hamamoto et al., 2006). SMYD3 regulates genes transcription through methylating
histones, including H3K4me2/3 (Martin and Zhang, 2005), H4K20me2/3 (Foreman et
al., 2011) and H4K5me1/2/3 (Van Aller et al., 2012). For example, SMY D3 upregulates
MMP9 (Cock-Rada et al., 2012) and hTERT (Liu et al.,, 2007) directly by
SMYD3-mediated trimethylation of H3K4. SMYD3 also methylates non-histone
proteins. VEGFR (Kunizaki et al., 2007), a receptor tyrosine kinase, is methylated by
SMYD3 at lysine 831 to enhance its activity, which promotes invasion and metastasis
ability in cancer development. Moreover, SMYD3 methylates MAP3K2 (Mazur et al.,
2014) at lysine 260 to activate Ras/Raf/MEK/ERK signaling by inhibiting binding of
PP2A phosphatase complex to MAP3K2. SMYD3 mainly locates in cytoplasm at
GO/G1 phases and moves to nucleus at S/G2 phases (Hamamoto et al., 2004). Above
evidences indicate the mechanism of SMYD3-mediated oncogenesis in the nucleus and

cytoplasm.

DNA doubles-strand breaks (DSBs) that are not properly repaired will result in cell

death and genomic instability. DSBs are mainly repaired by non-homologous end
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joining (NHEJ) or homologous recombination (HR). NHEJ ligates DNA breaks directly
by DNA ligase 1V throughout the cell cycle, but is most important during G1 when
homologous template for recombination is unavailable; HR occurs predominantly in S
and G2 phases when a sister chromatid is accessible (Symington and Gautier, 2011).
Therefore, HR repair is important for hyper-proliferation cells, like cancer cells, to
overcome DNA damages such as DNA double strand breaks and arrested replication

forks to maintain genome integrity (Bishop and Schiestl, 2002).

DNA double strand breaks (DSBs) are initially sensed by MRN complex
(Mrell-Rad50-Nbsl) followed by recruitment of ATM and MDC1l. ATM
phosphorylated H2A. X (y-H2A.X) are subsequently recognized by MDCL1 (Stucki et al.,
2005). Interaction between MDC1 and ATM through FHA domain further contributes to
the extension of y-H2A.X around the DNA DSBs (Huen and Chen, 2008). MDC1 also
mediates retention of MRN complex (Chapman and Jackson, 2008) and acts as a
platform for accumulation of BRCA1 (Zhenkun Lou et al., 2003a) and 53BP1
(Bekker-Jensen et al., 2005) at DSBs. In the initiation of HR repair, MRN complex and
CtIP conduct 5'-to-3' short-range DNA end resection to generate 3' single-stranded DNA
(ssSDNA) (Sartori et al., 2007). The subsequent long-range resection is conducted by a
nuclease, EXO1 (Tran et al., 2004), and BLM, a helicase (Nimonkar AV, 2008). The
exposed ssDNA is immediately bound by RPA to prevent the formation of secondary
structure. RPA is then displaced by Rad51, a recombinase, and RAD51-ssDNA
filaments form with the help of BRCA2 (Thorslund et al., 2010). Working in concert
with RAD51-ssDNA filaments, RAD54B, a DNA-dependent ATPase, drives the search
for a homologous template and strand invasion (Mason et al., 2015). After pairing with

complementary DNA sequence and forming a D-Loop, the undamaged homologous
2

doi:10.6342/NTU201602684



DNA sequence is used as a template for intact DNA synthesis to resolve DNA damages.

HR repair pathway is regulated by the recruitment of DNA repair proteins and
many posttranscriptional modifications of proteins (phosphorylation, ubiquitylation,
sumoylation, and methylation) (Heyer et al.,, 2010). Histone posttranscriptional
modifications have been indicated to orchestrate dynamics of DNA damage repair
proteins (Hunt et al., 2013). Shortly, after DNA damage occurring, H2A.X is
phosphorylated by ATM or ATR immediately and interacts with MDC1. MDCL1 then
recruits RNF8 (Mailand et al., 2007) and RNF168 (Mattiroli et al., 2012) to catalyze
K63-ubiquitilation on H2A and H2A.X which mediate the recruitment of BRCAL and
53BP1 for HR and NHEJ, respectively. Nowadays, the posttranscriptional modification
of proteins in HR has been studied a lot. However, the evidence of transcriptional

regulation of HR genes is insufficient.

