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SUMMARY

Dysregulation of MLL complex-mediated histone methylation plays a pivotal role in gene
expression associated with diseases, but little is known about cellular factors modulating MLL
complex activity. Here, we report that SON, previously known as an RNA splicing factor, controls
MLL complex-mediated transcriptional initiation. SON binds to DNA near transcription start sites,
interacts with menin, and inhibits MLL complex assembly, resulting in decreased H3K4me3 and
transcriptional repression. Importantly, alternatively spliced short isoforms of SON are markedly
upregulated in acute myeloid leukemia. The short isoforms compete with full-length SON for
chromatin occupancy, but lack the menin-binding ability, thereby antagonizing full-length SON
function in transcriptional repression while not impairing full-length SON-mediated RNA
splicing. Furthermore, overexpression of a short isoform of SON enhances replating potential of
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hematopoietic progenitors. Our findings define SON as a fine-tuner of the MLL-menin interaction
and reveal short SON overexpression as a marker indicating aberrant transcriptional initiation in
leukemia.

INTRODUCTION

Methylation of lysine residues of histone H3 is a key event dictating active or repressed
status of chromatin. Tri-methylation of histone 3 lysine 4 (H3K4me3) near transcription start
sites is associated with active transcription (Barski et al., 2007; Guenther et al., 2007), and in
mammals, this modification is mediated by the SET1 and mixed lineage leukemia (MLL)
family methyltransferases, SET1A, SET1B, and MLL1-4 (Miller et al., 2001; Shilatifard,
2012). The SET1/MLL proteins are associated with multiple subunit proteins, such as
WDRS5, ASH2L and RBBP5, to acquire a maximum activity in methylation of H3K4 (Cao et
al., 2010; Dou et al., 2006; Ernst and Vakoc, 2012). The N-terminal portion of the MLL1/2
protein interacts with the scaffold protein menin, facilitating LEDGF interaction and
chromatin binding of the MLL complex (Yokoyama and Cleary, 2008). The MLL-menin
interaction is required for leukemia-associated target gene expression (Yokoyama et al.,
2005), suggesting that this interaction is especially critical for activating oncogenic MLL-
target genes. In addition, pharmacological inhibition of MLL-menin interaction was shown
to block leukemia progression (Borkin et al., 2015) and prostate cancer growth (Malik et al.,
2015), indicating that MLL-menin interaction could be a promising target for cancer
therapy. However, cellular factors that regulate MLL-menin interaction and MLL complex
assembly are largely unknown.

SON is a ubiquitously expressed nuclear protein recently identified as an SR-like splicing
cofactor. SON is required for proper RNA splicing of selective genes (Ahn et al., 2011;
Hickey et al., 2014; Lu et al., 2013; Lu et al., 2014; Martello, 2013; Sharma et al., 2011).
Knockdown of SON leads to splicing defects in transcripts containing weak splice sites, and
many of the affected genes are necessary for cell cycle progression and epigenetic
modification (Ahn et al., 2011; Sharma et al., 2011). Interestingly, SON is highly expressed
in human embryonic stem cells and is an essential factor in stem cell pluripotency (Chia et
al., 2010; Lu et al., 2013). Further RNA-seq analyses revealed that SON knockdown causes
intron retention and exon skipping at several pluripotency genes, such as OCT4, PRDM14
and E4F1 (Lu et al., 2013).

While the role of SON in RNA-binding and splicing has been highlighted, a few studies
have also suggested that SON may function in transcriptional regulation. SON has been
implicated in DNAbinding (Mattioni et al., 1992; Sun et al., 2001), and we previously
demonstrated that SON suppresses the promoter activity of the miR-23a~27a~24-2 cluster
(Ahn et al., 2013). In addition, microarray and RNA-seq experiments showed that SON
knockdown not only leads to gene downregulation which is mainly due to splicing defects,
but also upregulates a substantial number of genes (Ahn et al., 2011; Lu et al., 2013; Sharma
et al., 2011), strongly suggesting that SON has a repressive function in gene expression.
However, whether SON is directly associated with chromosomal loci in the mammalian
genome and how SON regulates transcription is completely unknown. Interestingly, in

Mol Cell. Author manuscript; available in PMC 2017 March 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

RESULTS

Page 3

addition to full-length SON, various splice isoforms of SON have been predicted based on
analyses of expressed sequence tags (ESTs) and genomic DNA sequence. Nevertheless, the
functional significance of SON isoforms remains unexplored.

Here, we revealed an unexpected role of SON in interacting with menin and regulating MLL
complex activity, H3K4me3, and transcriptional initiation of multiple leukemia-associated
genes. More importantly, we demonstrated significant increases in short splice variants of
SON, which lack menininteracting ability, in acute myeloid leukemia, and their functional
significance in blocking full-length SON function in transcriptional repression while not
impairing full-length SON-mediated RNA splicing.

