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We have exploited the existence of a second copy of the human SMN gene (SMN2) to develop a highthroughput screening strategy to identify potential small molecule therapeutics for the genetic disease
spinal muscular atrophy (SMA), which is caused by the loss of the SMN1 gene. Our screening process
was designed to identify synthetic compounds that increase the total amount of full-length SMN messenger
RNA and protein arising from the SMN2 gene, thereby suppressing the deleterious effects of losing SMN1.
A cell-based bioassay was generated that detects SMN2 promoter activity, on which greater than 550 000
compounds was tested. This resulted in the identification of 17 distinct compounds with confirmed biological
activity on the cellular primary assay, belonging to nine different structural families. Six of the nine scaffolds
were chosen on the basis of their drug-like features to be tested for their ability to modulate SMN gene
expression in SMA patient-derived fibroblasts. Five of the six compound classes altered SMN mRNA levels
or mRNA splicing patterns in SMA patient-derived fibroblasts. Two of the compound classes, a quinazoline
compound series and an indole compound, also increased SMN protein levels and nuclear gem/Cajal body
numbers in patient-derived cells. In addition, these two distinct scaffolds showed additive effects when
used in combination, suggesting that they may act on different molecular targets. The work described
here has provided the foundation for a successful medicinal chemistry effort to further advance these compounds as potential small molecule therapeutics for SMA.

INTRODUCTION
Proximal spinal muscular atrophy (SMA) is an autosomal
recessive disease that is the leading hereditary cause of mortality in infants under the age of two (1). Approximately one
in 8000 live births is afflicted with SMA, and the associated
carrier rate is one in 40 to 50 individuals (2 – 4). This
disease is characterized by the degeneration of the anterior
horn cells of the spinal cord. The loss of the alpha-motor

neurons results in progressive muscle atrophy and eventual
paralysis and death.
SMA is caused by mutations, predominately gene deletions,
in the telomeric copy of the survival of motor neuron gene
(SMN1) on chromosome 5q13 (5). A second centromeric
copy of the SMN gene (SMN2) also exists on chromosome 5,
and both copies of the gene can produce functional protein
(5). However, because of a single point mutation in exon 7
of the SMN2 gene, 80% of SMN2 transcripts lack exon 7
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(termed the D7 transcript) (6,7). In contrast, the transcripts
arising from the SMN1 gene typically include exon 7 (the
full-length transcript). The absence of exon 7 from the SMN
transcript results in mutated SMN protein with reduced
ability for self-oligomerization, leading to protein instability
and degradation (8,9). Thus, SMA patients have low SMN
protein levels that are insufficient for motor neuron survival
(10,11). The single point mutation in SMN2 exon 7, resulting
in the aberrant SMN2 splicing pattern, is thought to disrupt an
exonic splicing enhancer and/or create a novel splicing silencer
site (12 –14). Overexpression of the SR-splicing factor Htra2-b
which specifically binds exon 7 mRNA and overexpression
of a several other trans-acting splicing factors which directly
interact with Htra2-b1, such as hnRNP-G, Srp30c and RBM,
promote the inclusion of exon 7 into the mRNA transcript
during SMN gene splicing events (15,16).
The 294 amino acid full-length SMN protein is ubiquitously
expressed and localizes to both the cytoplasm and the nucleus,
where it exists as a component of a multi-protein complex
(10,11). In the nucleus, SMN accumulates in structures such
as gems and Cajal bodies, which in many cell types are colocalized (17,18). SMN is believed to be a master assembler
of RNP complexes and is known to have a critical role in
snRNP biogenesis (19 –21). It has also been reported to
influence several other cellular activities such as pre-mRNA
splicing (22,23), transcription (24,25), ribosomal assembly
(26,27) and apoptosis (28 – 30).
However, the causal function of SMN in SMA disease progression remains unclear. The selective loss of motor neurons
in SMA could result from the disruption of a known SMN
function or from a novel function specific to motor neurons.
SMN is found in the axons of motor neurons of several
animal species, and its reduction results in motor axon
defects in zebrafish. Thus, the SMN complex might be
required for the transport of mRNA into axons and synapses,
allowing for localized translation of mRNA in axons (31 – 35).
Whether axonal transport of mRNA is the SMN activity
responsible for SMA disease progression remains to be
demonstrated.
Direct evidence indicates that SMN2 is a modifier gene for
SMA disease severity. SMA arises from the loss of the SMN1
gene, but disease severity correlates with the number of SMN2
genes (human SMN2 can be amplified and copy number
varies in the general population) and the corresponding
amount of SMN produced from these genes (4,36 – 38). The
hypothesis that the clinical severity of SMA can be suppressed by increasing SMN2 gene copy number is supported
by transgenic mice studies (39 – 43). The introduction of one
or two copies of the human SMN2 gene into SMN knockout
mice (mice have only the SMN1 gene and lack the SMN2
gene) rescues embryonic lethality and the mice develop
Type I SMA-like symptoms (41,42). When possessing eight
copies of the human SMN2 gene, SMN protein expression
reaches normal levels, and the mice appear to be unaffected
by the SMN gene ablation (42). Therefore, increasing
human SMN2 gene expression during the appropriate time in
development will likely reduce the clinical severity of SMA.
We have exploited the existence of the disease-modifying
human SMN2 gene to develop a small-molecule drug
discovery strategy for SMA. Our compound screening

campaign sought to identify synthetic compounds that
increase the total amount of full-length SMN messenger
RNA and protein arising from the human SMN2 gene. Here,
we describe the development of the primary cellular screening
assay, the execution of the screening campaign and the analysis and profiling of the primary screening compound hits using
a series of secondary cellular assays. The most promising
compounds found during this effort increase functional
SMN2 levels and currently form the foundation of an active
medicinal chemistry program to advance these compounds
into pre-clinical development as potential small molecule
therapeutics for SMA.

