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ABSTRACT

Rhadomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood. RMS
cells resemble fetal myoblasts but are unable to complete myogenic differentiation. In
previous work we showed that miR-206, which is low in RMS, when induced in RMS cells
promotes the resumption of differentiation by modulating more than 700 genes. To better
define the pathways involved in the conversion of RMS cells into their differentiated
counterpart, we focused on two miR-206 effectors emerged from the microarray analysis,
SMYD1 and G6PD. SMYD1, one of the most highly upregulated genes, is a H3K4 histone
methyltransferase. Here we show that SMYD1 silencing does not interfere with the
proliferative block or with the loss anchorage independence imposed by miR-206, but
severely impairs differentiation of ERMS, ARMS, and myogenic cells. Thus SMYD1 is
essential for the activation of muscle genes. Conversely, among the downregulated genes,
we found G6PD, the enzyme catalyzing the rate-limiting step of the pentose phosphate
shunt. In this work, we confirmed that G6PD is a direct target of miR-206. Moreover, we
showed that G6PD silencing in ERMS cells impairs proliferation and soft agar growth.
However, G6PD overexpression does not interfere with the pro-differentiating effect of
miR-206, suggesting that G6PD downmodulation contributes to - but is not an absolute
requirement for - the tumor suppressive potential of miR-206. Targeting cancer
metabolism may enhance differentiation. However, therapeutic inhibition of G6PD is
encumbered by side effects. As an alternative, we used DCA in combination with miR-206
to increase the flux of pyruvate into the mitochondrion by reactivating PDH. DCA
enhanced the inhibition of RMS cell growth induced by miR-206, and sustained it upon
miR-206 de-induction. Altogether these results link miR-206 to epigenetic and metabolic
reprogramming, and suggest that it may be worth combining differentiation-inducing with
metabolism-directed approaches.
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INTRODUCTION

Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma of childhood, consists
of two major subtypes, alveolar (ARMS) and embryonal (ERMS), different in terms of
presentation, clinical outcome and genetic lesions. Both subtypes are characterized by
expression of skeletal muscle markers, such as Alpha-Actin, Myosin Heavy Chain,
Desmin, Myoglobin, Z-band protein and MyoD."? RMS cells resemble myogenic
precursors arrested in their path to differentiation. The muscle regulatory factors (MRFs)
MyoD and Myogenin are present, but largely non-functional.> Among the genes which fail
to be activated in RMS, are those for two closely related muscle-enriched microRNAs,
miR-206 and miR-1,* which collaborate with the MRFs in implementing the myogenic
program.®® Since they share the seed sequence they are likely to downregulate common
targets.” However their transcription is temporally out of phase, miR-206 being more
precocious and highest in newly formed myotubes, and miR-1 coming up later and
remaigling high in mature muscle, thus they may have at least some distinct functional
roles.

In previous work we reported that forced expression of miR-206 reprograms the global
expression profile of both RMS subtypes toward that of normal muscle.® During
myogenesis there is a shift of MyoD from being in complex with transcriptional repressors
to binding co-activators. It has been proposed that RMS cells are trapped in an
undifferentiated state by the presence of inhibitors, which tip the balance of MyoD-
containing complexes toward the inactive rather than the active status.'®" MiR-206 acts
as a genetic switch turning on myogenesis by repressing the MyoD inhibitor Musculin."?
This tilts the balance toward active MyoD, which further enhances miR-206 transcription.
Besides freeing MyoD from its inhibitory partners, miR-206 cooperates with the MRFs by
contributing to the block of proliferation via direct downregulation of targets such as
Pola1,® Cyclin D1 and Cyclin D2," Met,*'® Pax3,""” Pax7,"® YY1," HDAC4,2*%
Snail,?? Notch3,?® and BAF53a,?* and by indirectly reactivating differentiation genes. In this
work, in the effort of identifying new effectors of miR-206 critical for its differentiation-
promoting activity, we focused on two genes emerged from the original global expression
analysis of miR-206-converted RMS cells.® The first one — the histone methyltransferase
SMYD1- was upregulated, likely as a consequence of MyoD activation. The second one —
glucose 6 phosphate dehydrogenase (G6PD) - was strongly downregulated, behaving as a
potential direct target.® These molecules link miR-206 to the modulation of the epigenetic
machinery and metabolism, two aspects of cell physiology that are presently the focus of
great interest in cancer research.

SMYD1 is one of the members of the SET-MYND histone methyltransferases subfamily
(SMYD1-5).* SMYD1 and 3 specifically methylate lysine 4 of H3, suggesting a function as
transcriptional activators.?® In SMYD1 the MYND domain is required for interaction with
skNAC, a transcriptional activator specific to heart and skeletal muscle.?’ Targeted
deletion of SMYD1 or skNAC in mice results in both cases in right ventricular
hypoplasia.?®?° However, in SMYD1 null mice the defect is more severe, and the null
embryos die in mid gestation.?® Conversely, some skNAC mutants survive. They show
reduced muscle mass and impaired regeneration after injury,®® suggesting that the
SMYD1-skNAC complex has a role also in skeletal muscle. SMYD1 is a transcriptional
target of SRF and Myogenin, and it has been reported that its forced expression
accelerates C2C12 myoblast differentiation.®® Studies in Zebrafish have unveiled a
cytoplasmic function for SMYD1, which is independent from its methyltransferase activity*’
and mediated by nuclear to cytoplasmic shuttling via sumoylation.®? In the cytoplasm
SMYD1 binds myosin and works together with chaperones to control myosin folding,



degradation, and assembly into sarcomeres during myofibrillogenesis.?®?"%*3 |n RMS
cells SMYD1 is strongly upregulated after miR-206 induction.® In this work we show that
this upregulation is essential for differentiation of RMS and myogenic cells. In fact, SMYD1
silencing, although without consequences on the block of proliferation imposed by miR-
206, significantly impairs expression of muscle genes.