Genome-wide analyses of SON binding sites revealed SON interaction with G/C-rich
sequences near transcription start sites and SON depletion caused activation of SON

target genes

To explore SON function in genome-wide DNA-binding and gene regulation, we performed
chromatin immunoprecipitation and sequencing (ChIP-seq) in K562 leukemic cells with two
different SON antibodies (SON-N and SON-C Abs) (Figure 1A). Through pilot
experiments, we validated that these antibodies are suitable for ChIP experiments based on
enrichment and reproducibility of peaks (Figures S1A and S1B). The results from ChiP-seq
with SON-N and SON-C Abs identified the genomic distribution of SON binding sites at
both intergenic and intragenic regions, with a significant portion of the intragenic peaks
located at promoters and introns (Figure 1B). To focus on SON function near transcription
start sites (TSSs), we analyzed the ChIP-seq peaks located 5kb upstream and downstream
(x5kb) from the TSS, which were mainly localized in the promoter, the 5’UTR, and the first
exon or intron of the target genes (Figure 1C). The heat map and motif analysis confirmed
that SON binding sites are indeed enriched near TSSs (Figure 1D) and contain repetitive G
or C tracts as well as GC dinucleotide repeats (Figures 1E and S1C). The genes bearing
SON peaks at their TSS have functions in DNA-binding / transcription (e.g. ATF3, GFI1,
EGR1, FOXO3A), receptor signal transduction (NOTCH2NL, SRC) and cell cycle regulation
(CDKNZ1A, GADD45A) (Figure 1F). Altered expression of these genes has been implicated
in perturbed hematopoiesis, leukemia and other cancers (Janz et al., 2006; Joslin et al., 2007,
Khandanpour et al., 2013; Liebermann et al., 2011; Phelan et al., 2010; Viale et al., 2009).
Enrichment of SON near TSSs of these genes was further confirmed by ChIP-gPCR (Figure
S2A) and deletion of the potential DNA-binding region (Sun et al., 2001) reduced SON
interaction with target DNA (Figure S2B). Interestingly, knockdown of SON by siRNA
(Figure S2C) caused upregulation of SON ChIP target genes (Figure 2A), indicating that
SON interaction with TSSs of target genes exerts inhibitory effects on transcription.

SON binding sites near the TSS overlap with the locations of the histone modification
H3K4me3 and SON depletion leads to increased levels of H3K4me3

To elucidate the function of SON near the TSS, we compared the genomic location of SON
peaks with the location of several histone modifications which are involved in regulation of
transcriptional initiation. Interestingly, while the regions with intergenic SON peaks are
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enriched with mono-methylation of histone 3 lysine 4 (H3K4mel) (Figure S2D), SON peaks
near TSSs are closely associated with the locations of H3K4me3, a marker of active or
potentially active promoters, and CpG islands (Figure 2B). Concurrence of SON peaks with
H3K4me3 peaks and CpG islands were further visualized and confirmed in several SON
target genes (Figures 2C and S2E). The genomic regions bearing SON peaks near TSSs
show a low level of conventional nucleosomes and the presence of variant histone, H2A.Z,
indicating the active chromatin status (Figure S2F). More interestingly, a close look at the
peak regions revealed that the high peaks of H3K4me3 are precisely aligned with the valleys
of SON peaks, and vice versa (Figures 2D and S2F). These observations suggest that SON
may bind to the region between nucleosomes and modify histones within adjacent
nucleosomes.

Interestingly, our extensive ChIP-gPCR analyses revealed that the level of H3K4me3 at
SON target sites near the TSS was significantly increased (Figures 3A and S3A), while
H3K4me3 at the TSS of unrelated genes (non-targets) did not show any significant changes
upon SON knockdown (Figure S3B). The levels of H3K4mel and H3K27ac also showed an
increase in a few sites, while H3K27me3 did not show any changes (Figures 3A and S3A).
Taken together, these data demonstrate that SON functions to lower the level of H3K4me3
near TSSs.

SON depletion leads to increased recruitment of MLL complex components to the SON
target genes and enhanced MLL complex formation

To understand the mechanism of the increased H3K4me3 upon SON knockdown, we
measured the occupancy of MLL and SET1 complex components at SON target sites near
the TSS. Interestingly, significant increases in occupancies of MLL (MLL1 N-terminus and
C-terminus), MLL2, WDR5, ASH2L and menin at SON target genes were detected in SON-
depleted cells (Figures 3B and S3). In contrast, recruitment of SET1A, SET1B and ASC2/
NCOAG (a component of MLL3/4 complex) to the SON target sites was not increased upon
SON knockdown (Figure 3B). These results indicate that SON inhibits recruitment of
MLL1, MLL2 and their associated components to the target chromatin region.

While MLL itself is a weak H3K4 methyltransferase, its interaction with the multiple
subunit proteins greatly increases the ability to induce H3K4me3 (Dou et al., 2006; Steward
et al., 2006). Since we detected increases in both chromatin occupancy of the MLL complex
and H3K4me3 in SON-depleted cells, we next hypothesized that the protein interactions
between the MLL complex subunits may be altered by SON knockdown. To this end, we
performed immunoprecipitation (IP) with an MLL1 N-terminus (MLL-N) antibody and
examined the presence of other MLL complex components by Western blotting.
Surprisingly, depletion of SON (Figure 4A) significantly facilitated MLL-N interaction with
MLL1 C-terminus (MLL-C), WDR5, ASH2L, menin and LEDGF (Figure 4B).
Immunoprecipitation with a WDR5 antibody further confirmed the enhanced interaction of
WDRS5 with MLL-C, MLL2, and menin upon SON depletion (Figure 4C). Increased
LEDGEF interaction with MLL-N and menin in SON siRNA-transfected cells was also
confirmed by LEDGF IP (Figure 4D). In contrast, both WDR5 IP and SET1A IP
experiments demonstrated that the protein interactions within the SET1A complex and the
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MLL3/4 complex were not affected upon SON knockdown (Figures 4C and 4E). These
findings revealed that SON exerts its inhibitory effect specifically on MLL1/2 complex
assembly.