RESULTS
Generation and validation of the SMN2
promoter assay
To identify small molecule compounds that increase SMN
expression, we generated a SMN2 promoter blactamase
(BLA) reporter gene assay in the mouse motor neuron cell
line NSC-34. The NSC-34 cell line, a hybrid between
mouse spinal cord cells and a mouse neuroblastoma, was utilized because it exhibits characteristics of motor neurons (44).
A motor neuron-like cell type was preferred for assay development because SMA clinically presents only in motor
neurons, even though SMN expression is ubiquitous and is
known to possess an essential cellular function. In our
assay, a 3.4 kb DNA fragment from the SMN2 gene was
used to drive BLA gene transcription. This fragment was
previously shown to contain both positive and negative cisregulatory elements that control SMN2 gene transcription,
allowing for the detection of synthetic compounds with two
distinct mechanisms—increasing gene expression or relieving
gene repression (45,46). Clonal cell lines were established
using a flow cytometry selection strategy (described in
Material and Methods) that enables the isolation of cells
with low basal levels of BLA reporter gene expression. The
resulting cell lines were screened for increased BLA activity
after stimulation with the non-selective histone deacetylase
(HDAC) inhibitors Trichostatin A and sodium butyrate,
which are known to increase the transcription of 2% of all
genes (47,48), including SMN (49). A fluorescent substrate
of BLA named CCF2/AM, which emits 530 nM light when
intact and 460 nM light when cleaved by BLA, was used to
assess BLA activity by measuring the ratio of 460 to
530 nM emissions (see the Materials and Methods for
details) (50,51). The single clonal cell line, selected as the
SMN2 promoter assay, exhibited a 2-fold increase in BLA
activity (the largest observed among the clones analyzed) in
the presence of Trichostatin A and sodium butyrate (Fig. 1).
The observed EC50 values of these two compounds in the
promoter assay were consistent with those described in the
literature. The non-sigmoidal nature of the dose response
curves of these compounds is due to cellular toxicity
induced at concentrations at or just above the maximal
effective dose. After assay optimization, which included
determining optimal serum levels, plating density and compound incubation time, the promoter assay was shown to
display the dynamic range and reproducibility required for a
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Figure 1. BLA response of the SMN2 promoter– BLA reporter gene assay to HDAC inhibitors. Dose response experiments were completed in triplicate. Cells
were incubated with varying concentrations of sodium butyrate and Trichostatin A (TSA) for 18 h prior to loading with the synthetic BLA substrate, CCF2/AM,
and then BLA activity was measured. (A) Control SMN2 promoter assay NSC-34 cells. (B) SMN2 promoter assay cells treated with 2 mM sodium butyrate.
(C) Sodium butyrate dose response experiment on the SMN2 promoter assay. EC50 ¼ 127 mM and EC100 ¼ 2 mM . (D) TSA dose response experiment on
the SMN2 promoter assay, EC50 ¼ 17 nM and EC100 ¼ 50 nM . Error bars indicate standard deviation.

screening assay; a Z0 value of 0.6 in 96 well format (described
in Materials and Methods).

558 000 compound screening campaign
of the SMN2 promoter assay
Approximately 558 000 unique compounds (695 410 total
compounds) were screened against the SMN2 promoter
assay. The screen was completed in two parts: (1) 115 954
compounds in high-throughput screening (HTS) mode using
384 well plates and (2) 579 456 (442 000 unique compounds)
in ultra-high-throughput screening mode (UHTS) using 3456
well plates (52). During the screen, the majority of compoundtreated wells displayed 460/530 nm fluorescence emission
ratios comparable to those of the unstimulated cell controls,
and only a small percentage of the total compounds screened
possessed increased ratios, as shown in a representative plate

profile (Fig. 2). In order to mitigate the risk of missing potentially active compounds in the screen, we established a very
liberal ‘hit cutoff’, where any compound possessing a 460/
530 nm ratio greater than or equal to 67% of the mean BLA
activity for the TSA-stimulated cells was chosen as a
primary screening hit and underwent the retesting process. A
total of 7275 primary screening hits was selected corresponding to a hit rate of 1.05%. These compounds were retested in
duplicate using the original screening format. Of this set, 1030
compounds (14%) retested positive in at least a single well. To
remove false positive compounds (those with endogenous
460 nm fluorescence), the 1030 compounds were incubated
with the parental NSC-34 cell line, which lacks BLA, and
460 nm fluorescence was measured. This counter screen
removed all but 137 compounds, and the remaining molecules
were tested in 11-point dose response experiments performed
in triplicate. Seventeen unique compounds, belonging to nine
different structural scaffolds, designated A –I, displayed
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Figure 2. Compound screening against the SMN2 promoter assay. A total of 558 000 unique compounds were screened. The vast majority of the compounds
(442 000) was screened in UHTS in 3456 Nanowell plates. (A) A representative Nanowell plate from the SMN2 promoter screen. Compound wells are shown in
black, 100 nM TSA positive control wells are shown in red, untreated baseline control wells are shown in yellow and media only background control wells are
shown in blue. (B) 460/530 nm ratios for the majority of compounds screened against the SMN2 promoter assay in UHTS format. Approximately 1% of compounds had a 460/530 nm ratio .67% of the mean ratio of TSA-treated cells and were scored as primary screening hits. (C) Dose response experiment on the
promoter assay using Compound A. Dose response experiments using eleven concentration points were performed in triplicate with the highest concentration at
60 mM . Concentration decreased by one-third for each subsequent dose. Data for the 60 mM concentration point were not shown on the dose response curve
because of decreased promoter activity caused by cellular toxicity. (D) Dose response experiment on the promoter assay using Compound G1 treatment.
Dose response experiments using eleven concentration points were performed in triplicate with a high concentration of 12 mM . Concentration decreased by
one-third for each subsequent data point.

sigmoidal dose response activity. Eight of the nine scaffolds
have EC50 values in the single-digit micromolar range,
whereas one compound class is significantly more potent with
a sub-micromolar EC50 value (Table 1). These are within the
typical potency range for screening hits (sub-micromolar
potency compounds are considered very promising at this
stage of drug development), and they are significantly more
potent than current drug candidates for SMA, such as valproic
acid and phenyl-butyrate, which have an EC50 in the millimolar
range. Figure 2C and D shows dose response experiments on the
promoter assay using two of the promising compounds A and
G2, respectively. Compound A has an EC50 value of
6.8 + 0.4 mM (Fig. 2C; a minimum of three independent dose
response experiments were performed for each compound).
Compound A begins to induce cellular toxicity in NC-34
cells between 30 and 40 mM , as measured in an XTT assay
(Table 2). This results in an apparent declining response in
promoter assay at the higher concentrations. The EC50 value
for compound G2 is 0.22 + 0.09 mM (Fig. 2D; a minimum of

Table 1. Summary of activity of the nine distinct chemical scaffolds identified
in the SMN2 promoter screen
Scaffold

Number of
distinct members

Average
EC50 (mM )

BLA activity
(fold induction)

A
B
C
D
E
F
G
H
I

1
1
4
1
1
1
6
1
1

7.0
7.0
3.0– 10
9.0
10.0
3.0
0.2– 0.6
1.0
1.5

2.0
1.3
2.0
.5.0
2.0
2.0
2.0
2.0
1.3

three independent dose response experiments were performed
for each compound). The EC50 value for the other G scaffold
compound presented in this paper, G1, is 0.33 + 0.11 mM
(data not shown).
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Table 2. Summary of compound activities in the secondary assays
Compound
name