Most studies have focused on the ability of SMYD3 to promote cell proliferation and
metastasis through methylating histones to activate gene expression and/or directly
methylating target proteins to enhance its activity. Interestingly, there is significant
correlation between SMYD3 and homologous recombination (HR) repair pathway in
our microarray and ChlIP-seq data. The mRNA of MDC1, EXQO1, and RAD54B, which
are HR associated genes, decreased after inhibition of SMYD3 in MCF7 cells. In
addition, SMYD3 localizes to these genes in ChlP-seq analysis. Therefore, we proposed
that SMYD3 regulates MDC1, EXO1, and RAD54B epigenetically to affect the
efficiency of homologous recombination. In our results, depletion of SMYD3 caused
DNA-damage hypersensitivity and decreased homologous recombination activity. These

defects could result from diminished expression of MDC1, EXO1, and RAD54B. In
3
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addition, the H3K4me3, one of SMYD3 catalyzed histones, on these genes promoter
decreased after suppression of SMYD3. Conclusively, these results suggest that
SMYD3 coordinates homologous recombination through regulating expression of

MDC1, EXO1, and RAD54B.
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Chapter 2 Results

2.1  Loss of SMYD3 results in decreased expression of DNA

repair genes

Overexpression of SMYD3 is able to promote cancer cells proliferation and
metastasis. To explore novel roles of SMYD3, we analyzed microarray and ChlP-seq
data base. The gene expression levels of 264 transcripts were decreased in SMYD3
knockdown MCF7 cells. Moreover, results of ChlP-seq showed that SMYD3 was
recruited to 3437 DNA sequences (Supplementary Figure 1). Comparing these two data
sets, 28 genes were implicitly regulated by SMYD3. When classified by gene ontology
(GO) terms, these genes were highly associated with DNA repair, especially the
homologous recombination (HR) repair. To confirm the results from these databases, the
expression of MDC1, EXO1, and RAD54B, which are essential to HR repair (Mason et
al.,, 2015; Tomimatsu et al., 2014; Zhang et al., 2005), were assessed in
SMYD3-depleted MCF7 cell. For stable knockdown of SMYD3, a lentivirus ShRNA
infection system (shSMYD3#1 and shSMYD3#2) was used. We found that the mMRNA
expression and protein levels of MDC1 and EXO1 were significantly reduced after
inhibition of SMYD3. Although the protein level of RAD54B was not affected, its
MRNA expression was also significantly reduced in SMYD3-depleted cells (Figure 1).

These results suggest that SMYD3 may be involved in HR repair.
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2.2 SMYDS3 plays a role in homologous recombination

repair

In our results, SMYD3 was able to regulate expression of HR associated genes,
including MDC1, EXOL, and RAD54B. In order to know whether SMYD3 plays a role
in HR repair, MCF7 DR-GFP cells were used to evaluate homologous recombination
activity. Chromosome of DR-GFP cells is inserted with a cassette that contains two
differentially mutated GFP genes oriented as direct repeats and is separated by a drug
selection marker, the puromycin N-acetyltransferase gene (Pierce et al., 1999) (Figure
2). One of the mutant GFP genes (with 22 nucleotides deletion) contains I-Scel
endonuclease cutting sites, and the other GFP gene acts as a donor of WT GFP
sequence for homologous recombination. Therefore, the DSBs are created by expressing
I-Scel endonuclease in MCF7 DR-GFP cells. The GFP protein is expressed only when

the DSBs on GFP are repaired by HR.

After knockdown of SMYD3 for three days, MCF7 DR-GFP cells were transfected
with pCBASce to express I-Scel endonuclease and generate DSBs. After expressing
I-Scel endonuclease for 48 h, MCF7 DR-GFP cells were analyzed by flow cytometry
and GFP-positive cells were quantified. Results showed that after depletion of SMYD3,
the percentage of GFP-positive cells were significantly reduced (Figure 3) implicating
the impairment of homologous recombination in SMYD3-depleted cells. The HR
activity assay was performed in U20S DR-GFP cells in the same way. The HR activity

is also defective in SMYD3-depleted U20S DR-GFP cells (Figure 4). On the other hand,
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NHEJ efficiency is negligibly affected by inhibition of SMYD3 (Figure 5). These

results suggest that SMYD3 plays an important role in HR repair.