SON interacts with menin, an MLL1/2 complex component, and SON-menin interaction
diminishes MLL-menin interaction

Our findings on the inhibitory effect of SON on MLL1/2 complex formation prompted us to
examine the possibility of physical association of SON with MLL1/2 complex subunits.
Immunoprecipitation with SON antibody to detect SON-associated proteins revealed that
SON interacts with menin, an MLL1/2 complex component critical for MLL function in
oncogenesis (Figure 4F). SON interaction with menin was further confirmed by
overexpression and IP experiments (Figure 4G). However, none of other components of the
MLL complex, such as MLL-N, MLL-C, ASH2L, WDR5 and LEDGF, were detected in
SON co-IP (Figure 4F), suggesting that the SON-menin complex is not incorporated into a
complete MLL complex. To examine the effect of SON on the interaction of menin with its
direct binding partner MLL-N, we assessed menin-MLL-N interaction as well as menin-
SON interaction by IP with menin antibody. Surprisingly, SON overexpression increased the
menin-SON complex formation and at the same time, menin interaction with MLL-N is
significantly decreased (Figure 4H). These findings demonstrate an inhibitory effect of
menin-SON interaction on menin-MLL interaction. Size-exclusion chromatography also
showed an increased amount of menin in several MLL-containing fractions when SON is
depleted by siRNA (Figure S4A), supporting our IP data.

An increased interaction between MLL and menin upon SON knockdown was also observed
in MV4;11 cells which express MLL-fusion protein (MLL-AF4) as well as wild-type MLL
(Figures S4B and S4C). We further demonstrated that SON has an inhibitory effect on the
interaction between menin and the MLL-fusion protein MLL-ENL (Figure S4D). HOXA9
and MEISL, well-known transcriptional targets of MLL-fusion proteins, were also
upregulated upon SON knockdown in MLL-rearranged cell lines (Figure S4E), indicating
inhibitory effects of SON on expression of MLL-fusion protein target genes.

Short isoforms of SON generated by alternative splicing are upregulated in acute myeloid

leukemia

In addition to full-length SON (isoform F; SON F hereafter), several splice variants of SON
have been predicted in genome databases (Table S1). An alternative exon is located between
exon 6 and exon 7 of the human SON gene (labeled as exon 7a), and inclusion of exon 7a
generates the isoform B (SON B). There is another alternative exon within intron 4 (labeled
as exon 5a), and inclusion of this exon generates the isoform E (SON E). Both SON B and
SON E are C-terminally truncated forms. Similar forms of full-length and the short splice
variants (Son f, Son b and Son e) have been predicted in mice (for details, see Figures 5A,
S5A and Table S1). Interestingly, exon 5a is extremely well conserved between human and
mouse (Wynn et al., 2000), suggesting functional significance of the isoforms made by
inclusion of this alternative exon. Despite such information, no experimental data have
proven the expression of these SON splice variants. We performed 3’ rapid amplification of
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cDNA ends (3’RACE) in K562 cells and confirmed that mMRNA of SON E with its own
poly(A) site is indeed expressed (Figures S5B and S5C).

To address the functional significance of SON splice variants, we examined whether SON
splice variants are differentially expressed in AML. Bone marrow mononuclear cells (BM-
MNCs) from AML patients (FAB subtype M2) and healthy donors (Table S2) were
analyzed by gPCR using several primer sets (Figure 5A). Similar to our previous results
(Ahn et al., 2013), most patient samples showed high levels of total SON (exon 1 — 3
region). To our surprise, while expression levels of the exon 9 — 12 region specific for SON
F did not show significant upregulation, the expression level of alternative exon (exon 5a or
7a)-containing transcripts were significantly increased in AML patient BM-MNC samples
(Figure 5B). We further measured the SON isoform levels in peripheral blood mononuclear
cells (PBMNC:s) isolated from AML and myelodysplastic syndrome (MDS) patients (Table
S2), and observed significant upregulation of exon 5a- and exon 7a-containing transcripts
(Figure 5C). These findings revealed that the SON upregulation in AML patients is largely
attributable to upregulation of short isoforms.

Next, we set to measure the relative proportions of full-length SON and the isoforms in
normal donors and AML patients (see Figure S5D for the strategy). The results revealed that
SON F is the major form of SON in normal human BM-MNCs, and the short isoforms (SON
B and SON E) occupy ~20% of total SON (Figure 5D). In contrast, the portion of SON E
was remarkably increased in AML patient BM-MNCs, resulting in SON E accounting for 30
— 70% of total SON (Figure 5D). We also analyzed PB-MNC:s for relative ratios of full-
length and SON isoforms. While PB-MNCs from 7 normal healthy donors represent almost
identical patterns showing that only ~10% of total SON is taken by SON E and SON B, the
percentage of SON E and especially SON B are markedly increased in AML and MDS
patients (Figure 5E). Further evidence of short isoform expression was demonstrated in
leukemic blasts isolated from mouse models of AML1-ETO9a-mediated leukemia and
MLL-AF9- induced leukemia (Figures 5F and 5G). In addition, microarray data available
from Oncomine revealed that expression of exon 7a detected by the exon 7a-specific probe
sets (Figure S5E) was significantly increased in leukemia and lymphoma samples (Figures
S5F and S5G). Collectively, all of these results demonstrated the C-terminally truncated
short isoforms of SON are aberrantly upregulated in hematopoietic malignancies,
particularly in AML.

SON E attenuates the full-length SON function in transcriptional repression, resulting in
derepression of SON ChIP target genes, but does not impair full-length SON-mediated
RNA splicing

Next, we questioned whether the increase of SON short isoforms has any effect on
expression of SON target genes in AML patients. Among SON ChlIP target genes,
CDKNI1A, GFI1 and ATF3 were selected (Figure 6A) since the importance of tight
regulation of these genes in leukemia and other cancers has already been extensively
demonstrated (Abbas and Dutta, 2009; Janz et al., 2006; Khandanpour et al., 2013; Phelan et
al., 2010; Viale et al., 2009). These target genes were indeed significantly upregulated in
BM-MNCs from AML patients compared with healthy donors (Figure 6A), indicating that
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increased expression of SON short isoforms is associated with de-repression of SON ChIP
target genes in AML.