Structural
subtype

FL mRNA

Protein

Gems

Toxicity
onset (mM )

Structure
confirmed

A
D
E
F
G1

Indole
Triazine
Unknown
Phenyl-propylamine
Quinazoline

Yes
No
Yes
Variable
Yes

Yes
No
No
No
Yes

Yes
No
ND
No
Yes

30–40
15–20
30–40
.40
.40

Yes
Yes
No
Yes
Yes

Five compound types alter SMN mRNA transcript
levels in SMA patient-derived cells
Six of the nine structural scaffolds (Scaffolds A – G) were
deemed ‘drug-like’ due to their chemical properties (molecular mass, solubility, permeability, hydrogen bond donors
and acceptors, reactive groups, etc.) and were advanced into
secondary assay profiling. Compound efficacy in modulating
endogenous SMN gene expression was determined by treating
fibroblasts derived from two different Type 1 SMA patients
and performing a previously described semi-quantitative
RT – PCR assay that can detect four SMN splice forms—
the full-length transcript (FL), one missing exon 7 (D7), one
missing exon 5 (D5) and one missing both exons 7 and 5
(D5D7)—to assess human SMN transcript levels (53). The
results obtained for each compound were highly consistent
for the two SMA patient cell lines tested. All the compound
classes except Scaffold B alter the endogenous SMN2
mRNA expression in both cell lines. Altered mRNA
expression was observed in several different patterns among
the five compound classes (Fig. 3A and B; also see Table 2
for a comparison of the effects on SMN mRNA among the
five scaffolds).
The first mRNA pattern is exemplified by Compounds A,
G1 and F, which shift SMN2 mRNA production primarily
from the D7 to the full-length transcript. Two of these
compounds, A and G1, are the most biologically promising
and chemically attractive of the confirmed compound hits
found in our screen (see Discussion) and underwent a more
thorough analysis than the other three compound classes.
Compounds A and G1 were tested at least four times with
each cell type, and both highly consistently increased the
relative abundance of the full-length transcript versus the D7
transcript in both SMA patient cell lines (representative
examples shown in Fig. 3A and B). For example, after treatment with Compound A, the full-length/D7 SMN transcript
ratio increased by 4.7 + 1.4-fold in the 3813 cells (all RT –
PCR errors are represented as SEM, Fig. 4D, n ¼ 4,
P ¼ 0.04) and by 2.4 + 0.3-fold for the 2806 cells (Fig. 4E,
n ¼ 6, P , 0.001). Similarly, Scaffold G1 increased the
full-length/D7 transcript ratio by 2.5 + 0.4-fold in the 3813
cells (Fig. 4D, n ¼ 4, P ¼ 0.02) and by 1.8 + 0.1-fold in the
2806 cells (Fig. 4E, n ¼ 4, P , 0.004). A similar result was
observed with compound G2 (data not shown). Both compound classes consistently induced a greater change in the
full-length/D7 SMN transcript ratio in 3813 cells than in
2806 cells. This pattern has been observed with several
other compounds and may be due to the fact that the 3813 cells
possess two copies of the human SMN2 gene, whereas the

2806 cells have only a single copy (54). Compound F also
alters the SMN mRNA pattern in the same manner by shifting
SMN2 mRNA production from the D7 to the full-length transcript. Compound F treatment increased the full-length/D7
transcript ratio by an average of 2-fold (when all experiments
completed in both cell lines were considered; n ¼ 5).
However, compound activity over the course of several
months and multiple experiments were observed to be inconsistent in both cell lines. Only 60% of the experiments resulted
in a positive response, with no apparent pattern or discernable
cause for the varied results.
The second mRNA pattern induced by our compounds was
observed with the use of Compound E, which increases total
SMN2 mRNA levels without significantly altering the
SMN2 full-length/D7 transcript ratio (Fig. 3A and B). This
was the expected pattern for compounds isolated using a promoter activity assay. After Compound E treatment, the total
amount of transcript produced from the SMN2 gene increased
on average 1.82 + 0.36-fold in the 2806 Type I patientderived fibroblasts (n ¼ 3, P , 0.05).
The third mRNA pattern is represented by Compound D,
which increased the abundance of the rare D5D7 SMN2 transcript by 6.8 + 2.4-fold in the 2806 Type I patient-derived
fibroblasts (n ¼ 3, P , 0.05; Fig. 3A and B). The mechanism
responsible for the activity of Compound D was probed using
a previously described SMN2 splicing assay that utilizes BLA
activity to detect exon 7 inclusion in a human SMN2 minigene
containing exons 6 through 8 (55). In this assay, Compound D
inhibited exon 7 inclusion at an IC50 value of 2 mM (10-fold
lower than the EC50 value for cell toxicity). Compounds A and
G1 did not show activity in the aforementioned splicing assay.
We also tested the in vitro cytotoxicity of all five of these
compounds using a colorimetric tetrazolium salt XTT assay
in NSC-34 cells, which measures metabolic activity (56).
Compound D showed the most significant toxicity with a
cellular LD50 of 20 mM (Table 2).

Combination treatment with Compounds A
and G enhance activity at the mRNA level
in SMA patient fibroblasts
As the two lead compounds, A and G, may function by different mechanisms of action, they were tested in combination to
see whether efficacy or potency improved. The first set of
combination experiments utilized the SMN2 promoter assay.
These experiments were designed as full dose response
curves for each compound, in which a matrix of concentrations of both Compounds A and G were tested against
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Figure 3. Effect of compound treatment on the SMN2 transcript in fibroblasts derived from Type 1 SMA patients. RT–PCR analysis was completed after a 24 –
48 h compound treatment in either 3813 (A) or 2806 (B) cells. All compounds were utilized at their EC100 concentrations as determined by dose response experiments performed on the SMN2 promoter assay. Compounds A, D and E were used at 12 mM . Compound F was used at 6 mM . Compound G1 was used at 5 mM .
UT, untreated; HPRT, internal control gene used for the RT–PCR reaction; FL, full-length SMN transcript; D7, SMN transcript missing exon 7 and D5,7, SMN
transcript missing exons 5 and 7.