2.3 Inhibition of SMYD3 postpones the DNA repair

To study the DNA damage response after depletion of SMYD3, MCF7 cells were
treated with ionizing radiation (IR) (1.67 Gy). The DNA repair kinetics were measured
by the accumulation of y-H2A.X foci, a DNA damages marker (Podhorecka et al., 2010).
After treatment with IR, cells were analyzed in different recovery time (1, 2, 4, 24, 48
and 72 h). Compared with shLuc cells, the percentage of y-H2A.X foci was not different
from 1 h to 4 h post-irradiation (Figure 6A). However, percentage of y-H2A.X foci
remained high in SMYD3 knockdown cells after 24 h, implicating that DNA repair was
impaired in SMYD3-depleted cells (Figure 6B and 6C). To assess whether the IR
sensitivity was affected by inhibition of SMYD3, colony formation assay was
performed. After knockdown of SMYD3 for 5 days, cells were treated in different
dosages of IR (0, 0.84, 1.67, 3.33 Gy). Colonies were counted at day 15 post-irradiation.
Compared to shLuc cells, only one of SMYD3 knockdown clone (shSMYD3#1)
showed more sensitivity to IR (Figure 6D). It might due to the deficiency of SMYD3 is
strongly deleterious to MCF7 cells that led to few colony formation in
SMYD3-knockdown cells even in IR-free groups (Cock-Rada et al., 2012; Hamamoto
et al., 2004), or the colonies were too small to be counted in SMY D3-knockdown cells.
These results imply that SMYD3 plays a pivotal role in cell proliferation and is required

for efficient DNA repair.

doi:10.6342/NTU201602684



24 Loss of SMYD3 impairs formation of BRCAL1 foci

through regulating expression of MDC1

Knockdown of SMYD3 reduced the expression of MDC1, EXO1, and RAD54B
(Figure 1). MDC1 is a crucial regulator in DNA repair (Stucki and Jackson, 2004) and
participates in the initial recruitment of 53BP1 and BRCAL1 (Kolas NK et al., 2007;
Minter-Dykhouse et al., 2008; Shi et al., 2008; Wilson and Stern, 2008; Zhenkun Lou et
al., 2003b). The accumulation of 53BP1 at DSBs stimulates NHEJ whereas the
accumulation of BRCAL promotes DNA end resection and HR (Escribano-Diaz et al.,
2013). To gain further insight into how SMYD3 regulates HR activity, we investigated
the formation of BRCAL foci following exposure to ionizing radiation (IR) in MCF7
cells by immunofluorescence staining. MCF7 cells were treated with IR (1.67 Gy) and
recovered at 37°C for 1lhr. Results showed that the MDC1 and BRCAL foci were
diminished in SMYD3-depleted cells after IR-induced DSBs (Figure 7 and 8), which
was consistent with lower HR activity in SMYD3-depleted cells. In agreement with the
results of NHEJ assay, the recruitment of 53BP1 foci was not affected by depletion of
SMYD3. These results indicate that SMYD3 deficiency impairs HR through

downregulation of MDCL1 and leads to less accumulation of BRCAL foci at DSBs.
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2.5 The establishment of H3K4 trimethylation on HR genes

promoter is SMYD3-dependent

SMYD3 was reported primarily to catalyze H3K4 trimethylation (H3K4me3) on
promoter region to activate its target genes. To investigate whether inhibition of
SMYD3 alters the H3K4me3 patterns on MDC1, EXO1, and RAD54B promoters, the
levels of H3K4me3 were evaluated by chromatin immunoprecipitation (ChlP). The
primers encompassing the SMYD3-binding sites in ChlP-seq and the TATA-box, a
binding site for RNA polll, were used for real-time PCR. Results showed that
occupation of H3K4me3 was abolished on the MDC1, EXO1, and RAD54B TATA-box
upon depletion of SMYD3 (Figure 9), which suggests that the recruitment of H3K4me3
on these genes promoter relies on SMYD3. Notably, the SMYD3-binding site in
ChlP-seq on MDCL1 is near by the TATA box. These results indicate that SMYD3
regulates MDC1, EXO1, and RAD54B through the establishment of H3K4me3 on

promoter region.
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Chapter 3  Discussion

In this study, we elucidated a novel function of SMYD3 in homologous
recombination. Deficiency of SMYD3 reduced the expression of HR associated genes,
induced DNA-damage hypersensitive, decreased the level of MDC1 and BRCAL foci,
and led to impairment of homologous recombination. Furthermore, the active
transcription marker H3K4me3 on MDC1, EXO1, and RAD54B promoter is
SMYD3-dependent. Here, we provide an evidence insight into the transcriptional3

regulation of HR genes relying on SMYD3.

Previous reports have shown that the recruitment of BRCA1 and 53BP1 are mediated
by MDC1 (Minter-Dykhouse et al., 2008; Zhenkun Lou et al., 2003b). Here, we found
that HR activity and the formation of BRCAL foci were suppressed in SMYD3-depleted
cells. However, the formation of 53BP1 foci was not affected in our experiments
(Figure 8). The initial 53BP1 recruitment is mediated by MRN complex, and MDC1
plays a role in sustaining the 53BP1 binding. In MDC1 knockdown cells, 53BP1 foci
form normally after IR treatment but disappear rapidly in 2 hours (Bekker-Jensen et al.,
2005). In our experiments, BRCAl1 and 53BP1 foci were measured at 1 h

post-irradiation. Therefore, the reduction of 53BP1 foci was not observed in our results.