G6PD is the first enzyme of the pentose phosphate pathway (PPP), which in the oxidative
phase yields NADPH (necessary for reductive biosynthesis) and ribose-5-phosphate, an
essential precursor for nucleotides biosynthesis. In the anoxydative phase excess
pentose-phosphates are converted into intermediates which may serve as biosynthetic
precursors or fall back in the glycolytic route.®® In many tumors G6PD expression is
altered, resulting in significant increase of activity.*® G6PD can be functionally defined as
an oncogene since it transforms NIH3T3 fibroblasts and induces tumors in nude mice." It
has been recently shown that transcriptional activation of G6PD plays a critical role in cell
proliferation mediated by TAp73, a p53 homologue frequently overexpressed in human
tumors.®® On the other hand, inhibition of G6PD activity by direct binding with the
cytoplasmic form of p53 has been shown to contribute to its tumor suppressive function.>®
G6PD is among the most strongly dowregulated genes in miR-206 induced RMS cells.® In
this work we show that miR-206 directly targets G6PD and that this occurs also during
normal myogenesis. While sustained expression of G6PD did not interfere with the pro-
differentiating action of miR-206, downregulation of G6PD caused a proliferative block in
RMS cells. There is pre-clinical evidence that the adrenocortical steroid
dehydroepiandrosterone (DHEA), a powerful inhibitor of G6PD, inhibits development of
experimental tumors.*® However the therapeutic use of DHEA in humans is limited by its
hormonal side effects. Reactivation of the Krebs cgcle has been proposed as an
alternative strategy to reprogram tumor cell metabolism. ® Dichloroacetate (DCA) is a well-
tolerated and orally available inhibitor of pyruvate dehydrogenase kinase (PDK), which
leads to pyruvate dehydrogenase (PDH) reactivation and ultimately causes metabolic
remodeling from glycolysis to mitochondrial respiration.*’ Our results show that DCA
treatment is effective in inhibiting proliferation of ERMS and ARMS cells, both alone and in
combination with miR-206. This suggests that the combination of differentiation strategies
with metabolic targeting could be appropriate for RMS treatment.



RESULTS

SMYD1 and G6PD are among the top modulated genes upon miR-206-induced
ERMS cell differentiation and each of them is differentially expressed in primary
tumors compared to normal muscle

To identify novel genes involved in RMS differentiation we took advantage of an
expression profile greviously obtained from RD18 ERMS cells forced to differentiate by
miR-206 induction.” We focused on SMYD1, one of the 30 genes upregulated more than
fivefold, and on G6PD, one of the 70 most highly downregulated genes (Fig. 1A and Table
S1). To assess the relevance of SMYD1 and G6PD modulation in RMS pathogenesis we
made use of public data sets**** to compare the level of their transcripts in 101 primary
tumors (including both ARMS and ERMS) and 30 normal muscles. SMYD1 and G6PD
were, respectively, down and upregulated in RMS compared to normal muscles (Fig. 1B
and C). Thereby, both genes were taken into consideration for further study.

SMYD1 is strongly upregulated during myogenic differentiation

We verified by Western blot analysis whether SMYD1 was upregulated also at the protein
level, together with various skeletal muscle markers, during miR-206-induced embryonal
(RD18) and alveolar (RH4) RMS cells differentiation. SMYD1 was very low or absent in
proliferating cells, but its level progressively increased throughout miR-206-induced
differentiation, which occurred in high serum (Fig. 2A and B). In both RMS subtypes,
strong SMYD1 upregulation was concomitant with the induction of muscle markers, such
as Myogenin, Muscle Creatine Kinase (MCK), Desmin and Myosin Heavy Chain (MHC).
C2C12 myoblasts are a widely used cellular model that recapitulates physiological
myogenesis upon switching to low serum. In agreement with previous reports,?’*% we
observed SMYD1 upregulation in differentiating C2C12 cells (Fig. 2C). Also in these cells,
SMYD1 levels increased in concomitance with Myogenin, MCK, Desmin and MHC
expression, consistent with our RMS differentiation model. NIH10T1/2 fibroblasts can be
converted to myogenic cells upon expression of exogenous MyoD.** SMYD1 upregulation
was indeed observed also in this system, in concomitance with differentiation markers
(Fig. 2D). These results altogether indicate that upregulation of SMYD1 is part of the
genetic program controlling the myogenic differentiation process.

SMYD1 is not involved in the inhibition of ERMS cells proliferation and soft agar
growth imposed by miR-206

To better define the functional role of SMYD1, we tested the effect of SMYD1 silencing in
ERMS cells, using a vector expressing a short hairpin RNA (shRNA) selected for silencing
efficiency (Fig. S1A and B). The growth rate of proliferating RD18 cells (where SMYD1 is
undetectable) was unaffected by SMYD1-downregulation, confirming the lack of off target
effects of the selected shRNA (Fig. 3A). MiR-206-mediated reactivation of myogenesis in
ERMS cells implicates, in concomitance with SMYD1 upregulation, cell cycle arrest and
loss of anchorage-independent growth.g Neither of them was affected by SMYD1 silencing
(Fig. 3A and B). Thus, SMYD1 is not involved in the growth suppressive effects of miR-
206.

SMYD1 is essential to implement the myogenic differentiation program

It was previously reported that in C2C12 myoblasts ectopic SMYD1 promotes
differentiation.*® In our hands, overexpression of SMYD1 in C2C12 cells only slightly
advanced differentiation after the switch to low serum, but in growth medium was without



effect (Fig. S2A). In RD18 ERMS cells SMYD1 overexpression, both in high and low
serum, was able to upregulate Myogenin but not MHC, which required miR-206 induction
(Fig. S2B, C and D). On the other hand, overexpression of SMYD1 did not further
enhance miR-206-induced differentiation (Fig. S2B and C). To verify whether SMYD1 is
necessary for differentiation, we downregulated SMYD1 in miR-206-expressing ERMS and
ARMS cells, and in two additional myogenic models. SMYD1 downregulation strongly
impaired the induction of muscle markers in miR-206-expressing RD18 ERMS and RH4
ARMS cells (Fig. 4A and C). This was confirmed by immunofluorescence with an anti-
MHC antibody (Fig. 4B and D). The effect of SMYD1 silencing on the expression of the
muscle markers (global downregulation) and on the cell phenotype (loss of elongated or
multinucleated MHC-positive myotubes) was even more severe in differentiating C2C12
cells (Fig. 4E and F). Moreover, SMYD1 silencing impaired MyoD-induced myogenic
conversion of NIH 10T1/2 cells (Fig. 4G and H). Taken together, these results indicate that
SMYD1, although not sufficient to promote differentiation by itself, is essential to complete
the myogenic program.

SMYD1 modulates transcription of myogenic genes

Initial work?®?® indicated a transcriptional activity for SMYD1, but more recent studies in

Zebrafish have shown that during myogenesis SMYD1 is translocated to the cytoplasm,
where it controls myosin folding and sarcomere assembly.®'®3* To study the
transcriptional function of SMYD1 we first verified its distribution in the nuclear and
cytoplasmic fractions of differentiating RD18 ERMS and C2C12 cells. Comparable
amounts of SMYD1 were found in the two cellular compartments (Fig. 5A and B), thus a
substantial fraction of the SMYD1 protein is retained in the nucleus during differentiation.
Next, we explored the effect of SMYD1 silencing on the transcription of myogenic genes.
In RD18 cells upon miR-206-induced differentiation SMYD1 silencing severely reduced the
transcript level of the MyoD, Myogenin, Mef2C, Mef2D transcription factors, and of the
muscle markers MCK and MHC (Fig. 5C). The same set of transcripts was strongly
reduced upon SMYD1 silencing also in differentiating C2C12 cells (Fig. 5D and E). These
results confirm that SMYD1 is necessary for the transcriptional upregulation of myogenic
genes during differentiation.