one another. It was observed that treatment of the primary
screening assay with Compounds A and G2 enhanced the
level of BLA activity in a roughly additive fashion when compared with treatment with either compound alone, without any
antagonistic effects of one compound on another (Fig. 4A).
However, no reduction in potency for either compound was
observed, and the EC100 concentrations of each compound
required to obtain maximal stimulation of the SMN2 promoter
assay were not reduced, suggesting that these two compounds
possess different mechanisms of action in this assay. A similar
level of synergy between Compounds A and G1 was also
observed on promoter assay activation, using a narrower concentration range (data not shown).
The effect of Compounds A and G1 treatment on SMN
mRNA levels was determined using RT –PCR analysis on
the fibroblasts derived from the two different SMA patients.
Because of the compound combination treatment results
obtained in the promoter assay, EC100 compound concentrations were utilized. Combination treatment resulted in a
dramatic increase in the full-length/D7 SMN transcript ratio
in 3813 cells, significantly greater than the additive enhancement observed on the promoter assay (Fig 4). For example,

combination treatment in the 3813 cells increased the ratio
by 43-fold when compared with a 4.7-fold increase for treatment with Compound A alone (n ¼ 3, P ¼ 0.005) and a 2.5fold increase for treatment with Compound G1 alone (n ¼ 3,
P ¼ 0.004). In the 2806 cells, combination treatment resulted
in a 5.8-fold increase in the full-length/D7 transcript ratio
when compared with only a 2.4-fold increase for Compound
A treatment alone (n ¼ 5, P , 0.004) and only 1.8-fold for
Compound G alone (n ¼ 5, P , 0.006). A similar result
was observed with Compound G2 (data not shown). The
synergistic influence of Compounds A and G on the relative
abundance of the full-length/D7 transcripts level suggests
that the two compounds may have different molecular
mechanisms of action.
Compounds A and G increase total SMN protein
levels and nuclear Gem/Cajal body numbers
We next tested whether the increase in full-length SMN2 RNA
upon compound treatment resulted in an increase in SMN
protein levels or in the number of SMN-containing nuclear
gem/Cajal body structures, which are significantly reduced
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Figure 4. Combination treatment with both Compounds A and G1 enhances activity. (A) Representative dose response experiment with SMN2 promoter assay
using Compounds A and G1. Each dosage point was performed in triplicate and cells treated for 18 h. The highest concentration of Compound A was 25 mM and
decreased by 50% for each subsequent dosage point. The highest concentration of Compound G1 was 6.7 mM and decreased by one-third for each subsequent
dosage point. (B) Representative RT– PCR analysis on 3813 cells treated with Compounds A and G1. Compounds were used at their EC100 concentrations (5 mM
for Compound G1 and 12 mM for Compound A). (C) Representative RT–PCR analysis on 2806 cells treated with Compound A and G1. (D) Densitometric
measurement of the full-length/D7 transcript ratio normalized to the ratio in unstimulated 3813 cells. Each value is a result of at least three independent experiments.  P  0.04 for A or G1 treatment alone compared to controls and  P  0.005 for A and G1 treatment compared to A or G1 treatment alone. (E) Densitometric measurement of the full-length/D7 transcript ratio normalized to the unstimulated ratio in 2806 cells. Each value is a result of at least five independent
experiments.  P , 0.004 for A or G1 treatment alone compared to controls.  P , 0.006 for A and G1 treatment compared to A or G1 treatment alone. All error
bars in the figure represent one standard error of the mean.

in cells from SMA patients (10,11,57). Total SMN protein
levels were assessed in the 2806 cells with compounds A,
D, E, F and G1 after 48 h of compound treatment. A 2 –3fold increase in SMN protein levels relative to a-tubulin and
b-actin levels was consistently observed after treatment with
Compounds A and G1 (n ¼ 4, Fig. 5A). In contrast to the
RT – PCR experiments measuring mRNA levels, A and G1
combination treatment did not consistently increase SMN
protein levels relative to either compound alone (data not
shown), which was surprising because a synergistic effect
was observed between Compounds A and G on both the

promoter assay and the RT –PCR assay in two different cell
lines. No significant effect on total SMN protein levels was
observed with Compounds D, E or F (data not shown).
When compared with cells from either normal or nonsymptomatic carrier individuals, fibroblasts derived from
Type I SMA patients have few nuclear gems/Cajal bodies,
the sub-nuclear compartments where SMN protein accumulates (10,11,57) (Fig. 5B). For example, 2806 cells have
75% reduction in gem numbers when compared with cells
derived from an SMA carrier (Fig. 5B). Treating 2806 cells
with 12 mM of Compound A increased the gem/Cajal body
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Figure 5. Compounds A and G1 increase SMN protein levels and gem/Cajal body numbers in fibroblasts derived from Type I SMA patients. (A) A representative
western blot of SMN, b-actin and a-tubulin protein from 2806 SMA Type I fibroblasts. Cells were dosed daily with EC100 concentrations of compound for a total
of 48 h. (B) Gem number in 2806 cells treated with Compounds A, G or F. 3814 cells are fibroblasts derived from an SMA carrier and thus provide a baseline for
the number of gems found in a cell obtained from a non-symptomatic individual. 12 mM of Compound A was utilized and 5 mM of Compound G1. Error bars
represent one standard error of the mean.  P , 0.01 when compared to DMSO controls. (C) Nuclei from untreated 2806 cells. (D) Nuclei from 2806 cells treated
with Compound A for 5 days. (E) Nuclei from 2806 cells treated with Compound G1 for 5 days. Cells were stained with DAPI to identify nuclei (blue) and the
SMN antibody (red) to identify gems/Cajal bodies (arrows).

count 3-fold to 14.5 + 4-fold (error represented as SEM,
P , 0.01). Treatment with 6.8 mM Compound A also
increased the gem count by 3-fold to 13.08 + 2.7-fold
(P ¼ 0.006). A 5 mM Compound G1 treatment increased the
gem/Cajal body count 5-fold to 15.7 + 1.4-fold in 2806
cells (P ¼ 0.002), whereas no change in the number of gems
was observed using a 10 mM Compound G1 treatment
(3.63 + 0.63). In 3813 cells, Compound G1 was effective in
increasing the gem/Cajal body number at both compound
concentrations (data not shown). Interestingly, Compound A
did not increase the gem/Cajal body number in 3813 cells or
the related 3814 carrier cells, perhaps indicating a tissuespecific mode of action for this compound (see Discussion).
Combination A and G1 treatment in 2806 cells increased the
gem/Cajal body number to 13.84 + 1.63 (P ¼ 0.002 when
compared with DMSO treated cells), which is similar to the
increase seen for cells treated with either Compound A or
G1 individually. In the 3813 and 3814 cells, combination A
and G1 treatment elicited a cellular response similar to
that of Compound A treatment alone in this particular
cell type—no increase in the gem/Cajal body number was