SMYD3 knockdown impaired the formation of BRCAL foci. We further investigate
whether it was resulted from the change of mMRNA and protein expression of BRCAL per
se or affected by the reduction of MDC1. We observed that the mMRNA and protein level
of BRCAL diminished in SMYD3-depleted cells (Figure 10A and 10B). Intriguingly, in

10
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our microarray data, the expression of BARD1 (BRCA1-Associated RING Domain-1)
reduced in SMYD3-depleted cells (Figure 10A). BARD1 and BRCAL form heterodimer
in DNA repair. The interaction with BARDL1 increases the E3 ligase activity and the
stability of BRCAL (Choudhury et al., 2004). In our data, MDC1-depleted cells showed
decreased BRCAL1 foci/protein expression as well (Figure 10C and 10D). Therefore, we
assumed the reduction of BRCA1l in SMYD3-depleted cells might due to the

downregulation of BARD1 and MDC1.

SMYD3 has different functions in the nucleus and cytoplasm, the amounts of
SMYD3 in the nucleus is less than the cytoplasm. To assess whether DSBs induce
translocation of SMYD3 into nucleus to activate HR genes transcription, we used
nuclear/cytosol fractionation assay to evaluate the changes of SMYD3 in nucleus and
cytoplasm after IR treatment (Figure 11). However, the amounts of SMYD3 did not
change after IR treatment, which might be due to the limited level of nuclear SMYD3
was sufficient to activate HR genes. We also observed that the expression of MDC1,
EXO1, and RAD54B were not changed after IR treatment. Thus, SMYD3 may modulate

the constitutive expression of MDC1, EXO1, and RAD54B.

In conclusion, our results demonstrate that MDC1, EXO1 and RAD54B are new target
genes of SMYD3 besides WNT10B (Hamamoto et al., 2006), NKX2.8, MMP9, cMET
(Zou et al., 2009), hTERT, and CCNAL. In addition, SMYD3 is linked to DNA repair for
the first time. Two ways of SMYD3 to regulate genes expression have been proposed
(Robert J. Sims 3rd and Reinberg, 2004). SMY D3-mediated histones methylation could
recruit other factors to its binding sites, or SMYD3 associates with RNA Polll to

generate broader region of H3K4 methylation. Moreover, previous studies showed that
11
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SMYD3 regulates genes expression with transcription factors. For example, SMYD3
regulates ER-mediated target genes by directly interacting with estrogen receptor which
allows localization of SMYD3 to ER target genes and methylates H3K4 on these genes
promoter (Kim et al., 2009). SMYD3 also regulates genes involved in cell proliferation
and invasion collaborating with PC4 (positive coactivator 4) (Kim et al., 2015). We
analyzed the promoter regions of MDC1, EXO1, and RAD54B by PRMO (Dome nec
Farre” et al., 2003), the consensus binding sequences of C/EBPP, glucocorticoid
receptor, YY1, estrogen receptor, TFIID and XBP-1 were indicated. In the future, we
will investigate if SMYD3 regulates the expression of MDC1, EXO1, and RAD54B with

these potential transcription factors.

12
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Chapter 4 Materials and methods

4.1  Cell culture and genes knockdown

The breast cancer cell lines MCF7 cells were maintained in DMEM containing
10% FBS, non-essential amino acids (HyClone), sodium pyruvate (HyClone), and
antibiotics (HyClone). For the depletion of SMYD3, HEK293T cells for virus
packaging were co-transfected with packaging plasmid (pCMV-A8.91), envelope
(pMDG), and hairpin pLKO-RNAI vectors (National RNAi Core Facility, Institute of
Molecular Biology / Genomic Research Centre, Academia Sinica, Taiwan, ROC) to
produce lentivirus particles. The oligo sequences of shSMYD3#1/#2 are
CCGGGCTTCCCGATATCAACATCTACTCGAGTAGATGTTGATATCGGGAAGCT
TTTTG and CCGGCAACTC TTTCACCATCTGTAACTCGAGTTACAGATGGTGAA
AGAGTTGTTTTTG, respectively. Virus-containing supernatants were collected at 48 h
post-transfection. The cells were treated with virus and polybrene (8 pg/ml) containing
medium for 16hr. The transduced cells were selected with puromycin (1 pg/ml) for 5

days.