To examine the exact effect of SON short isoforms on SON target gene expression, we next
developed a specific SiRNA targeting the SON E-specific exon 5a (Figure S6A), and
confirmed that this sSiRNA lowers the level of SON E, but not SON F (Figures 6B and 6C).
Interestingly, while the total SON siRNA that targets all forms of SON significantly
upregulated SON ChIP target genes, transfection of SON E-specific sSiRNA led to
downregulation of theses target genes in both K562 cells and human CD34* bone marrow
(BM) cells (Figures 6B and 6C), indicating that a stronger repression of target genes
occurred in the absence of SON E. Furthermore, unlike SON F overexpression which causes
SON ChIP target gene repression, SON E overexpression (Figure S6B) resulted in
upregulation of those target genes in human CD34* BM cells (Figure 6D). These results
strongly support the notion that SON E weakens the inhibitory effect of full-length SON on
target gene transcription.

Since the critical role of SON in RNA splicing of a group of genes has been previously
demonstrated (Ahn et al., 2011; Lu et al., 2013; Sharma et al., 2011), we also examined how
those genes are regulated upon SON E knockdown and overexpression. While total SON
siRNA significantly reduced the level of SON’s splicing target genes, such as TUBG1,
HDACS6 and AKT1, knockdown of SON E caused no change or a marginal decrease in the
expression of these splicing target genes (Figure 6B). Furthermore, SON E overexpression
in human CD34* BM cells did not affect the level of SON’s RNA splicing target genes
(Figure 6D), indicating that short SON isoforms do not exert an inhibitory effect on the
expression of the target genes undergoing SON-mediated RNA splicing.

Next, we examined whether SON E expression affects SON F function in repressing
H3K4me3. We confirmed that SON F (siRNA-resistant form) expression could lower the
H3K4me3 level, which was increased by SON siRNA, near the TSSs of the CDKN1A and
GFI1 genes (Figure 6E). In contrast, expression of SON E alone (siRNA-resistant form)
failed to reduce the H3K4me3 level, indicating its lack of ability to suppress H3K4me3.
Interestingly, when SON E was co-expressed with SON F (Figure S6C), SON E could
attenuate the repressive effect of SON F on H3K4me3 in a dose-dependent manner (Figure
6E).

We also performed the minigene splicing assay using the TUBGL1 exon 7-8 minigene model
(Ahn et al., 2011) and various ratios of SON F and SON E transfection to access the effect
of SON E expression on SON F-mediated RNA splicing (Figure S6D). We found that SON
E expression did not attenuate SON F-mediated RNA splicing (Figures 6F and S6E). Taken
together, these results demonstrate that SON E overexpression causes dysregulation of
SON-mediated transcriptional repression, but not SON-mediated RNA splicing.

SON E competes with full-length SON for DNA-binding, but lacks the menin-binding ability,
thus attenuating the inhibitory effect of full-length SON on MLL complex assembly

To gain further mechanistic insights, we next sought to determine the DNA-binding ability
of SON E. We performed ChlIP to pull down V5-tagged SON F and Flag-tagged SON E
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(Figure 7A) after expression of different amounts of SON E together with SON F. ChIP-
gPCR revealed the enrichment of transfected SON E at SON target sites near TSSs of the
CDKN1A and ATF3 genes (Figure 7B), demonstrating that SON E indeed retains its ability
to associate with target DNA. Interestingly, increased SON E binding to the target sites
concomitantly led to decreased SON F binding to the same sites (Figure 7B). These data
demonstrate that SON F and SON E share the common target DNA for binding, and they
compete with each other to occupy the same chromatin region. Therefore, overexpression of
SON E results in displacement of full-length SON from the target DNA.

Since our data demonstrated that SON F interaction with menin abrogates MLL-menin
interaction (Figure 4F), we next examined whether SON E retains the menin-binding ability.
To our surprise, unlike SON F, SON E does not interact with menin (Figure 7C). We further
demonstrated that the C-terminus of SON containing the RS domain and RNA-binding
motifs (SR+RB in Figure 7A) indeed interacts with menin (Figure 7D) through the central
region of menin (Figures S7A and S7B). This region has been known to be important for
menin interaction with MLL (Murai et al., 2011), suggesting that the C-terminal region of
SON potentially occupies the MLL-binding site within menin.

Next, we examined the effects of SON F and SON E overexpression (Figure S7C) on MLL
interaction with menin and MLL complex formation. While SON F overexpression inhibits
MLL-N interaction with menin, SON E overexpression further enhanced the interactions
between MLL-N with menin. SON E overexpression also strengthened MLL-N interaction
with MLL-C and WDRY5, indicating that the whole MLL complex assembly is enhanced
upon increased SON E expression (Figure 7E).

SON E overexpression enhances in vitro replating capacity of primary mouse bone
marrow cells

To further assess the functional significance of SON E in hematopoietic cells, we
overexpressed SON E in mouse primary bone marrow cells through lenviral transduction
(Figures 7F, S7TD and S7E). Then, the cells were used for an in vitro approach to measure
the colony forming ability during serial replating assays in methylcellulose media (Figure
S7D). Surprisingly, SON E-overexpressing cells were able to produce significantly
increased numbers of colonies and were able to maintain colony forming cells even in the
5th round of plating (Figures 7G and 7H). Our findings demonstrate that increased
expression of SON short isoforms enhances the clonogenic ability of normal hematopoietic
progenitors, implicating its potential contribution to stem cell self-renewal and development
and/or maintenance of leukemic stem cells.