observed. Thus, as was predicted from the protein expression
analysis, no synergistic effect was observed between
compounds A and G1 in the gems assay. Moreover, Compound F did not increase the gem/Cajal body numbers in
either cell line, which was expected as it does not increase
SMN protein levels (serving as a negative control for this
experiment). Considered together with the SMN transcript
results, these data demonstrate that the compounds identified
by their ability to increase reporter levels in the BLA promoter
assay also act in SMA patient cells to increase the expression
of endogenous SMN2 full-length transcript and protein levels
and result in restoration of SMN nuclear localization to gems/
Cajal bodies, suggesting that these compounds may be able to
reverse the pathological phenotypes associated with loss of
SMN function in SMA patients.
Examining the selectivity of action of Compounds A
and G on the SMN gene promoter
As our HTS screening assay detects the activity of general
transcriptional activators, such as HDAC inhibitors, in
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addition to SMN-selective activators, it was essential to
determine the extent of a compound’s specificity to the
SMN2 promoter. First, the ability of Compounds A and G to
non-specifically activate transcription in NSC-34 cells was
assessed. Clonal NSC-34 cell lines were generated in which
a minimal thymidine kinase (tk) promoter drives BLA reporter
gene expression. The chosen tk-BLA NSC-34 cell line possessed a very similar basal level of BLA activity as the
SMN2 promoter assay and was responsive to TSA and
sodium butyrate to a similar extent, indicating that this line
is also capable of responding to HDAC inhibitors. Compounds
A and four Scaffold G members (including G1 and G2) also
increased the basal level of BLA activity in this cell line.
The level of BLA induction by Compound A and its EC50
value in this assay were essentially identical to those elicited
using the SMN2 promoter assay (Table 1). Several members
of Scaffold G demonstrated more potent activity on the
minimal tk-BLA NSC-34 assay, where the average EC50
value for the four members of Scaffold G was 90 nM when
compared with an average of 300 nM on the promoter assay.
The extent of BLA induction was identical in the two different
NSC-34 cell assays for these two compound classes.
The aforementioned experiments suggested that compound
types A and G act non-selectively to stimulate promoter
activity in NSC-34 cells. To understand how broadly Compounds A and G stimulate gene expression, several BLA
reporter cell lines representing various lineages and signaling
pathways were examined: Hek/CRE (human embryonic
kidney cells containing the BLA reporter under the control
of a cAMP response element), SK-N-MC/CRE (human neuroblastoma cells possessing BLA under the control of a cAMP
response element) and ME180/IRF [human cervical squamous
carcinoma cells containing BLA under the control of interferon response factor element (58)]. These three ‘CellSensor’
lines were chosen because of their sensitivity of response to
HDAC inhibitors. For example, 18 h stimulation with 2 mM
sodium butyrate induced a clear increase in BLA activity in
all three cell lines, in a range of 3– 4.5-fold above baseline
(Fig. 6A). In contrast, Compound A failed to induce activation
of BLA activity in any of the three cell lines when tested up to
a concentration of 36 mM (Fig. 6A).
When the SK-N-MC/CRE and Hek/CRE cell lines were
tested with two structurally related members of the Scaffold
G family (G1 and G2), significant BLA activation was not routinely observed. In roughly half of these experiments, the two
Scaffold G family members tested induced BLA reporter
activity modestly by 50 –100%, with the potency of this induction significantly lower than their activity in the SMN2 promoter assay (observed EC50 values in these experiments were
5 – 10 mM versus 200 –300 nM in the SMN2 promoter
assay, data for G1 shown in Fig. 6A). In addition, the
degree of reporter activation by Scaffold G was much lower
than either TSA or sodium butyrate in the CellSensor lines
(data for G1 shown in Fig. 6A), whereas on the SMN2 promoter assay it was equivalent.
As the primary screening assay is responsive to HDAC
inhibitors, the ability of Compounds A and G to inhibit
HDAC activity was directly tested using an in vitro HDAC
activity assay (BioMol). This assay utilizes a synthetic fluorescent substrate, which is deacetylated by HDACs (provided
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in a HeLa cell extract). Dose response experiments performed
with either Compound A or Compound G2 showed no
inhibition of HDAC activity, in contrast to the TSA positive
control (Fig. 6B and C). Experiments with Compound G1
utilized at 0.2 and 5 mM also did not inhibit HDAC activity
in this assay (data not shown).

DISCUSSION
Using a cell-based reporter gene assay for small-molecule
agonists of SMN2 transcription in a large-scale screening
campaign, we have identified five distinct compound classes
that reproducibly modulate SMN transcript levels in primary
and secondary cellular assays (Fig. 7). Two of these classes,
the indole compound (A) and the quinazoline compounds
(G1, G2), increase the relative abundance of the full-length
SMN transcript, increase SMN protein levels and increase
gem/Cajal body numbers in SMA Type I patient-derived
fibroblasts (Table 2). The quinazoline scaffold, which contains
six members, is the most attractive, as it is the most potent
compound class identified from our screen, it does not
induce cellular toxicity at any of the tested concentrations,
and its structure is amenable to chemical modification.
Although the indole compound also shows promise, it has
less attractive chemical properties; specifically, it contains a
nitro group that is known to be susceptible to chemical modification in vivo. As there is no current therapy for SMA, we
believe that both quinazoline and indole compound series
warrant further investigation into their potential as SMA
therapeutics through a medicinal chemistry effort which will
generate structure-activity relationship data and improve
potency and drug properties (e.g. bioavailability and pharmacokinetics). (A collaborative medicinal chemistry program is
currently underway between deCODE Genetics and the
Families of SMA.)
The other three compounds identified during screening,
which only affect SMN expression at the mRNA level, are
less attractive for several reasons. The triazine scaffold (D)
displays cellular toxicity at the active concentration and
promotes the production of the small undesirable SMN
splice variants. The phenyl-propylamine molecule (F)
increases the full-length SMN mRNA in an inconsistent
manner, and it does not possess an attractive chemical
structure for manipulation in a synthetic chemistry effort.
The chemical structure of Compound E could not be verified
through LC-mass spectrometry, and activity was lost when
re-synthesized. However, after incubation in water overnight
at 378C, re-synthesized Compound E regains activity,
suggesting that a breakdown product of Compound E is the
active species (data not shown). Although the data on Compound E is not currently compelling, further experimentation
could identify the active moiety.
At the onset of this project, it was not anticipated that the
majority of the compounds would alter the SMN2 transcript
ratio in addition to enhancing promoter activity. The initial
expectation was that the identified compounds would
enhance promoter activity, resulting in a coordinate increase
in each SMN2 splice variant, similar to that observed with
Compound E. However, four of the five compounds change
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Figure 6. Testing of Compounds A and G using cell-based and in vitro assays for inhibition of HDAC activity. (A) Ability of compounds A and G1 to activate
cell-based assays responsive to HDAC inhibitors. The SK-N-MC/CRE and the Hek/CRE CellSensor lines were tested with Trichostatin A (TSA), sodium
butyrate (Na But) and Compounds A and G1. All dose response experiments were completed in triplicate. Dose response experiment started at a concentration
of 167 nM for TSA and decreased by one-third for each subsequent dose. For Forskolin treatment, the dose response experiment began at 10 mM and decreased
by one-third for each subsequent dose. For sodium butyrate treatment, experiments started at a concentration of 3.3 mM and decreased by one-third for each
subsequent dose. Compound A was tested on the SK-N-MC cell line at 20, 12, 6 and 0 mM and tested on the Hek/CRE cell line starting at 36 mM and decreasing
by one-third for each subsequent dose. Compound G1 was tested on both cell lines starting at 13 mM and decreasing by one-third with each subsequent dose. (B and C)
Effect of Compounds A and G2 on an in vitro HDAC activity assay. The inhibitory HDAC activity of Compounds A and G2 was tested in dose response experiments
in an HDAC activity assay from BioMol QunatiZyme, which utilizes a synthetic HDAC substrate that emits a fluorescent signal upon deacetylation in HeLa
cell extracts. 50 nM TSA and 2 mM sodium butyrate were utilized as the positive controls. In Figure B, dose response experiments with Compound A were
performed in triplicate at a high concentration of 6 mM , which decreased by 50% for each subsequent data point. In Figure C, dose response experiments with
Compound G2 were performed in triplicate with a high concentration of 3 mM , which decreased by 50% for each subsequent data point.