4.2  Immunoblotting and antibodies

Cells were washed with phosphate-buffered saline (PBS) once in 6-cm dish, then
lysed by RIPA buffer (50mM Tris-HCI, 150mM NaCl, 1% NP-40, 0.25% DOC, 1%
SDS, 1mM DTT, protease inhibitor, 1ImM PMSF, and 1mM EDTA) with protease
inhibitor. Cells lysates were separated by SDS-PAGE, transferred to polyvinylidene

13
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difluoride (PVDF) membrane with a 0.22-um pore size (Immobilon PSQ, Millipore),
and blocked overnight with 5% milk in TBS-T (Tris-buffered saline with 0.1%
Tween-20) at 4°C. The primary antibodies were SMYD3 (GeneTex), MDCL1 (Bethyl),
EXOL1 (GeneTex), RAD54B (GeneTex), Tubulin (GenTex) and nuclear matrix protein

p84 (Novus).

4.3  RNA purification and quantitative reverse transcription

PCR

Total RNA was isolated using the RNeasy kit (Qiagen). RNA was
reverse-transcribed into first-strand cDNA using Maxima First Strand cDNA Synthesis
Kit, with DNase (Thermo). cDNA was amplified with KAPA SYBR fast PCR mix
(Kapa Biosystems, Woburn, MA) and subjected to analysis using a CFX Connect Real
Time System thermal cycler (Bio-Rad). Q-PCR for RPL30 mRNA (which encodes the
ribosomal protein L30) was used as an internal control. The relative abundance of

MRNA was calculated after normalization with RPL30 mRNA using the CT equation.

4.4  Homologous recombination assay

MCF7 DR-GFP and U20S DR-GFP stable cells (provided by Dr. Hung-Yuan,
Chi’s lab) possess two differentially mutated GFP genes oriented as direct repeats and
separated by a drug selection marker, the puromycin N-acetyltransferase gene (Pierce et
al., 1999). One of the mutated GFP genes contains recognizing site for [-Scel

endonuclease and gene deletion. After knockdown of SMYD3 for three days, MCF7
14
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DR-GFP and U20S DR-GFP stable cells were transfected with pCBASce to express
I-Scel which induces double strand breaks on GFP. After 48 hours, GFP-positive cells
were measured by flow cytometry (FACSCalibur). Ds-Red was transfected as

transfection efficiency control.

4.5 Plasmid end-joining assay

Plasmid End-joining assay was conducted as previous described (Shun-Fu Tseng et
al., 2005). pGL3-promoter plasmid (Promega) which harbors a luciferase reporter gene
was completely linearized by restriction endonucleases Hindlll and confirmed by
agarose gel electrophoresis. The linearized DNA was subjected to phenol/chloroform
extraction, ethanol-precipitated, and dissolved in sterilized water. Then, the linear
luciferase reporter was transfected into MCF7 cells. HindllI cuts at the region between
promoter and luciferase gene, the expression of luciferase does not be influenced.
Luciferase is expressed when cutting sites are repaired by precise end-joining. The
luciferase activity was assayed by Luciferase assay system (Promega). Renilla was used

as a control.

4.6  Immunofluorescence staining

MCF7/shSMYD3-MCF7 cells were cultured on coverslips two days followed by
ionizing radiation (IR) treatment (~3 Gy/min, IBL 637, CIS Bio International, Saclay,
France). Then, Cells were fixed by 4% paraformaldehyde and cell membrane was
permeabilized with 0.1% Triton-X in PBS for 10 min. After washed three times in PBS,

15
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coverslips were blocked with 1% BSA in PBS and incubated at room temperature with
primary antibody (y-H2AX (Millipore, Upstate), BRCAL (Santa Cruz), MDC1 (Bethyl)
and 53BP1 (Santa Cruz)) for 3 hr. After three times washed in PBS containing 0.05%
Triton-X for 5 min, cells were incubated with secondary antibody for another 1 hr.
Finally, coverslips were washed three times with PBS containing 0.05% Triton-X and
embedded in DAPI (1 ug/ml) containing mounting solution (DAPI: mounting solution =

1:2). Cells with more than 5 foci were counted as positive.

4.7  Colony formation assay

Control (shLuc) or shSMYD3 knockdown MCF7 cells were seeded (5000 cells for
shLuc, 10,000 and 20,000 cells for shSMYD3#1 and shSMYD3#2, respectively) in
6-cm dish two days before IR (0, 0.84, 1.67, 3.33 Gy) treatment. After IR treatment,
cells were incubated for 15 days. Cells were fixed in 4% paraformaldehyde for 5 min,
washed once with PBS, stained with 0.1% crystal violet then washed again with
distilled water. The survival rate was calculated by comparing the colonies number with

non-irradiated cells in each group.