G6PD is downregulated during myogenic differentiation and is a direct target of
miR-206

Glucose-6-phosphate dehydrogenase (G6PD) is one of the most significantly
downregulated transcripts upon miR-206-induced ERMS cells differentiation (Fig. 1A) and
its level of expression is higher in primary RMS tumors relative to skeletal muscle (Fig.
1C). Accordingly, the G6PD protein is almost completely downregulated in both RD18
ERMS and RH4 ARMS cells within six days of miR-206 induction (Fig. 6A and B). A
gradual G6PD reduction also occurs in differentiating C2C12 and MyoD-converted
NIH10T1/2 cells (Fig. 6C and D). The G6PD 3’'UTR contains three miR-206 MREs,
indicating that the G6PD transcript is a potential direct target of miR-206 (Fig. 6E). To
verify this, we co-transfected a GFP sensor construct (wild type or mutated in the MRES) in
293T cells together with either miR-206 or an unrelated microRNA. FACS analysis
performed 48 hours after transfection revealed a strong reduction of GFP fluorescence
only in cells co-transfected with miR-206 and the wild-type sensor (Fig. 6F). We gained
further evidence that this mechanism of G6PD downmodulation occurs physiologically, by
transfecting C2C12 cells with a corresponding luciferase sensor construct. A progressive
downregulation of the luciferase signal was observed during C2C12 differentiation, while
that of the mutant construct remained unchanged (Fig. 6G).



G6PD is essential for the transformed phenotype of ERMS cells

To determine the role of G6PD in the transformed phenotype of RD18 ERMS cells, we
generated a cell line where G6PD could be silenced in a doxycycline-dependent manner
(Fig. 7A). Doxycycline treatment recapitulated the pattern of GEGPD downregulation that we
observed during miR-206-mediated differentiation (Fig. 6A). G6PD silencing resulted in
strong reduction of RD18 ERMS cells proliferation (Fig. 7B) and soft agar growth (Fig. 7C
and D), indicating that G6PD is essential for the transformed phenotype of these cells. We
then tested the effect of overexpressing a G6PD cDNA devoid of 3'UTR. G6PD-
overexpressing RD18 ERMS cells proliferated faster than controls (Fig. 7E). However,
G6PD overexpression did not interfere with the proliferative block or with the induction of
myogenic differentiation induced by miR-206 (Fig. 7E and F). Thus, while upregulating
G6PD does not impair forced ERMS differentiation, the requirement for an anabolic
metabolism sensitizes proliferating ERMS cells to variations of G6PD levels.

DCA inhibits ERMS and ARMS cell growth and enhances the tumor suppressive
effects of miR-206

While G6PD inhibitors have unwanted side effects*® DCA, which negatively impacts on
anabolic metabolism by increasing the flux of pyruvate to the TCA cycle, is well tolerated
also after prolonged administration.*’*>*® Thus we tested the effects of DCA on ERMS
and ARMS cells, either alone or in combination with miR-206 induction. When tested
alone, DCA decreased proliferation of both ERMS and ARMS cells, with ARMS cells
showing a much greater sensitivity (Fig. 8A and B). When combined, DCA treatment
enhanced the effect of miR-206 induction. Furthermore, this synergy was particularly
evident in both cell types upon miR-206 withdrawal (Fig. 8C and D). The cells were grown
in doxycycline (miR-206 IND) with or without DCA, and then switched to doxycycline-free
medium (DEIND). DCA prevented the resumption of cell proliferation occurring after miR-
206 de-induction (Fig. 8C and D). In agreement with their higher sensitivity to DCA alone,
the effect of DCA was particularly striking on de-induced ARMS cells, where very few cells
survived. In ERMS cells, which are more prone to miR-206-induced differentiation®, DCA
treatment increased MHC expression in the surviving cells (Fig. 8E).



DISCUSSION

We and others have previously shown that miR-206, a muscle-specific microRNA with a
known pro-myogenic effect, can force RMS cells to resume differentiation.®'® A series of
direct targets have been described linking miR-206 to the proliferative block occurring at
the onset of differentiation and to the epigenetic machinery involved in the activation of
muscle genes.*™ In this work we selected for further study two miR-206 effectors
emerged from our original expression profile of miR-206-converted RMS cells, the histone
methyltransferase SMYD1 and the pentose phosphate enzyme GG6PD. Histone
methylation is one of the mechanisms that enable transcription factors to implement the
transition toward lineage-specific transcriptional profiles. H3K9 and H3K27 methylations
are associated with gene silencing.>? In ARMS high levels of the H3K9 histone methyl-
transferase Suv39h1 impair MyoD function, arresting myogenesis.'® Conversely, H3K27
methylation of late muscle genes is carried out by EZH2,*> a member of the Polycomb
Repressive Complex 2, which is also associated with the adaptor JARID2.** JARID2 and
EZH2 have been found overexpressed, respectively, in ARMS and in all RMS. 43

Replacement of repressive histone marks with their activating counterpart is necessary to
initiate transcription of differentiation genes.*® In myogenesis upregulation of the
methyltransferase Set7/9 activates muscle gene expression by precluding Suv39h1-
mediated H3K9 methylation and by increasing H3K4 methylation at the promoter of
myogenic genes.”” A second H3K4 histone methyltransferase, SMYD1, has been
described as a regulator of myogenic differentiation.®® Contrary to Set7/9, which is
ubiquitously expressed, SMYD1 expression is restricted to heart and skeletal muscle.?®
Early work on SMYD1 established its activity as a H3K4 methyltransferase®® and its
transcriptional role in myogenesis.”'30 Several papers describing work done in Zebrafish,
have more recently revealed a role for SMYD1 in sarcomere assembly. A fraction of the
SMYD1 protein localizes at the M-line where it physically associates with myosin.3'3334
The cytoplasmic role of SMYD1 does not require the histone-methyltransferase activity
which is responsible for its nuclear function.®’

In the present work, by silencing SMYD1 in three different cell models (low-serum induced
differentiation in C2C12 cells, MyoD-induced differentiation of NIH10T1/2 fibroblasts, and
miR-206 induced differentiation of RMS cells), we confirmed that its upregulation is
necessary for the expression of myogenic transcription factors and muscle proteins.
Furthermore, we verified that upon SMYD1 silencing also the corresponding transcripts
are dramatically downregulated, both in differentiating C2C12 myoblasts and RD18 ERMS
cells. Thus SMYD1 is likely to regulate myogenic genes at the level of transcription.
Considering that both Set7/9 and SMYD1 are upregulated during myogenesis it may be
possible to envision a cooperation between the two, related to the fact that Set7/9 activity
is limited to converting unmodified H3K4 into monomethylated H3K4. For SMYD1, the
preferred methylation state of the substrate is unclear.?® However, structural data indicate
that the lysine-access channel in SMYD1 is more spacious than that of Set7/9,>®
suggesting that it may accommodate mono and dimethylated lysine residues.