the ratio of the full-length/D7 transcripts. Interestingly, during
the course of our screening efforts, other research groups have
identified compounds with similar characteristics. Each of
these compounds—sodium butyrate (49), valproic acid (54,59)

and 4-phenylbutyrate (60)—function as HDAC inhibitors,
which are known to activate transcription in 2% of genes
(47,48,61). The inhibition of HDACs enhances transcription
through the hyperacetylation of histones, which alters the
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Figure 7. Structures of compounds tested for their ability to alter SMN2
mRNA expression levels or splicing patterns in fibroblasts derived from
SMA patients. Compound A is an indole. Compound D is a triazine. The
parental compound for scaffold E is an indole-dione compound. Compound
F is a phenyl-propylamine compound. Compounds G1 and G2 are quinazoline.

chromatin architecture, allowing DNA to become accessible to
the transcriptional machinery (61). The aforementioned
HDAC inhibitors increase SMN levels in two different
manners. First, they have a direct effect on SMN transcription
and induce a 2 – 4-fold enhancement in SMN promoter
activity. Secondly, these compounds alter the SMN2 splicing
pattern, resulting in an increased full-length/D7 transcript
ratio (49,54,59,60). Valproic acid and both forms of butyrate
upregulate the expression of the trans-splicing factor Htra2b1, whose overexpression promotes exon 7 inclusion and
can increase production of full-length SMN transcript (59).
Both the quinazoline and indole compounds uncovered in
our screen possess characteristics similar to the HDAC inhibitors. For example, both compounds directly influence SMN2
promoter activity, as measured on the SMN2 promoter
assay. Moreover, similar to the HDAC inhibitors, they shift
the SMN2 splicing pattern to the production of the fulllength transcript. The results on whether these compounds
act as HDAC inhibitors are equivocal. Both compounds
elicit non-selective gene activation in the NSC-34 cell line,
but when tested on a broader range of promoters and cell
types responsive to HDAC inhibitors, they did not cause significant transcriptional induction. Nor did the compounds
show inhibitory activity in an in vitro HDAC assay. Interestingly, Compounds A, G1/G2 show synergy in activation of
the promoter assay when used in combination with either
valproic acid or sodium butyrate, both of which function as
HDAC inhibitors (data not shown).
A possible explanation for this data is that our compounds
function as HDAC inhibitors that inhibit only a subset of
HDACs, some of which are expressed in a tissue-specific or
a species-specific manner. To date, 18 human HDACs have
been identified, which fall into three different classes (62 –
65). The class 1 deacetylases (1,2,3,8 and 11) are believed
to be expressed in most tissues, whereas the class 2 deacetylases (4 –7 and 9– 10) display tissue-specific expression and
are functionally regulated by nuclear/cytoplasmic shuffling,
regulated by the activity of calcium/calmodulin-dependent
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protein kinases [CaMKs; (66 –68)]. The third class of human
HDACs (SIRT1-7) is related to the yeast SIR2, an NAD þ
dependent HDAC. Moreover, particular HDAC inhibitors
have been shown to be specific to certain classes of deacetylases (69 –70). Because the in vitro HDAC activity assay
(BioMol QunatiZyme) we utilized has not definitively been
shown to detect the activity of every HDAC, a more detailed
examination of potential HDAC inhibitor activity of the
present quinazoline and indole compounds is clearly
warranted.
Several other interesting experimental observations arose
from our studies of Compounds A and G. First, some
aspects of compound efficacy are cell-line dependent. In
both of the patient-derived cell lines, treatment with either
Compound A or Compound G increased the ratio of fulllength SMN transcript. However, Compound A resulted in
increased protein and gem/Cajal body production in only
one of the two cell lines (2806). Secondly, when used in combination, Compounds A and G displayed a synergistic influence on the amount of full-length SMN transcript produced.
Synergy was not recapitulated when assessing protein levels
or the numbers of gems/Cajal bodies present after combination
treatment. Perhaps, this is due to deleterious effects of combination A and G treatment on nuclear transport of mRNA to the
cytoplasm, on protein translation or on protein stability and
degradation.

Can known small-molecule therapeutics
be potential treatments for SMA?
Over the past several years, several small molecule compounds have been identified that increase SMN transcript
and/or protein levels in SMA patient-derived cell lines.
These include the short chain fatty acid butyrate and its derivative phenyl-butyrate (49,60), aclarubicin (55) and valproic
acid (54,59). Although several of these molecules have been
approved for use by the FDA for unrelated clinical indications,
many possess major clinical liabilities when being considered
for long-term use in children. For example, aclarubicin, a
tetracycline derivative used as a chemotherapeutic, possesses
very toxic side effects that make it inappropriate for longterm therapy (55). Moreover, butyrate has an extremely
short half-life in human serum of less than 10 min, making
it difficult to reach the millimolar plasma levels required for
therapeutic benefit (71,72). The therapeutic use of the butyrate
derivative, phenyl-butyrate, could be more promising. For
example, phenyl-butyrate possesses an increased serum halflife of 1 h (73), therapeutic concentrations of 2 mM have
been previously attained in patients (74), it can penetrate the
cerebrospinal fluid in primates (75), and it has been used previously in children to treat ornithine transcarbamylase
deficiency (76). Recent human studies have shown that oral
administration of phenyl-butyrate increased SMN expression
in peripheral blood leukocytes in SMA patients and improved
motor function (77,78). The third possibility for a small molecule therapeutic for SMA is valproic acid, which has been
used as a long-term epilepsy therapy (79 –82). However, it
is known to increase the risk of hepatic toxicity in patients,
which may be an even more significant issue in the pediatric
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population. Currently, safety trials are underway in this
population to assess this risk.