4.8 Chromatin immunoprecipitation (ChlP)

ChIP assays were performed according to the manufacturer's protocol (Upstate
Biotechnology). Briefly, approximately 2x10® MCF7 cells or SMYD3-knockdown
MCF7 cells were used. The cells were fixed by adding formaldehyde to a final
concentration of 1% and incubated for exactly 10 minutes. The cells were washed twice
with ice-cold PBS containing protease inhibitors and harvested on ice. The lysates were

16
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sonicated to shear the DNA to fragment lengths of 200 to 500 bps. Complexes were
immunoprecipitated overnight with 2 pg of antibodies specific for H3K4me3 or mouse
IgG (sc-2025, Santa Cruz). Input samples were processed in parallel. Antibody/protein
complexes were collected on 50 ul of protein G-coupled sepharose beads (GE
Healthcare) and washed as follows: once with TrissEDTA-150 mM NacCl, twice with
TrissEDTA-500 mM NaCl and once with PBS. Immune complexes were eluted with 1%
SDS and TE buffer. After decrosslinking, DNA was purified using a PCR cleanup kit
(Invitrogen) and analysed by gRT-PCR. The results were expressed as the percentage of

the initial inputs.

4.9  Nuclear/cytosol fractionation

Approximately 1x10° MCF7 cells were used. The cells were trypsinised and
washed in ice-cold PBS twice. Cells were lysed on ice for 10 min in 250 ul cytoplasmic
lysis buffer (0.1% Triton-X, 10 mM HEPES-KOH pH7.9, 10 mM KClI, 1.5 mM MgClz,
0.34 M Sucrose, 10% glycerol) containing protease inhibitor, 1. mM DTT, and 10 mM
PMSF. Nuclear sediments were collected by centrifugation at 6,000 rpm for 1 min and
pellets were washed with 1ml cytoplasmic lysis buffer twice. Nuclei were lysed in RIPA
buffer (50 mM Tris-HCI, 150 mM NacCl, 1% NP-40, 0.25% DOC, 1% SDS, 1 mM DTT,
protease inhibitor, 1 mM PMSF, 1 mM EDTA) and lysed completely by sonication.
Nuclei lysates were separated by SDS-PAGE, transferred to polyvinylidene difluoride
(PVDF) membrane with a 0.22-pum pore size (Immobilon PSQ, Millipore), and blocked
with 5% milk in TBS-T (Tris-buffered saline with 0.1% Tween-20). Membranes were

hybridized in primary antibody overnight at 4°C. The primary antibodies were SMYD3
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(GeneTex) and Tubulin (GeneTex).
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Fig 1. Depletion of SMYD3 influences expression of MDC1, EXO1, and RAD54B.
(A) After knockdown of SMYD3 for 5 days, the mRNA of MDC1, EXO1, and RAD54B
were analyzed by real-time PCR. RPL32 was used as internal control. The mRNA of
MDC1, EXO1, and RAD54B was reduced after inhibition of SMYD3. (B) After
knockdown of SMYD3 for 5 days, cells were lysed in RIPA buffer. The protein level of
MDC1 and EXO1 in SMYD3-knockdown cells (shSMYD3#1, 2) were decreased.
However, the protein level of RAD54B was not diminished after SMYD3 knockdown.

Tubulin was used as internal control. Error bar represents the mean £ S.D. **, p < 0.01.
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[-Scel I-Scel

DR-GFP cassette -—— G FP GFP -

HR — e FP GFP +

NE) G FP GFP -

Fig 2. Homologous recombination activity assay. DR-GFP cassette is a recombination
substrate for evaluating homologous recombination activity. It is composed of a GFP
genes with two I-Scel recognizing sites and a wild-type internal GFP for homologous
pairing which are separated by a puromycin resistant gene. After generation of DSBs by
I-Scel, there are two main ways to repair DSBs. One is homologous recombination
(HR), the damaged GFP uses the wild-type internal GFP to synthesis intact GFP and
the cells express GFP. If DSBs are repaired by non-homologous end joining (NHEJ), the
GFP gene cut by I-Scel remains mutant because of gene deletion and cells do not

express GFP.
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Fig 3. Homologous recombination activity is defective in SMYD3-depleted cells. (A)
DS-Red was used as transfection efficiency control in homologous recombination assay.
The transfection efficiency was equal in SMYD3 knockdown cells and control. (B) HR
efficiency was measured in MCF7 DR-GFP cells after knockdown SMYD3 for 5 days.
The cells in circle are quantified as GFP-positive cells. FL1, green fluorescence; FL2,
red-orange color. (C) Homologous recombination activity is reduced in SMYD3-
depleted cells. Error bar represents the mean + S.D. *, p < 0.05. (D) Western blot

shows knockdown efficiency of SMYD3.
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Fig 4. Homologous recombination activity reduced in SMYD3-depleted U20S cells.