SMYD1 does not have a DNA binding motif and is thought to be recruited to muscle-
specific target genes by its DNA-binding partner skNAC.2"# Very recent work shows that
skNAC expression can be induced by differentiation medium in RD18 ERMS cells.*® In the
same conditions we observed only a very modest increase in SMYD1 (not shown). In our
hands ectopic expression of SMYD1 in ERMS cells increased Myogenin levels but was
without effect on MHC expression, which occurred only upon miR-206 upregulation. Thus,
in ERMS, terminal differentiation may require removal of an additional block. According to



Berkoltz et al., ARMS cell lines are unable to upregulate skNAC expression in low serum.
However, forced skNAC expression was sufficient to induce differentiation and to inhibit
their metastatic potential.>® This suggests that in combination with ectopic skNAC, SMYD1
may be upregulated by low serum at a level sufficient to trigger differentiation. On the other
hand, the inability of ARMS cells to upregulate endogenous skNAC may explain why
ARMS are less prone than ERMS cells to miR-206 induced differentiation.’

Cancer cells consume large quantities of glucose, producing lactate even in the presence
of adequate oxygen (Warburg effect). The prevalence in cancer cells of the pyruvate
kinase isoform PKM2 slows down the pyruvate flux to the mitochondrion, diverting
glycolytic intermediates toward biosynthetic processes necessary for rapid growth and
proliferation.’® An absolute requirement for biosynthesis is the availability of reducing
power in the form of NADPH. The major source of NADPH is the pentose phosphate
pathway (PPP), a glucose catabolic route alternative to glycolysis. G6PD catalyzes the
rate-limiting step of the PPP and thus it is not surprising that it was found to be increased
in many cancers. It is also to be expected that differentiating cells, which are not as
biosynthetically active as proliferating cells, would downregulate G6PD. In this work we
showed that G6PD is strongly downregulated in RMS cells upon miR-206-induced
differentiation. We confirmed that G6PD is a direct miR-206 target, a finding previously
described in a paper linking increased G6PD activity and dysregulation of the redox state
of muscle cells in Duchenne Muscular Distrophy.®' Our results, showing that G6PD
silencing inhibited RMS cells proliferation while exogenous G6PD increased it, confirm the
link between G6PD level and cell growth.

The adrenocorticoid steroid DHEA is a potent uncompetitive inhibitor of G6PD. The
supposed cancer-preventive and longevity-promoting effects of DHEA have been ascribed
to its ability to lower NADPH levels and to reduce NADPH-dependent oxygen-free radical
production.®? However clinical trials with DHEA were hampered by the high oral doses
required, as well as by the conversion of DHEA into active androgens.*® An alternative
strategy to normalize tumor metabolism is based on the idea of potentiating the flux of
pyruvate toward the TCA cycle through the reactivation of the PDH complex via inhibition
of its negative regulator PDK1 with DCA.*' DCA can be given orally and has been used for
more than 30 years to treat lactic acidosis arising from a number of conditions. Initial
results on a limited number of glioblastoma patients treated for up to 15 months suggested
that this drug can be administer safely, it increases PDH activity in the tumors, and
showed clinical efficacy in three out of five of them.*® Recently, DCA has been approved
for phase 1 clinical trial in adults with recurrent malignant brain tumors.*® When tested
alone DCA significantly impaired cell growth in both RMS subtypes, but ARMS showed
much higher sensitivity. The effect of the combination with miR-206 was modest, both in
terms of inhibition of proliferation and promotion of differentiation. However, DCA made a
substantial difference upon miR-206 withdrawal, sustaining the differentiation of ERMS
cells and inhibiting the emergence of resistant clones. The reason for the greater response
of RH4 ARMS cells to DCA is unclear. The metabolic switch imposed by DCA treatment
should have a higher impact on proliferating than on differentiating cells. Thus the
resistance of ARMS cells to differentiation may explain their higher sensitivity to DCA. If
the efficacy of DCA could be proven also in additional ARMS cell lines these observations
could have a significant translational value.

The myomiRs miR-206 and miR-1 have been previously shown to promote the transition
from proliferating myoblasts to differentiating myotubes by targeting, among other genes,
the negative epigenetic regulators YY1'® and HDAC4.2%?! In this work by showing that
SMYD1 upregulation following miR-206 induction, is essential to myogenesis, we further



linked the effects of this microRNA with epigenetic reprogramming. Furthermore, by
demonstrating that miR-206 is directly responsible for downregulating G6PD, we also
linked this microRNA to metabolic reprogramming, in a direction opposite to the
requirement of cancer cells. MiR-206 is low in RMS. These new data further substantiate
the idea that miR-206 or miR-206 mimetics could have value as an anticancer drug in this
malignancy and suggest that combination with DCA may potentiate its effect.



Materials and Methods

Reagents

All reagents, unless otherwise specified, were from Sigma-Aldrich.
Cell cultures

RD18 NpBI-206 cells, RD18 NpBI-206AS cells, RH4 NpBI-206 cells and NIH NpBI-MyoD
have been previously described.®?* Cells were grown in DMEM (Euroclone) supplemented
with 10% FBS (Euroclone). To obtain differentiation of C2C12 myoblast into myotubes,
cells were plated at subconfluence, kept in growth medium for 24 hours, and then switched
to differentiation medium (DMEM containing 2% HS). A similar procedure was used to
improve differentiation of RD18 cells, switched to 2% HS after plating. All cells were
incubated at 37C in a 5% CO2-water—saturated atmos phere, and media were
supplemented with 2 mM I-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.

Western blot

Cells were washed with ice-cold PBS, lysed, and scraped in RIPA buffer (50mM TrisHCI
pH 8, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40) with 1 mM
phenylmethylsulfonyl fluoride, 10 mM NaF, 1 mM NasVO,4, and protease inhibitor cocktail.
Protein lysates were cleared of cellular debris by centrifugation at 4 for 10 minutes at
12,000 g, quantified using Bio-Rad protein assay, resolved in 10% SDS-PAGE gels, and
transferred to Hybond ECL Nitrocellulose Membranes (Amersham Biosciences). Proteins
were visualized with horseradish peroxidise-conjugated secondary antibodies and
SuperSignal West Pico Chemiluminescent Substrate (Pierce). Tubulin, Actin and GAPDH
were used as loading controls.

Cytoplasmic and nuclear extraction

Cytoplasmic and nuclear extracts were obtained from plated cells using the Nuclear
Extract Kit (Active Motif), according to the manufacturer's protocol. Protein lysates were
analyzed by Western blot using the aforementioned protocol. HMG14 was used as a
control for nuclear loading, Tubulin was used as a control for cytoplasmic loading.

Antibodies

Anti-MHC and anti-Myogenin were from Santa Cruz Biotechnology Inc.; anti-a-Tubulin and
anti-Actin were from Sigma-Aldrich; anti-GAPDH was from Cell Signaling Technology; anti-
Desmin was from DAKO; anti-MCK was from Hybridoma Bank; anti-G6PD, anti-HMG14
was from Abcam; anti-SMYD1 was from Abcam or Gene Tex.