CONCLUSIONS
Our HTS screening was designed to identify transcriptional
agonists for a compensatory gene for a recessive genetic
disease and was enabled by the existence of a second copy
of the SMN gene in humans (SMN2)—a unique genetic
situation. We have described two validated leads using our
unusual screening strategy. To date, the number of validated
leads from cell-based ‘black box’ pathway screens is not
numerous. A similar screening strategy has been described
to discover small molecule activators of the utrophin gene
for the treatment of Duchene’s muscular dystrophy, but validated compounds have not yet been reported (83). Recently,
indoprofen was identified in an HTS screen designed to
detect molecules capable of correcting the SMN2 genesplicing pattern. This molecule seems to enhance SMN2
translation rather than alter the SMN2 mRNA splicing
pattern (84,85). Small-molecule agonists of the hedgehog
pathway have also been identified using a luciferase reporter
gene assay (86), and several laboratories have successfully
undertaken chemogenetic approaches using cell-based assays
to identify compounds affecting different cellular processes
(87 – 92).
The successful identification of compounds that increase
SMN expression in our cell-based HTS screen provides
corroboration that this is a useful drug discovery approach.
A cell-based screening strategy is unbiased, not focusing on
any particular molecular target that may or may not be well
validated. One caveat of pathway screening is that the
molecular targets remain unknown. While this is not a
formal requirement for drug development, the delineation
of the molecular target greatly facilitates advancement in
the drug discovery process. Currently, the compounds found
in this screen form the basis of a medicinal chemistry effort
to produce new chemical entities with optimized drug-like
properties such as potency and bioavailability. Once druglike compounds have been synthesized, they will be tested
for their ability to mitigate disease progression in SMA
animal models.

MATERIALS AND METHODS
Cell culture
Human SMA Type I fibroblasts 2806 and 3813 were grown in
DMEM containing 10% fetal calf serum, 2 mM glutamine and
antibiotics. The mouse motor neuron cell line NSC-34 was
grown in DMEM, 5% fetal bovine serum and antibiotics,
including 500 mg/ml G418 (44).
Assay development
An SMN2 promoter – BLA reporter gene vector was constructed as previously described (54). Briefly, a 3.4 kb SMN2
promoter fragment was subcloned into the mammalian
expression vector pCMVscript (45,46), replacing the CMV
promoter in order to drive the expression of the BLA gene.

To generate the minimal-tk promoter – BLA construct, a
DNA fragment containing the minimal-tk promoter was subcloned into a blunt ended EcoRI site and a HindIII site in
the mammalian expression vector pCMVscript, replacing the
CMV promoter. The SMN2 promoter – BLA reporter gene construct and the minimal-tk promoter – BLA reporter gene construct were transfected into NSC-34 cells, using
Lipofectamine reagent (Invitrogen). Pools of stably expressing
cells were selected using 500 mg/ml G418 for 12 days, and
single colonies were isolated by loading the stable pool with
CCF2/AM, a fluorescent substrate of BLA, and sorting by
flow cytometry BLA activity in the resulting clonal lines
was measured as previously described (50,51). Briefly, after
an 18 h incubation at 378C, CCF2/AM, a fluorescent substrate
of BLA, was added for 1 h at room temperature, and fluorescence emissions at 460 and 530 nm were then read in a
fluorescence plate reader. The clonal cell lines were screened
for low basal BLA activity and for increased BLA activity
in response to HDAC inhibitors such as sodium butyrate or
Trichostatin A (Sigma), which have been reported to regulate
SMN promoter activity (49). The assay conditions were
optimized in order to meet the assay validation of Z0 ,1
(Z0 ¼ 12 [3(standard deviation of signal) þ 3(standard deviation of the baseline)/signal– baseline] after stimulation with
HDAC inhibitors in 96 well plate format (93).
Ultra-high-throughput screening
Approximately 442 000 unique compounds (580 000 total
compounds) were screened on the SMN2 promoter assay
using an UHTS format in 3456 well Nanoplates developed
at Aurora Biosciences (52). Four days prior to screening,
cells were plated at 50 000 cells/ml in a T225 flask. It was
found that plating at a higher density and harvesting the
cells ,72 h of culture time led to decreased responsiveness
to HDAC inhibitors. On the day of screening, cells were
manually removed from the flask, spun down and washed
twice in DMEM without serum but with antibiotics. The
cells were resuspended at 2 million cells/ml in DMEM.
Cells were plated into Nanoplates within 1.5 h of harvesting
to maintain viability. During this interval, cells were shaken
periodically to prevent cell clumping. A robotic table-top
reagent dispenser was utilized to dispense cells and other
reagents into Nanoplates, which were pre-plated with 10 nl
of compound dissolved in 75% DMSO. After reagent dispensation, the final volume of each well totaled 1.6 ml, resulting in
a final compound concentration of 10 mM in 0.47% DMSO.
Wells with test compound obtained two reagent dispensations:
0.4 ml of DMEM and 1.2 ml of cells, resulting in 2400 cells
per well. Four types of control well were included 96 times
on each plate. These included: (1) wells containing DMEM
alone to determine background levels of fluorescence;
(2) wells containing DMEM, DMSO and 2400 cells to give
the baseline level of BLA activity; (3) wells containing
DMEM, DMSO, 2400 cells and 75 nM TSA and (4) wells
containing DMEM, DMSO, 2400 cells and 100 nM TSA to
indicate stimulated levels of BLA activity. After an 18 h
incubation at 378C, 0.4 ml CCF4/AM, a fluorescent substrate
of BLA was added to each well, plates were incubated at
room temperature for 2 h, and fluorescence emissions at 460
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and 530 nm were read using a Nanoplate reader (NPR). Prior
to selecting primary screening hits, each individual plate
underwent a round of quality control analysis. This included
determination of both the Z0 factor described previously and
the dynamic range between the 96 untreated wells and the
96 wells treated with 100 nM TSA on each plate. Those compound plates that did not pass quality control were re-screened
and not used for hit selection (84% of the 197 total plates
passed quality control analysis). The average Z0 value for
UHTS screening was 1.0 + 0.2 and the dynamic range was
1.5 + 0.1.
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assay was then run according to the manufacturer’s
specifications.
Semi-quantitative RTPCR analysis
of the SMN transcripts

Twelve point dose response experiments were performed in
triplicate on the SMN2 promoter assay in 96 well plates.
Each well contained 50 000 cells in a volume of 100 ml. The
highest compound concentration tested was 40 mM , which
was decreased by one-third with each subsequent dose. Cells
were harvested as described previously and plated at the
time of compound addition. After an 18 h compound treatment, BLA activity was measured as previously described.
Dose response curves were fitted and EC50 values were determined using the computer program Prism (GraphPad).