DISCUSSION

Our study demonstrated that SON, previously known as an RNA splicing co-factor, and its
splice variants regulate MLL complex assembly and H3K4me3, altering expression of
multiple leukemia-associated genes and replating potential of hematopoietic progenitors.
Our data suggest that although the short splice variants, such as SON E, interact with target
DNA, they cannot exert an inhibitory effect on MLL complex assembly. Therefore,
overexpression of “short SON” in pathological conditions, such as AML, attenuates the
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inhibitory effect of full-length SON on MLL complex assembly, resulting in de-repression
of multiple target genes (modeled in Figure 71). Together with recent advances in
understanding SON functions (Ahn et al., 2011; Lu et al., 2013; Sharma et al., 2011), our
current findings suggest that there are two important arms for the biological function of
SON: one supporting efficient RNA splicing and the other antagonizing MLL complex-
mediated transcriptional initiation.

SON as a negative regulator of MLL-menin interaction and MLL complex assembly

It has been demonstrated that the direct interaction between MLL and menin is required for
MLL target gene expression and oncogenic property of the MLL fusion protein. The
importance of the MLL-menin interaction was highlighted by a recent study showing that
pharmacologic inhibition of this interaction is able to block progression of MLL-rearranged
leukemia (Borkin et al., 2015; Grembecka et al., 2012). In addition, blocking MLL-menin
interaction with a small molecule inhibitor could effectively block growth of hormone-
refractory prostate cancers (Malik et al., 2015). MLL-menin interaction is also critical for
promoting hepatocellular carcinoma development (Xu et al., 2013). Given the significance
of MLL-menin interaction in disease-associated gene expression, identification of
endogenous regulatory factors affecting this interaction would generate valuable information
for understanding and targeting the MLL complex. Our discoveries of SON as a menin-
binding protein and a negative regulator of MLL-menin interaction strongly support a
potential clinical impact of SON. In addition to MLL, menin also interacts with other
transcription factors and hormone receptors, such as JUND, estrogen receptor and androgen
receptor (Agarwal et al., 1999; Dreijerink et al., 2006; Malik et al., 2015). Whether SON
affects the interaction between menin and these menin-binding partners would be an
intriguing question for further study.

While our current report focused on SON function in regulation of H3K4me3 near TSSs,
SON binding sites were also identified at intergenic regions where H3K4me1 is enriched
(Figure S2D). We observed that SON regulates H3K4me1 at potential enhancer regions
(unpublished observation), suggesting that SON may also affect the function of distal
enhancers.

Short splice variants of SON: their effects on two arms of SON function and clinical
significance

Our key finding in this study is identification of functional significance of SON isoforms
generated by alternative splicing. Our data demonstrated that a short isoform of SON (SON
E) which is expressed in both human and mouse has a major functional defect in menin
interaction and transcriptional repression but retains the ability to interact with target DNA
sequences. Although our current study did not examine the function of SON B, another short
isoform of SON, we speculate that SON B would have similar functions as SON E based on
the critical role of the C-terminus of SON in menin interaction (Figures 7D and 7E). SON
ChIP target genes we identified include critical factors for cell-cycle and hematopoietic
differentiation, such as CDKN1A, GFI1 and ATF3, which are aberrantly upregulated in
AML patients with elevated levels of short SON isoforms (Figures 5 and 6). Therefore,
increased SON isoforms in hematopoietic stem cells or progenitors could potentially lead to

Mol Cell. Author manuscript; available in PMC 2017 March 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 10

failures in dosage controls of multiple leukemia-associated target genes. Interestingly,
overexpression of SON E specifically weakened the full-length SON function in
transcriptional initiation, but does not impair full-length SON-mediated RNA splicing.
These results suggest that overexpression of short SON observed in leukemia patients would
selectively affect SON’s transcription target genes, leading to de-repression, while not
blocking full-length SON-mediated RNA splicing which is critical for cell proliferation and
survival.

So far, the biological significance of the MLL complex in leukemia has been studied mainly
in MLL-rearranged leukemia (Bernt et al., 2011; Dorrance et al., 2006; Popovic and Licht,
2012). Dysregulation of wild-type MLL function has not been clearly linked to diseases,
although wild-type MLL function was recently shown to be necessary for growth and
survival of MLL-fusion leukemia (Thiel et al., 2010) and other solid tumors (Ansari et al.,
2013). Our work suggests that MLL functions could be altered in cancer patients without
MLL-rearrangement when “short SON” is overexpressed. In addition, the increased level of
short SON isoforms could serve as a biomarker indicating dysregulation of MLL-mediated
H3K4me3. It will be an interesting future direction to identify which factor(s) alter splicing
of the SON transcript, causing “short SON” overexpression.

Importantly, SON E overexpression markedly enhances replating capacity of primary
hematopoietic progenitors, shedding light on functional significance of aberrant
upregulation of “short SON” in AML. Our study suggests that overexpression of short SON
alone may not be sufficient to drive oncogenic transformation of hematopoietic cells, but
strongly implies potential roles of short SON in self-renewal and clonogenic abilities of
leukemic cells. Investigation on whether short isoforms of SON play a critical role in
leukemogenesis by aiding other oncogenic hits or by enhancing the maintenance of
leukemic stem cells will provide further clinical significance of SON and its splice variants.