Immunofluorescence

For MHC detection, cells seeded on 24-wells, were fixed for 15 minutes with 4%
paraformaldehyde, washed in PBS, and saturated in blocking solution (3% BSA in PBS)
for 1 hour. Once permeabilized with 0.3% Triton X-100 for 5 minutes, cells were incubated
with 1:50 primary antibody (MHC, Hybridoma Bank) for 1 hour and then with secondary
antibody (Alexa-555 Invitrogen) for 30 minutes. Nuclei were stained with DAPI. The photos
were taken through the fluorescent-microscope.



Intracytoplasmic staining of MHC for FACS analysis

In order to measure by flow cytometry the positivity for MHC, cells were fixed for 15
minutes with 2% paraformaldehyde, washed in PBS and saturated by washing twice in
blocking solution (3% BSA in PBS). Cells were then incubated with 1 ug of primary
antibody (MHC, Hybridoma Bank) resuspended in a saponin-PBS-3% BSA solution for 30
minutes and, after that, with secondary antibody (Alexa-555 Invitrogen) resuspended in the
aforementioned solution for other 30 minutes. Cells were analysed by FACS scan using
CellQuest Software. Mean values (+ SD) are from three independent experiments.

Cell proliferation assay

Cells were seeded in 96-well plates at a density of 2 x 10° cells/well. Proliferation was
evaluated by MTT labelling reagent (Roche). Mean values (+ SD) are from three
independent experiments.

Anchorage-independent cell-growth assay

Cells were suspended in 0.45% type VII low-melting agarose in 10% DMEM at 2 x 10* per
well and plated on a layer of 0.9% type VIl low-melting agarose in 10% DMEM in 6-well
plates and cultured at 37C with 5% CO ,. After 2 weeks, colonies of more than 100 pym in
diameter were counted. Mean values (+ SD) are from three independent experiments.

Real-time PCR and gene expression profile analysis

RNA was extracted from cells using TRIzol (Invitrogen). 1 ug of total RNA was used for
reverse transcription with iScript cDNA Synthesis Kit (Bio-Rad) according to the
manufacturer’s protocol. Real-time PCR was performed with iQ SYBR Green (Bio-Rad)
using the following primers:

hMCK forward 5-TGGAGAAGCTCTCTGTGGAAGCTC-3’
h/mMCK reverse 5-TCCGTCATGCTCTTCAGAGGGTAGT-3’
mMCK forward 5’-TGGAGAAGCTGTCCGTGGAAGCTC-3’
h/mMCK reverse 5-TCCGTCATGCTCTTCAGAGGGTAGT-3’
hMHC forward 5-CTGAGGTGTAACGGTGTGCT-3’

hMHC reverse 5-AAGACCTTGGTGTGCCCAAA-3’

mMHC forward 5-ACAGACATTTCCCAAATCCA-3

MMHC reverse 5-ATGTTCTTCTTCATCCGCTC-3’
hMyogenin forward 5-TCAGCTCCCTCAACCAGGAG-3’
hMyogenin reverse 5-CCGTGAGCAGATGATCCCC-3
mMyogenin forward 5- AATGCAACTCCCACAGCGCCTC-3
mMyogenin reverse 5- TCAGCCGCGAGCAAATGATCT-3’
hMyoD forward 5-CGGCATGATGGACTACAGCG-3

hMyoD reverse 5-AGGCAGTCTAGGCTCGACAC-3’
mMyoD forward 5-GCTGCCTTCTACGCACCTG-3’

mMyoD reverse 5-GCCGCTGTAATCCATCATGC-3’
h/mMef2C forward 5-CTGCTGGTCTCACCTGGTAAC-3’
h/mMef2C reverse 5-TAGCCAATGACTGAGCCGAC-3’
h/mMef2D forward 5-GGAAAAAGATTCAGATCCAGCGA-3’
h/mMef2D reverse 5-TTGAGCAGCACCTTGTCCAT-3’
mSmyd1 forward 5-CAGAGCCAGCAGTTCAGCAT-3’
mSmyd1 reverse total 5-ATATGACAGTGCAGTTTGGC-3’
mSmyd1 forward 5-CAGAGCCAGCAGTTCAGCAT-3’



mSmyd1 reverse transcriptional variant 1 (TV1) 5-TGGATTTCACTGCCTCATGA-3
mSmyd1 forward 5-CAGAGCCAGCAGTTCAGCAT-3’

mSmyd1 reverse transcriptional variant 2 (TV2) 5-AGCTCAATCTTGCCATTGTT-3'
mHPRT forward 5-TGACACTGGTAAAACAATGCA-3'

mHPRT reverse 5-GGTCCTTTTCACCAGCAAGCT-3'

hHuPO forward 5-GCTTCCTGGAGGGTGTCC-3’

hHuUPO reverse 5-GGACTCGTTTGTACCCGTTG-3

Real-time PCR parameters were as follows: cycle 1, 95T for 3 minutes; cycle 2, 95T for
15 seconds, 60T 30 seconds for 40 cycles. The 2- AACT method was used to analyze the
data.

Gene expression profile of RD18 NpBI-206 cells has been previously described.® Briefly,
The array data were analyzed with the Partek Genomics Suite version 6.3 software
(Partek Inc.). Genes showing differential expression between the 2 experimental
conditions in RD18 cells found to be significant by ANOVA (fold change compared to the
mean across the whole panel was greater than 2 and the Student’s t test p-value was
lower than 0.05). Gene expression analysis of SMYD1 and G6PD was assessed in a panel
of 101 RMS patient samples relative to 30 skeletal muscle samples as previously
described.?* Briefly, all samples, assayed on the Affymetrix Human Genome U133 Plus
2.0 Array platform (Santa Clara, CA, USA) have been normalized by the RMA algorithm as
implemented in R free software environment, and annoted with a custom CDF.%®
Differential expression has been evaluated by limma package.

Lentiviral and retroviral vectors construction and trasduction

PLKO.1 lentiviral vectors (SMYD1: code TRCN0000129092, G6PD: TRCN0000025874
and control code SHC002) were purchased from Sigma-Aldrich. The conditional G6PD
shRNA and shctrl lentiviral vectors were generated as previously described.?* Murine
SMYD1 cDNA was PCR amplified from genomic DNA using the following primers: forward
5-GCGGATCCATGACAATAGGCAGCATGGAG-3, reverse 5-GCGTCGACTCACTGCTT
CTTATGGAACAG-3' and subcloned into the BamHI/Sall restriction sites of the
pCCL.sin.PPT.nPGK.GFPWpre vector provided by Luigi Naldini (San Raffaele-Telethon
Institute for Gene Therapy, Milano, ltaly). The inducible SMYD1 lentiviral vector was
generated by subcloning the human SMYD1 cDNA (imaGenes GmbH) into the blunted-
Nhel NpBI-206AS vector previously described.®?* G6PD A-3'UTR retroviral vector, gently
provided by Dr. Claudia Voena (CeRMS, University of Turin) was previously described.®*
High titer lentiviral and retroviral vector stock was produced in HEK 293T cells as
previously described.® To induce the expression of the inducible vectors cells were treated
with 1 ug/ml of doxycycline for the indicated times.