(A) HR efficiency was also measured in U20S DR-GFP cells after SMYD3 knockdown

for 5 days. The cells in circle are quantified as GFP-positive cells. FL1, green

fluorescence; FL2, red-orange color. (B) Homologous recombination activity is

suppressed by depletion of SMYD3. Error bar represents the mean = S.D. **, p < 0.01.

(C) Western blot shows knockdown efficiency of SMYD3.
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Fig 5. NHEJ is marginal affected by depletion of SMYD3. NHEJ is another mainly
DNA repair pathway for DSBs. The NHEJ activity was measured in
SMYD3-knockdown and Ku70-knockdown MCF7 cells. The Ku70-knockdown cells
were used as the positive control. NHEJ activity was calculated by normalization of
luciferase with renilla. After depletion of SMYD3, the NHEJ activity was marginal

affected. Error bar represents the mean + S.D. **, p < 0.01; N.S., no significance.
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Fig 6. Resolution of DSBs is delayed in SMYD3-depleted cells. After knockdown of

SMYD3 for 5 days, MCF7 cells (shLuc and shSMYD3) were treated with IR (1.67 Gy)

and fixed for immunofluorescence staining of y-H2A.X at indicated times. (A) (B)

Percentage of y-H2A.X foci was shown in three independent experiments. 100 nuclei

were counted in each experiment. Error bar represents the mean = S.D. *, p <0.05; **, p

< 0.01; N.S., no significance. (C) Representative micrographs of y-H2A.X at 72 h

post-irradiation are shown. (D) Cell viability was evaluated by colony formation assay.

MCF7 cells stably expressing shRNAs were treated with IR in different dosages. The

cells were stained with crystal violet at day 15 post-irradiation. The colonies were

counted in three independent experiments. Error bar represents the mean + S.D.
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Fig 7. Recruitment of MDC1 is deficient in SMYD3-depleted cells. After knockdown
of SMYD3 for 5 days, MCF7 cells (shLuc and shSMYD3) were treated with IR (1.67
Gy) and fixed for immunofluorescence staining of MDC1 at indicated times. (A)
Percentage of MDCL1 foci was reduced in SMYD3-depleted cells. 100 nuclei were
counted in each experiment. Error bar represents the mean = S.D. *, p < 0.05; **, p <

0.01. (B) Representative micrographs of MDC1 foci at 1 h post-irradiation are shown.
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Fig 8. Formation of BRCAL is deficient in SMYD3-depleted cells. After knockdown
of SMYD3 for 5 days, MCF7 cells (shLuc and shSMYD3) were treated with IR (1.67
Gy) and recovered at 37°C for 1 h. (A) Percentage of cells with BRCAL foci
significantly reduced after inhibition of SMYD3. Nevertheless, the formation of 53BP1
is not affected. 100 nuclei were counted in each experiment. Error bar represents the
mean = S.D. *, p < 0.05. (B) Cells were fixed for immunofluorescence staining of

BRCA1 and 53BP1.

doi:10.6342/NTU201602684



MDCI s B EXO1 4

A 530 377 2278 2114
= & = o«
W\\\\\J: —
=<« =7
234 -49 -386 -237
s bl
8 1 | | 10 1 | |
7 21
8 -
(o] 6 L]
x = 7
e 5 - e~ i
[3e} e, 6
=¥ =
L5y g5
CER N.S. = 4 7 N.S.
=, | | 31 | |
2 -
1 T 1 .
0 __i i 0 o s 0 s
(] — [5] — =) — ¥ —
: . = =
3 & 3 & = & _ =
= a = a = a = a
= = - =
7 7 75} W
= = = =
o o wn wn
A B A B
C RADS54B s
5262 -5069
- <
NN
- <~
398 247
% %
30 1 | | E#8  A: SMYD3 binding sitein ChIP-seq
55 | WX B: TATA-box
- — < Primer sites
T 20 -
o
=¥
E 15 1
o
¢£ 10 A s
5 - |
0
[*] — o —
-
= a = a
“ = w =
= =
7 7
= =
W W
A B

Fig 9. Occupation of H3K4me3 on TATA-box is abrogated in SMYD3-depleted
cells. The amount of H3K4me3 on (A) MDC1, (B) EXO1, and (C) RAD54B was
assayed by ChIP. A: SMYD3-binding site in ChIP-seq, B: TATA-box. The net amount of