EXPERIMENTAL PROCEDURES
ChIP-Sequencing (ChIP-seq) and ChIP-gPCR

Chromatin Immunoprecpitation (ChlP) was performed with the methods adapted from the
protocol of the laboratory of Richard M. Myers which has been used in the part of the
ENCODE project (http://research.hudsonalpha.org/Myers/?page_id=142). ChIP-seq libraries
were sequenced with the Illumina HiSeq2000 sequencer (50-nucleotide pair-ended read) at
the Heflin Center Genomics Core, University of Alabama at Birmingham. For ChIP-gPCR,
all ChlP signals were normalized to total input and each experiment was performed 3 times
independently. The primer sets for gPCR were listed in Supplemental Information Table S3.

Primary Patient Samples

The bone marrow mononuclear cells and/or peripheral blood mononuclear cells from AML
patients as well as bone marrow mononuclear cells from healthy donors were obtained from
the Stem Cell and Xenotransplantation Core Facility of the University of Pennsylvania and
from the Biobank of Mitchell Cancer Institute, University of South Alabama. All samples
were obtained according to IRB approved protocols in the University of Pennsylvania and
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the University of South Alabama. Cells were purified by Ficoll-Paque (GE Healthcare)
density-gradient centrifugation and frozen as viable cells. Details of the patient samples
were listed in Supplemental Information Table S2.

Detailed methods were described in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

SON negatively controls H3K4me3 and the MLL1/2 complex at transcription
start sites

SON interacts with menin and inhibits MLL-menin interaction
Short SON isoforms generated by alternative splicing are upregulated in AML

Short isoforms lacking menin-binding ability attenuate full-length SON function
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Figure 1. The Genome-Wide Distribution Profiles of SON DNA-Binding Sites
(A) A schematic summarizing chromatin-immunoprecipitation (ChlP) using two different

SON antibodies (Abs) and DNA-sequencing to determine overlap peaks. SON-N and SON-
C Abs specifically bind to the N- and the C-terminus of SON, respectively. RS domain, Ser/
Arg-rich domain; G-patch, Glycine-rich motif; DSRM, double stranded RNA-binding motif.
(B) Genomic distribution of SON-binding sites determined by SON-N and SON-C ChIP
overlap peaks. The pie graphs show the percentage of peaks located at specific genomic
regions indicated (TSS, transcription start site).
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(C) Venn diagram showing the number of SON ChIP peaks (SON-N, SON-C and overlap)
within +5kb from the TSS (Top). Pie graph illustrating genomic locations of overlap peaks
within +5kb from the TSS (Bottom).

(D) The heat map showing the overlap peak signal of SON ChIP around the TSS of genes.
(E) The top five DNA sequence motifs identified in the SON-N and SON-C overlap peaks
within +5kb of the TSS.

(F) Gene ontology (GO) term enrichment analysis using DAVID for the genes in which
SON-N and SON-C overlap peaks are found within +5kb from the TSS. See also Figures S1
and S2.
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Figure 2. SON Depletion Increases Target Gene Expression and SON-Binding Sites Are Closely

Associated with the Location of H3K4me3

(A) gPCR analyses of SON ChiIP-seq target genes in K562 cells transfected with control
siRNA and two different SON siRNAs. GFI1B served as a negative control which does not
have SON binding sites near the TSS. Values represent mean + SD of four independent

experiments. *p < 0.01.

(B) Average signal profiles of indicated histone modifications and CpG islands around the

SON-binding sites.
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(C) Integrative Genomics Viewer (IGV) images representing SON (SON-N), H3K4me3,
and H3K27ac ChIP-seq read counts at the target gene locus in K562 cells. The CpG island
area is indicated by blue bars on top of each panel, and the location of “called peaks” from
SON ChlIP-seq analyses are marked with red bars.

(D) Close-up images of ChlIP-seq peaks of SON-N, SON-C, H3K4me3, and H3K27ac in
representative SON target genes. The areas with high H3K4me3 level (H3K4me3 peaks)
and low SON level (SON valleys) are indicated in blue, and the areas with low H3K4me3
(H3K4me3 valleys) and high SON (SON peaks) are indicated in yellow. See also Figure S2.
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Figure 3. SON Depletion Increases H3K4me3 at SON Target Sites and Enhances Recruitment of
MLL1/2 Complex Components, but Not SET1A/B or MLL3/4 Complex-Specific Components, to
the Target Chromatin

(A) ChIP-gPCR analyses of various histone modification levels at the SON-binding regions
near the TSSs of the indicated genes upon SON knockdown in K562 cells. Histone H3
ChIP-gPCR was used as a control.

(B) ChIP-gPCR analyses MLL and SET1 complex protein recruitment (MLL-N; MLL1 N-
terminus region, MLL-C; MLL1 C-terminus region, MLL2, WDR5, ASH2L, menin,
SET1A, SET1B and ASC2) to the regions near the TSSs of the indicated genes upon SON
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knockdown. Recruitment of SUZ12, a polycomb complex protein, was also examined, and
H3 ChlIP was done as a control. Depletion of SON at the TSS of indicated target regions
upon SON siRNA-transfection was verified by SON ChIP. Signals for each experiment were
represented as percentage of input chromatin. Results are expressed as mean + SD of three
biological replicates. * p < 0.01. See also Figure S3.
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Figure 4. SON Suppresses MLL1/2 Complex Formation by Competing with MLL for Menin

Interaction

(A) Western blot verified SON knockdown by SON siRNA transfection in K562 cells.

(B, C, D and E) Co-immunoprecipitation experiments examining the interactions between
MLL complex components. Nuclear extracts from control or SON siRNA transfected K562
cells were subjected to immunoprecipitation with MLL-N (B), WDR5 (C), LEGF (D) or

SET1A (E) antibodies. The immunoprecipitates were analyzed
indicated antibodies.
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(F) Interaction of SON with menin. K562 nuclear extracts were immunoprecipitated with
control IgG or SON antibody (SON-N Ab) and several components of the MLL complex
were examined by Western blot.