Sensor vectors generation and assessment of miRNA activity

The EIMMo miRNA target prediction server (http://www.mirz.unibas.ch/EIMMo02/) was
used to identify putative miR-206 targets among the downregulated transcripts RD18
NpBI-206 cells. The GFP-G6PD 4x sensor vector (containing two repetition of the first two
miR-206 MREs) was obtained by annealing the following oligonucleotides: forward 1, 5'-
GGCAGCTGCACATTCCTGGCCCCGGCGATCAGCTGCACATTCCTGGCCCCGGA-3;
forward 2, 5-AGCTTCCCAGCTACATTCCTCAGCTGCCCGATCCCAGCTACATTCCTCA
GCTGCCGGTA-3'; reverse 1, 5-~AGCTTCCGGGGCCAGGAATGTGCAGCTGATCGCCG
GGGCCAGGAATGTGCAGCTGCCG-3', reverse 2, 5-CGGCAGCTGAGGAATGTAGCTG
GGATCGGGCAGCTGAGGAATGTAGCTGGGA-3. We then subcloned the annealed
oligonucleotides into the Sacll/Kpnl of the pCCL.sin.PPT.hPGK.GFP.Wpre vector as



previously described. The same procedure was used to generate the 4X mutated sensor
using the following oligonucleotides: forward 1, 5-GGCTTCGACGACGCTTGGGATACAG

CGATCTTCGACGACGCTTGGGATACAGA-3'; forward 2, 5-AGCTTACGTGATGACGCTT
GCTTCTACGCGATACGTGATGACGCTTGCTTCTACGGGTAC-3; reverse 1, 5-
AGCTTCTGTATCCCAAGCGTCGTCGAAGATCGCTGTATCCCAAGCGTCGTCGAAGCC

GC-3'; reverse 2, 5-CCGTAGAAGCAAGCGTCATCACGTATCGCGTAGAAGCAAGCGTC
ATCACGTA-3'. The GFP sensors vectors and synthetic mature miRNAs (Invitrogen) were
cotransfected in HEK 293T cells with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The cells were harvest after 48 hours and green fluorescence
was measured by flow cytometry using CellQuest Software. The GFP level of control cells
was set at 100%. Mean values (x SD) are from three independent experiments.

The luciferase-G6PD 4x sensor vector was obtained by substituting the GFP with the
luciferase. The luciferase sensors vectors were transfected in C2C12 cells with the
indicated miRNAs and control luciferase (for normalization) by using FUGENE (Promega)
according to the manufacturer’s instructions. Cells were kept in growth medium for 24
hours, switched to differentiation medium and then harvest at 48, 72 and 120 hours.
Luciferase assay was performed by using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. The luminescence was measured
with the “Dual Glow” protocol of the Glowmax MULTI + Detection System (Promega).The
values obtained for the mutated sensor were set as 1 at each time point. Mean values (+
SD) are from three independent experiments.
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LEGENDS

Figure 1. SMYD1 and G6PD are, respectively, among the top upregulated and
downregulated genes following miR-206-induced ERMS cell differentiation and are
differentially expressed in primary tumors compared to normal muscle. (A) Top 30
up-regulated genes and top 70 down-regulated genes in RD18 ERMS cells conditionally
expressing miR-206 (RD18 NpBI-206 IND).? SMYD1 is indicated with a red bar, G6PD is
indicated with a blue bar. (B and C) Levels of expression of SMYD1 and G6PD mRNAs in
human skeletal muscle (SM) and primary RMS tumors. ****P<0.0001 and **P<0.01. The
publicly available datasets used for this analysis are specified in the Material and Methods
section.

Figure 2. SMYD1 is upregulated during myogenic differentiation. (A and B) Western
blot analysis of the indicated proteins in RD18 NpBI-206 and RH4 NpBI-206 cells, treated
or not with doxycycline for the indicated days (miR-206 not induced, NI; miR-206 induced,
IND). Cells were always kept in high serum (10%). (C) Western blot analysis of the
indicated proteins in C2C12 cells grown in proliferation medium (P) and after 3 or 5 days in
differentiation medium (D3, D5). (D) Western blot analysis of the indicated proteins in
NIH10T1/2 fibroblasts infected with a conditional MyoD-expressing lentiviral vector (NIH
NpBI-MyoD), treated or not with doxycycline for 2 days (MyoD not induced, NI; MyoD
induced, IND).

Figure 3. SMYD1 is not involved in the miR-206-mediated inhibition of proliferation
and soft agar growth in ERMS cells. (A) MTT analysis of RD18 NpBI-206 cells infected
with a constitutive control (shctrl) or SMYD1-directed (shSMYD1) shRNA, grown in the
absence of doxycycline (miR-206 not induced, NI) or after doxycycline administration
(miR-206 induced, IND) for the indicated days. The number of cells at day 0 was set at
100%. (B) Representative image of a soft agar growth assay of the cells described in (A).

Figure 4. SMYD1 is essential to implement the myogenic differentiation program. (A)
Western blot analysis of the indicated proteins in RD18 NpBI-206 cells infected with a
constitutive control (shctrl) or SMYD1-directed (shSMYD1) shRNA, treated or not with
doxycycline for the indicated days (miR-206 not induced, NI; miR-206 induced, IND). (B)
Representative MHC immunostaining of the cells indicated in (A), treated with doxycycline
for 6 days (miR-206 induced). Images were obtained at 10X magnification. (C) Western
blot analysis of the indicated proteins in RH4 NpBI-206 cells infected with a constitutive
control (shctrl) or SMYD1-directed (shSMYD1) shRNA, treated or not with doxycycline for
the indicated days (miR-206 not induced, NI; miR-206 induced, IND). (D) Representative
MHC immunostaining of the cells indicated in (D), treated with doxycycline for 6 days
(miR-206 induced). Images were obtained at 10X magnification. (E) Western blot analysis
of the indicated proteins in C2C12 cells infected with a constitutive control (shctrl) or
SMYD1-directed (shSMYD1) shRNA, grown in proliferation medium (P) and after 3 or 5
days in differentiation medium (D3, D5). (F) Representative MHC immunostaining of
C2C12 cells indicated in (E) after 5 days in differentiation medium. Images were obtained
at 10X magnification. (G) Western blot analysis of the indicated proteins in NIH NpBI-
MyoD cells infected with a constitutive control (shctrl) or SMYD1-directed (shSMYD1)
shRNA, treated with doxycycline for 2 days (MyoD induced, IND). (H) Representative MHC
immunostaining of the NIH NpBI-MyoD cells indicated in (G). Images were obtained at 10X
magnification.