H3K4me3 was enriched at region B compared to region A. After depletion of SMYD3,
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the H3K4me3 at region B of MDC1, EXO1 and RAD54B decreased. However, the
amount of H3K4me3 at region A was not affected by SMYD3 knockdown. The
percentage of H3K4me3 in input was normalized with H3. Error bars represent s.e.m. *,

p <0.05; **, p <0.01; N.S., no significance.
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Fig 10. BRCAL reduces in SMYD3-depleted cells. (A) Expression of BRCAL and
BARD1 decreased in SMYD3 knockdown cells. Error bar represents the mean + S.D. *,
p <0.05; **, p <0.01. (B) BRCA1 reduced in three knockdown clones of MDC1.
Knockdown efficiency of MDC1 was shown. p84 was used as internal control. (C)
BRCAL reduced in SMYD3-depleted cells. (D) Representative micrographs of BRCA1

in MDC1-depleted cells after IR treatment.

29

doi:10.6342/NTU201602684



Nucleus Cytoplasm
1 hr 3 hr 1 hr
IR(Gy) 0 167333 5 167333 5 0

SMYD3

1.00 1.15 1.3 157 1.65 1.06 156

P84 72

Tubulin 55

Fig 11. The amount of SMYD3 in nucleus does not influenced after IR. The amount
of SMYD3 in nucleus was analyzed by nuclear/cytosol fractionation at 1 h and 3 h
post-irradiation with different dosage. Nuclear SMYD3 is less than cytosol SMYD3.

After exposure to IR, the distribution of SMYD3 in nucleus was not changed.
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B

shSMYD3/shLuc SMYD3 ChIP-seq
microarray

3437 sequences

28 genes

Symbol Description shSMYD3/shLuc

ANLN Anillin, Actin Binding Protein 0.50
CYBRD1 Cytochrome B Reductase 1 0.33
DNMT3B DNA (Cytosine-5-)-Methyltransferase 3 Beta 0.50
EFEMP1 EGF containing fibulin-like extracellular matrix protein 1 0.29
EXO1 exonuclease 1 0.47
FANCI Fanconi anemia, complementation group | 0.47
GAD2 glutamate decarboxylase 2 (pancreatic islets and brain, 65kDa) 0.31
GALNT12 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 12 (GalNAc-T12) 0.33
GMNN geminin, DNA replication inhibitor 0.50
GPX2 glutathione peroxidase 2 (gastrointestinal) 0.35
1QGAP3 1Q motif containing GTPase activating protein 3 0.47
ITGA9 integrin, alpha 9 0.38
LRP1 low density lipoprotein receptor-related protein 1 0.44
MDC1 mediator of DNA-damage checkpoint 1 0.35
MYBL2 v-myb avian myeloblastosis viral oncogene homolog-like 2 0.38
NR5A2 nuclear receptor subfamily 5, group A, member 2 0.35
NT5C2 5'-nucleotidase, cytosolic 11 0.50
OIP5 Opa interacting protein 5 0.47
POC1A POC1 centriolar protein A 0.50
POLA2 polymerase (DNA directed), alpha 2, accessory subunit 0.47
POLQ polymerase (DNA directed), theta 0.47
PRKAR2B protein kinase, CAMP-dependent, regulatory, type 11, beta 0.44
RAD54B RAD54 homolog B (S. cerevisiae) 0.50
RET ret proto-oncogene 0.44
SERPINAL serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1 0.29
SLC7A5 solute carrier family 7 (amino acid transporter light chain, L system), member 5 0.44
ST6GALNAC2 [ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-sialyltransferase 2 0.41
TIAM1 T-cell lymphoma invasion and metastasis 1 0.50

C

Term Genes Count p-value Benjamini
::':?e::ﬂ“hmm GT)T:WII;EOERE{E:U?E}(‘;D‘MB EXOI, 7 2 0F-4 7 6E-2
DNA repair Iﬁgﬁg] RADIE, EEDL, MPBCL, 5 1.5E-3 2.5E-1
Cell cycle E;\(ECI‘IGON]IP:NRJ\}%%ﬂB ANLN, 7 1.9E-3 2.2E-1
;{:::;ngl:zt:t:nz:: L}(\)EE)] RADS4B, EXO1, MDC1, 5 3.9E3 39E-1
f“ciltl:ia:: response }];;('\)EE)] RADS54B, EXO1, MDC1, 5 17E2 73E-1
M phase OIP5, RAD54B, ANLN, EXO1 4 2.0E-2 7.3E-1
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Supplementary Figl. Analysis of microarray and ChlP-seq data. (A) 28 genes were
implicitly regulated by SMYD3 in microarray and ChIP-seq. (B) The relative
expression fold of 28 genes after depletion of SMYD3 was listed. (C) The 28 genes
were analyzed in The Database for Annotation, Visualization and Integrated Discovery

(DAVID) and classified by gene ontology (GO) terms.
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