(G) Verification of the SON-menin interaction. HEK 293 cells transfected with HA-SON,
Flag-menin or pcDNA3-control as indicated were used for co-immunoprecipitation with HA
antibody followed by Western blotting with HA or Flag antibodies.

(H) Immunoprecipitation experiment in K562 cells transfected with V5-tagged SON
indicates that SON outcompetes MLL (MLL-N) for menin interaction in a dose-dependent
manner. For plasmid transfection, two different amounts of SON-V5 construct, 5 pg (+) or
10 ug (++), were used. See also Figure S4.
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Figure 5. Two Different Alternatively Spliced Isoforms, SON B and E, Are Aberrantly
Upregulated in Human AML Patients and Mouse Models of AML

(A) Schematic representation of the SON gene and the SON proteins. Full-length SON
(SON F) is generated by alignment of 12 constitutive exons (sky blue). Inclusion of
alternative exons (exon 7a, labeled in purple and exon 5a, labeled in green) produces two
different alternatively spliced isoforms, SON B and E. Horizontal arrows indicate the
specific position of the primers used in gPCR shown in panels B and C. Gray arrowheads,
polyadenylation signal sequences; Hatched boxes, untranslated regions.
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(B and C) gPCR analysis of specific exon regions of SON in BM-MNCs of AML patients
(P, red dots; n = 10) and healthy normal donors (N, black dots; n = 4) (B), and PB-MNCs of
AML (n =8) and MDS (n = 2) patients (P) and healthy normal donors (N; n = 7) (C).
GAPDH was used for normalization. Black horizontal bars indicating the median expression
level of specific exon regions of SON are presented with the error bars indicating £SD. *p <
0.05, **p < 0.01.

(D and E) Relative ratio of SON F, SON B and SON E in the BM-MNCs from AML
patients (P1 — P10) and healthy normal donors (N1 — N4) (D), and PB-MNCs from AML
patients (P1, P5, P9-14), MDS patients (P15 — 16) and healthy normal donors (N5 — N11)
(E) are determined by the method described in Figure S5D.

(F and G) Analyses of SON isoform expression in normal mouse Lin~/c-Kit* bone marrow
(BM) cells and leukemic blasts from mice with AML1-ETO9a- and MLL-AF9-induced
leukemia. Specific exon regions indicated in each graph were determined by qPCR (F) with
the primer sets indicated in Figure S5A. Data are represented as mean + SD of three
independent experiments. *p < 0.01. Relative ratios of three forms of Son in leukemic blasts
(freshly isolated from the animals and also collected after methylcellulose culture) and
normal Lin~/c-Kit* mouse BM cells were determined (G). See also Tables S1 and S2 and
Figure S5.

Mol Cell. Author manuscript; available in PMC 2017 March 17.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 25

- 35
Z 6.0 2 .
° & 3.0 - lCuntvoI SiRNA  » '
L 50 | CDKN1A T o5 | MTotal SON siRNA :
K] 2" | MSONESsRNA ‘
3 40 2,/ ,
= < “ |
£ 30 Z15- i
4 [ !
€ 20 e 10 ' .
o - 2 '
£ 10 §05 1 '
Eool 00 - ¢ 0 7:‘\'5'\'
N1 N2 N3 N4 P2 P3 P4 P5 P6 P7 P8 P9P10 QO"' 0\\ of‘ '3 o..‘:‘“ 6 OQ\ @e% 000 0,0 Vp
— o ‘a@ 6 @ 0 < N
12
E 100 - ATF3 - SON ChIP target genes RNA splicing
E . C s target genes
3 80 - g8 |Human CD34* BM cells
< 60 - T 20 | MControl sIRNA
@ - - H | M Total SON SiRNA
E 4.0 - - o . ; lson E siRNA
>
2 4
s 20 & 10
[
€ 00 2 05
©
5150 ® 00
™ GAPDH SONF SONE CDKNIA ATF3  GFIf
o D (exon9-12) (exon 3-5a)
L GFI1 "SON ChiP target genes target genes
] T30
>
3100 @ 25 n CD34* 1 . o
§ <5 | ™ control 1
“E‘ 320 | M +SONF I e
5.0 2 = - '
0 <15 N !
> - 1
-] x '
% L. —_— E1.0 :
& 00 Sos 1
N1 N2 N3 N4 P2 P3 P4 P5 P6 P7 P8 P9 P10 5 |
- 0.0 . v 7
Normal AML patient &
BM-MNCs BM-MNGS GAPDH CDKN1A ATF3  GFI1  EGR1  TUBG1 HDA.C.G AKT1
SON ChIP target genes RNA splicing
target genes
E CDKN1A (+1,734 position from TSS) GFI1 (+747 position from TSS)
0.5 H3K4me3 025 H3 0.5 H3K4me3 035 H3
0.4 - - 0.2 0.4 - * B
= 0.25
2 03 . ’—‘ 0.15 0.3 ‘—*—-J—‘ 02
- [ 2 .
° 0.2 0.1 0.z - I 0.16
® i 0.1
0.1 - 0.05 0.1 0.05
0 . 0 0 0
SONF - - + + + - - - 4+ + + - - -+ + + - - - 4+ + + -
SONE---++++ - = =+ o+ - = = 4 o+ - = =+ 4+
Con SON Con SON Con SON Con SON
siRNA  siRNA siRNA  siRNA siRNA  siRNA siRNA  siRNA
F sonk - + + + - TUBG1 Exon 7-8 minigene

SONE - =+ F R
= Intron7 - .