Figure 5. SMYD1 is present in both the cytoplasm and the nucleus of differentiating
cells and its downmodulation impairs transcription of myogenic genes. (A) Western
blot analysis of the indicated proteins in cytoplasmic (C) and nuclear (N) extracts of RD18



NpBI-206 cells treated with doxycycline for 3 days (miR-206 induced, IND). (B) Western
blot analysis of the indicated proteins in cytoplasmic (C) and nuclear (N) extracts of C2C12
cells after 5 days in differentiation medium (D). (C) Real-time PCR analysis of the
indicated transcripts in total RNA extracted from RD18 NpBI-206 cells infected with a
constitutive control (shctrl) or SMYD1-directed (shSMYD1) shRNA, treated or not with
doxycycline for the indicated days (miR-206 not induced, NI; miR-206 induced, IND). (D
and E) Real-time PCR analysis of the indicated transcripts in total RNA extracted from
C2C12 cells infected with a constitutive control (shctrl) or SMYD1-directed (shSMYD1)
shRNA, grown in proliferation medium (P) and after 3 or 6 days in differentiation medium
(D3, D6).

Figure 6. G6PD is downregulated during myogenic differentiation and is a direct
target of miR-206. (A) Western blot analysis of the indicated proteins in RD18 cells
infected with either a control (NpBI-206AS, antisense) or a miR-206-expressing (NpBI-
206) lentiviral vector, treated or not with doxycycline for the indicated days (not induced,
NI; induced, IND). (B) Western blot analysis of the indicated proteins in RH4 NpBI-206
cells, treated or not with doxycycline for the indicated days (not induced, NI; induced, IND).
(C) Western blot analysis of the indicated proteins in C2C12 cells grown in proliferation
medium (P) and after 2, 4 and 6 days in differentiation medium (D2, D4 and D6). (D)
Western blot analysis of the indicated proteins in NIH NpBI-MyoD cells treated or not with
doxycycline for the indicated days (MyoD not induced, NI; MyoD induced, IND). (E)
Schematic representation of the three MREs of the human G6PD 3’ UTR aligned with the
miR-206 sequence. The complementary of the miR-206 sequence with the MREs is
indicated. (F) Flow cytometry quantification of GFP expression in HEK 293T cells co-
transfected with wild type or mutant G6PD sensor construct along with miR-206 or miR-
143 as a control. (G) Relative luciferase expression of C2C12 cells transfected with either
wild type or mutant G6PD luciferase sensor construct, after 48, 72 and 120 hours in
differentiation medium. For each time point, luciferase counts obtained with the control
plasmid were set at 1.

Figure 7. G6PD downregulation interferes with the transformed phenotype of ERMS
cells but its overexpression does not affect miR-206-mediated ERMS cells
differentiation. (A) Western Blot analysis of GGPD in RD18 cells conditionally expressing
a control (shctrl) or a G6PD-directed (shG6PD) shRNA, treated or not with doxycycline for
the indicated days (shRNA not induced, NI; shRNA induced, IND). (B) MTT analysis of the
cells indicated in (A). Cells were analysed for the indicated days in absence of doxycycline
(shRNA not induced, NI) or after doxycycline administration (shRNA induced, IND). The
number of cells at day 0 was set at 100%. (C) Quantification of soft agar growth assays of
the cells indicated in (A). The number of colonies obtained from cells maintained in
absence of doxycycline (shRNA not induced, NI) was set at 100%. (D) Representative
images of the experiment indicated in (C). (E) MTT analysis of RD18 NpBI-206 cells
overexpressing or not G6PD lacking the 3’'UTR. Cells were analysed for the indicated days
in the absence of doxycycline (miR-206 not induced, NI) or after doxycycline
administration (miR-206 induced, IND). The number of cells at day 0 was set at 100%.
Student’s t-test was used to evaluate statistical significance: *P<0.05. (F) Western blot
analysis of the indicated proteins in the cells indicated in (E), treated or not with
doxycycline for the indicated days (miR-206 not induced, NI; miR-206 induced, IND).

Figure 8. DCA inhibits ERMS and ARMS cell proliferation and sustains myogenic
differentiation upon miR-206 withdrawal in ERMS cells. (A) MTT analysis of RD18
cells treated or not with 10 mM DCA for the indicated days. The number of cells at day 0
was set at 100%. (B) MTT analysis of RH4 cells treated or not with 10 mM DCA for the



indicated days. The number of cells at day 0 was set at 100%. (C) MTT analysis of RD18
NpBI-206 cells treated or not with 10 mM DCA, in presence of doxycycline (miR-206
induced, IND) or after doxycycline withdrawal (miR-206 de-induced, DEIND) for the
indicated days. The number of cells at day 0 was set at 100%. (D) MTT analysis of RH4
NpBI-206 cells treated or not with 10 mM DCA, in presence of doxycycline (miR-206
induced, IND) or after doxycycline withdrawal (miR-206 de-induced, DEIND) for the
indicated days. The number of cells at day 0 was set at 100%.(E) Flow cytometry
quantification of MHC expression in RD18 NpBI-206 cells treated or not with 10 mM DCA,
in presence of doxycycline (miR-206 induced, IND) or after doxycycline withdrawal (miR-
206 de-induced, DEIND) for the indicated days.

Supplementary Figure 1. Selection of SMYD1-directed shRNAs. (A) Western blot
analysis of SMYD1 in RD18 NpBI-206 cells, treated with doxycycline (miR-206 induced,
IND) for 6 days, infected with five different SMYD1-directed shRNA-expressing lentiviral
vectors. ShRNA1 was not selected because of toxicity. (B) Real time PCR on RNA
extracted from C2C12 cells, infected with a constitutive control (shctrl) or two SMYD1-
directed (sh2, sh3) shRNAs, grown in proliferation medium (P) and after 3 or 5 days in
differentiation medium (D3, D5). The Real time PCR was performed by using oligos
capable of discriminating the two known SMYD1 transcriptional variants TV1 and V2.3
ShRNAS3 was selected for its ability to silence both variants.

Supplementary Figure 2. SMYD1 overexpression is unable to promote terminal
differentiation. (A) Western blot analysis of the indicated proteins in C2C12 cells
overexpressing SMYD1 or GFP as a control, grown in proliferation medium (P) and after 2,
3 and 5 days in differentiation medium (D2, D3, D5). SMYD1 expression is shown upon
short and long film exposure. (B) Western blot analysis of SMYD1 in RD18 cells infected
with a conditional lentiviral vector expressing SMYD1 either alone (NpBI-SMYD1), or in
concomitance with miR-206 (NpBI-206-SMYD1). RD18 NpBI-206 cells were used as a
control of endogenous SMYD1 upregulation following miR-206 induction. All cells were
treated or not with doxycycline for 6 days (SMYD1 and/or miR-206 not induced, NI;
SMYD1 and/or miR-206 induced, IND). (C) Representative MHC immunostaining of the
cells indicated in (B) treated with doxycycline for 6 days (SMYD1 and/or miR-206 induced,
IND). Images were obtained at 10X magnification. (D) Western blot analysis of the
indicated proteins in RD18 cells infected with a conditional lentiviral vector expressing
SMYD1 either alone (NpBI-SMYD1), or in concomitance with miR-206 (NpBI-206-
SMYD1). Cells were treated or not with doxycycline for 6 days (SMYD1 and/or miR-206
not induced, NI; SMYD1 and/or miR-206 induced, IND) and cultured in high (10% FBS) or
low (2%HS) serum conditions.