3813 and 2806 fibroblasts derived from Type I SMA patients
were treated for 24 – 48 h with compounds. All compounds
were utilized at their EC100 concentrations as determined by
dose response experiments performed on the SMN2 promoter
assay. Compounds A, D and E were used at 12 mM , Compound F was used at 6 mM and Compound G was used at
5 mM . Cells were plated 24 h prior to treatment. Media were
changed daily and fresh compound added. Total RNA was isolated from untreated and treated cells, using the RNAeasy Kit
(Qiagen), as described by the manufacturer’s recommendations. First strand cDNA synthesis was performed with
2 mg of total RNA using an oligo d (T) primer. To amplify
endogenous SMN RNA, a multiplex RT –PCR was performed
as described in (53).
The following SMN primers were uti0
0
-GTGAGAA CTCCAGGTCTCCTGG-3
)
lized: 541C380 (5
0
0
and 541C1120 (5 -CTACAACACCCTTCTCACAG-3 ). These
primers amplify exons 4 to 8 of the SMN gene, yielding
four possible RT –PCR products (full-length SMN transcript
and three isoforms lacking exon 5 and/or 7). Amplification
of the hypoxanthine guanine phosphoribosyltransferase gene
(HPRT) was performed in a multiplex format as a loading
control for the amount of mRNA utilized in the reaction.
The following primers
specific to the HPRT gene were0 used:
0
-TGTAATGACCAGTCAACAGG-3
) and
HPRT-forward (5
0
0
HPRT-reverse (5 -AATGACTGCTTCTTACTTTTCT-3 ). The
cycling conditions were as follows: 958C for 5 min,
25 cycles of 1 min at 958C, 2 min at 558C, 3 min at 728C
and a final extension time of 8 min at 728C. The resulting
PCR products were electrophoresed on a 6% polyacrylimide
TBE –urea gel, stained for 20 min with Vistra Green
nuclei acid stain (Pharmacia) and the intensity of individual
bands quantified on a Storm Phosphoimager using the blue
fluorescent detector at a PMT value between 650 and 800.
Full-length/D7 SMN transcript ratios were determined from
at least one of two patient-derived fibroblast cell lines in a
minimum of three independent experiments. Differences in
ratios after treatments were determined to be significant by
an independent two-tailed t-test, with P , 0.05. Compounds
A and G underwent more rigorous analysis with testing at
least four independent times in both cell lines. In 2806 cells,
six independent Compound A treatments were completed,
four with Compound G and five with combination A and
G. In 3813 cells, four independent treatments were completed
for Compound A, four with Compound G and three with
combination A and G.

XTT assay

Western blot analysis

Compound toxicity was measured using a XTT cell proliferation assay (Roche), which measures mitochondrial function.
Cell proliferation after compound treatment for 24 –72 h was
determined in 96 well plates using the dose response experiments described previously. The highest compound concentration in these experiments was typically 40 mM . The XTT

2806 Type 1 SMA fibroblasts cells were plated at 50 000 to
100 000 cells per 10 cm dish and treated with compound for
48 h. Compound A and G treatments were performed four
independent times. Media and compound were changed
daily. Cells were harvested at 50– 60% confluence. The cells
were harvested with trypsin, washed two times with PBS

High-throughput screening
115 954 unique compounds were screened in HTS mode in
384 well plates. Cells were grown and harvested identically
to those used in the UHTS portion of the screen. 17 500
cells per well were used in a final volume of 90 ml. The
final compound concentration was 10 mM and the final concentration of DMSO per well was 0.375%. A control reference
plate was run for every 10 compound screening plates. Fifty
nanomolar TSA was used as the positive control. When the
reference plate failed to pass the quality control analysis
described previously, the 10 associated compound plates
were re-screened.
Primary screening hit selection
Each compound possessing 460/530 nm ratios with 67% of the
mean BLA activity level in the TSA-stimulated cells on its
own screening plate was chosen as a potential primary screening hit. Prior to final hit selection, compound wells with very
low green fluorescence (530 nm reading) were excluded, as
this typically indicates cell death, which artificially increases
the 460/530 nm ratio. Primary screening hits were re-tested
in duplicate using the original screening format (either in
384 well or 3456 well plates).
Dose response experiments
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and collected by centrifugation. The resultant cell pellet was
re-suspended in 45 ml of RIPA buffer plus protease inhibitors
and lysed on ice for 30 min. Then, 45 ml of NuPAGE LDS
sample buffer was added to the sample. An aliquot of 1 ml
of reducing agent was then added to 10 ml of each sample
and then boiled for 10 min. An aliquot of 5 –10 ml of
protein sample was separated on a NuPAGE 10% Bis – Tris
gel in 1 NuPAGE MOPS running buffer. The protein was
transferred to a PVDF membrane and blocked for 1 h at
room temperature with TBS containing 5% milk and 0.1%
Tween. Each blot was cut in half and the SMN and loading
control portions processed separately. Primary antibodies
specific to SMN (Transduction Labs) were incubated for
16 h at 48C, whereas loading control antibodies (either antiactin and/or anti-b-tubulin from Sigma) were incubated for
1 h at room temperature. Membranes were then incubated
for 1 h with an HRP-linked anti-mouse IgG secondary antibody, detected with chemiluminescence using the ECL Plus
kit (Amersham) and exposed to film.
Immunocytochemistry and Gem/Cajal body analysis
Immunofluorescence staining on 3813 and 2806 Type 1 SMA
patient-derived fibroblasts was performed as described
previously. Cells were seeded into dishes containing three
coverslips (1 cm2) at a density of 100 cells/cm2 and stained
with the MANSMA2 anti-SMN antibody, diluted 1:100
(55). Gem counting was done using a Nikon microscope
equipped with a dual band pass DAPI/TRITC filter, and
images were captured with a Magnafire digital camera
(Optronics). Gems were counted and expressed as number
per 100 nuclei. Statistical analysis comparing gem number
of untreated cells to each treatment dose was done using an
independent two-sided t-test. Each compound was treated at
two doses, including 12 and 6.8 mM for Compound A and
5 and 10 mM for Compound G.
Compounds
Compounds A, F and E are commercially available from
ChemBridge. Compounds G1 and G2 can be obtained from
Maybridge.
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