<— [BonT] asann Unspliced

<+ [EovSmijm——m  spliced

Figure 6. The Short Isoform SON E Attenuates the Inhibitory Effect of Full-length SON on
H3K4me3 and Target Gene Transcription, but Does Not Impair the Full-length SON Function
in RNA Splicing

(A) gPCR analysis of leukemia-associated SON target genes, CDKN1A, ATF3 and GFI1, in
BM-MNCs from healthy normal donors (N1 — N4) and AML patients (P2 — P10). Black
Broken lines indicate the average level of each gene in normal donor samples.

(B and C) The effects of total SON knockdown (with SON siRNA-1) and SON E-specific
knockdown (with SON E siRNA) on expression of leukemia-associated, ChIP-seq target
genes in K562 cells (B) and primary human CD34" BM cells (C). In addition, previously
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identified SON target genes regulated by RNA splicing function of SON (TUBG1, HDAC6
and AKT1) were also examined (B), revealing the effect of SON E on regulation of ChlP-seq
target genes, but not RNA splicing target genes. *p < 0.05, **p < 0.01.

(D) Effects of SON F and SON E overexpression on SON target gene expression (ChlP-seq
target genes and RNA splicing target genes) in human CD34* BM cells. Error bars represent
SD from three independent experiments. *p < 0.05, **p < 0.01.

(E) ChIP-gPCR assay to analyze the H3K4me3 levels at SON-binding sites near the
promoter of the CDKN1A and GFI1 genes upon SON F and SON E expression. K562 cells
were transfected with indicated siRNA and SON constructs (siRNA-resistant form). For
plasmid transfection, 3 pg (+) of SON F constructs plus increasing amounts of SON E
construct, 0 (<), 3 (+) or 6 pg (++), or 3 ug of SON E alone were used as indicated.
H3K4me3 antibody or H3 antibody were used for ChlP. Black asterisks indicate statistical
significances of H3K4me3 reduction, as compared to the sample transfected with SON
siRNA alone (the second lane). Red asterisks indicate statistical significance of the
difference between two indicated samples. *p < 0.01.

(F) TUBG1 exon 7-8 minigene splicing assay demonstrating that SON E does not interfere
with SON Fmediated RNA splicing. See also Figure S6.
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Figure 7. SON E Competes with Full-length SON for

Transcriptional activation

Transcriptional activation

Target DNA binding, but Fails to Interact

with Menin, Attenuating SON F’s Inhibitory Effect on MLL Complex Assembly and SON E
Overexpression Enhances Replating Potential of Hematopoietic Progenitors

(A) Schematic diagram of expression constructs used for the experiments presented in

panels B — E; VV5-tagged SON F (full-length), Flag-

tagged SON E, V5-tagged SON E, and

the HA-tagged SON C-terminal fragment containing the RS domain and RNA-binding

motifs (SR+RB).

(B) ChIP-gPCR analysis of SON F-V5 or SON E-Flag binding on target regions near the
TSS of CDKNI1A. Five ug (+) of SON F-V5 constructs plus increasing amounts of SON E-
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Flag, 5 (+) or 10 pug (++) constructs were used for transfection into K562 cells. Shown are
representative results of three independent experiments (mean + S.D. from triplicate). Black
asterisks indicate statistical significances of SON F-V5 or SON E-Flag enrichment, as
compared to the background signal from negative control samples (SON E Flag-only sample
in V5-ChIP and SON F-V5-only sample in Flag ChIP). Red asterisks indicate statistical
significance of the difference between two indicated samples. *p < 0.05, **p < 0.01.

(C) Co-immunoprecipitation (IP) experiments demonstrating the lack of menin-binding
ability of SON E. Lysates of HEK 293 cells co-transfected with Flag-menin and SON F-V5
or SON E-V5 were subjected to IP with anti-V5, followed by Western blotting with
indicated antibodies.

(D) The C-terminus of SON interacts with menin. The HA-tagged SR+RB fragment was
expressed in HEK 293 cells with or without Flag-menin, and subjected to HA-IP followed
by Western blotting with HA or Flag antibodies.

(E) SON E overexpression enhances the interactions between MLL complex components,
while SON F overexpression shows inhibitory effects. Empty vector (o)cDNA3), SON F-V5,
or SON E-Flag were transfected into K562 cells (without depletion of endogenous SON)
and nuclear extract was used for immunoprecipitation with MLL-N antibody followed by
Western blotting with indicated antibodies.

(F) Western blot verifying overexpression of SON E in primary mouse bone marrow cells
infected with lentivirus carrying flag-tagged SON E.

(G) Number of colony-forming units in serial replating assay using primary mouse bone
marrow cells infected with lentivirus carrying the control vector or SON E. The results
represent 3 independent experiments. *p < 0.05, **p < 0.01.

(H) Representative images of control cells and the colony formed by SON E-overexpressing
cells in the third round of the replating assay.

(1) Models for SON and its isoform function in transcription. Under normal conditions, SON
binds G/C-rich sequence near the transcription start site to inhibit transcriptional activity.
Interaction of the SON C-terminal region with menin diminishes MLL complex assembly
and its recruitment to target DNA, leading to the low level of H3K4me3 and transcriptional
repression. Upon SON depletion, MLL complex formation is facilitated, resulting in
enhanced recruitment of the MLL complex and subsequent increase of H3K4me3 and
promoter activity. In leukemic condition, a high level of short SON isoforms (SON B and
SON E) interrupts DNA-binding of full-length SON, but cannot interfere with MLL-menin
interaction, resulting in abrogation of the full-length SON function and de-repression/
activation of multiple leukemia-associated genes. See also Figure S7.
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