Supplementary Table 1. Top 30 upregulated genes and top 70 downregulated genes in
RD18 ERMS cells conditionally expressing miR-206.°
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Gene Symbol RefSeq p-value Fold-Change
30 up LRRC39 NM_144620 2.57E-03 12.354
NPNT NM_00103304 1.07E-03 11.8178
TTN NM_133378 1.62E-04 11.3308
TNNC1 NM_003280 1.78E-03 11.2929
CKM NM_001824 3.30E-03 11.0407
TNNC2 NM_003279 9.58E-04 10.1086
MYOM2 NM_003970 6.63E-04 9.52654
SMYD1 NM_198274 2.24E-04 8.9951
AMPD1 NM_000036 1.40E-03 8.77668
B3GALT2 NM_003783 1.21E-04 8.60375
ABCC9 NM_005691 1.38E-03 8.56492
TXLNB NM_153235 2.94E-05 8.49183
UNC45B NM_173167 1.47E-03 8.26999
MYOz2 NM_016599 3.08E-03 7.70191
A2M NM_000014 2.30E-03 7.69067
MYLPF NM_013292 1.75E-03 7.62885
XIRP2 NM_152381 2.06E-03 7.58104
HRC NM_002152 4.12E-04 6.95111
LRRFIP1 ENST000003C 7.54E-04 6.88734
KLHL31 NM_0010037€ 2.66E-03 6.73391
CXCR4 NM_00100854 2.89E-04 6.6866
LRRFIP1 ENST000003C 6.40E-04 6.45093
MYL1 NM_079420 4 47E-04 6.3382
TNNI1 NM_003281 1.66E-03 6.21366
ACTN2 NM_001103 2.91E-03 6.18997
TMOD1 NM_003275 4.87E-04 5.94985
hsa-mir-154  --- 1.25E-03 5.82579
SEPW1 NM_003009 1.05E-03 5.66123
MURC NM_00101811 7.39E-04 5.44367
FABP3 NM 004102 8.61E-04 5.30978
70 down RBBP8 NM_002894 8.37E-06 -3.65676
KIF20B NM_016195 1.71E-04 -3.65898
GINS4 NM_032336 1.21E-05 -3.6715
CDC45L NM_003504 1.23E-05 -3.67333
HIST1H1B NM_005322 3.31E-05 -3.70764
G6PD NM_000402 1.16E-05 -3.71684
CEP152 NM_014985 6.76E-05 -3.72519
KNTCA1 NM_014708 2.42E-05 -3.73097
DLEU2 NR_002612 5.27E-04 -3.7368
TMSL8 NM_021992 9.58E-05 -3.73765
CDC6 NM_001254 6.44E-05 -3.75081
RAD51AP1  NM_006479 2.25E-03 -3.76798
ARHGAP11B NM_00103984 9.07E-04 -3.77419
PLK4 NM_014264 1.36E-04 -3.79936
HIST1H2AJ NM_021066 4.10E-05 -3.8209
C18orf24 NM_0010395¢ 8.74E-05 -3.86165
NEIL3 NM_018248 6.16E-06 -3.87309
ATAD5 NM_024857 4.77E-05 -3.87731
MAD2L1 NM_002358 1.43E-05 -3.8885
PBK NM_018492 1.48E-04 -3.89365



KIF14
FOXM1
FANCD2
FANCI
WDHD1
FAMS4A
PTPLAD1
TTK
VCAN
POLQ
NCAPH
CDCA7
TYMS
ASPM

ARHGAP11A

ASF1B
MKI67
CENPK
WDR76
DTL
CASC5
TEX15
MYBL2
ORC6L
POLE2
CENPI
CENPF
CCNE2
MCM10
HIST2H2AB
CDC2
DSCC1
BLM
MND1
FAM111B
CLSPN
C150rf42
SPC25
XRCC2
ORCI1L
PRIM1
NP
ESCO2
C13orf3
APOBEC3B
KIF15
EXO1
UNQ353
KIAA0101
GJA1

NM_014875
NM_202002
NM_033084

NM_00111337

NM_007086

NM_0010992¢

NM_016395
NM_003318
NM_004385
NM_199420
NM_015341
NM_031942
NM_001071
NM_018136
NM_014783
NM_018154
NM_002417
NM_022145
NM_024908
NM_016448
NM_170589
NM_031271
NM_002466
NM_014321
NM_002692
NM_006733
NM_016343
NM_057749
NM_182751
NM_175065
NM_001786
NM_024094
NM_000057
NM_032117
AY457926

NM_022111
NM_152259
NM_020675
NM_005431
NM_004153
NM_000946
NM_000270

NM_0010174z

NM_145061
NM_004900
NM_020242
NM_130398
AY358648

NM_014736
NM_000165

8.33E-05
1.18E-04
2.98E-05
6.01E-06
2.30E-05
6.21E-06
2.52E-07
1.76E-05
3.14E-06
5.77E-05
3.46E-05
9.61E-06
6.72E-05
5.62E-05
9.70E-05
1.44E-04
3.35E-06
6.97E-05
4.41E-05
1.06E-05
2.18E-05
5.10E-05
1.56E-03
5.28E-05
6.94E-05
3.86E-06
5.19E-05
3.08E-05
1.90E-05
1.39E-06
3.60E-06
2.00E-03
6.03E-06
1.76E-05
2.09E-04
4.97E-05
1.56E-05
5.49E-06
2.18E-05
3.26E-05
1.19E-04
2.97E-04
1.15E-04
5.16E-05
9.24E-07
1.59E-05
9.91E-07
1.50E-04
1.61E-04
2.21E-06

-3.90317
-3.91348
-3.91737
-3.93141
-3.93981
-3.95615
-3.96421
-3.96994
-3.98582
-4.01101
-4.01227
-4.02364
-4.03477
-4.05496
-4.05778
-4.07927
-4.1064
-4.11612
-4.14772
-4.16882
-4.20573
-4.21014
-4.21968
-4.22485
-4.26885
-4.26972
-4.29291
-4.29313
-4.30622
-4.319
-4.35328
-4.3728
-4.41577
-4.42292
-4.43317
-4.43361
-4.44625
-4.47326
-4.48974
-4.52642
-4.65215
-4.74724
-4.85677
-4.86931
-4.88896
-4.93853
-5.16136
-5.39509
-5.46422
-6.77501



