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ABSTRACT

Spinal muscular atrophy (SMA) is an autosomal recessive genetic
disorder resulting in degeneration of «-motor neurons of the anterior
horn and proximal muscle weakness. It is the leading cause of ge-
netic mortality in children younger than 2 years. It affects ~1 in
11,000 live births. In 95% of cases, SMA is caused by homozygous
deletion of the SMNT gene. In addition, all patients possess at least
one copy of an almost identical gene called SMN2. A single point
mutation in exon 7 of the SMN2 gene results in the production of
low levels of full-length survival of motor neuron (SMN) protein at
amounts insufficient to compensate for the loss of the SMN1 gene.
Although no drug treatments are available for SMA, a number of
drug discovery and development programs are ongoing, with several
currently in clinical trials. This review describes the assays used to
identify candidate drugs for SMA that modulate SMN2 gene ex-
pression by various means. Specifically, it discusses the use of high-
throughput screening to identify candidate molecules from primary
screens, as well as the technical aspects of a number of widely used
secondary assays to assess SMN messenger ribonucleic acid (mRNA)
and protein expression, localization, and function. Finally, it describes
the process of iterative drug optimization utilized during preclinical
SMA drug development to identify clinical candidates for testing in
human clinical trials.
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INTRODUCTION TO SPINAL
MUSCULAR ATROPHY
Disease Pathophysiology
pinal muscular atrophy (SMA) is a genetic condition
with autosomal recessive inheritance that presents with
proximal muscle weakness, caused by the dysfunction and
loss of a-motor neurons of the anterior horn.' The pan-
ethnic disease incidence is ~1 in 11,000 live births.?> In its most
severe form, SMA is the leading cause of infant genetic death.
However, the clinical presentation of the disease is quite variable.
SMA patients are typically classified into four subgroups based on
the age of onset and highest achieved motor milestones.*"® SMA type
I (Werdnig-Hoffman disease) is the most common form of the dis-
ease, with an incidence of about 60% of newly diagnosed patients. It
is characterized by the appearance of disease symptoms before 6
months of age, with these patients never gaining the ability to sit.
Infants with type I SMA characteristically die before the age of 2
years if not assisted with respiratory and nutritional support. SMA
type II manifests between 6 and 18 months of age, with patients
achieving the ability to sit but not walk. The incidence is about 30%
of newly diagnosed patients. SMA type III (Kugelberg-Welander
disease) patients first display symptoms in childhood. These patients
achieve the ability to walk independently and typically have normal
life expectancies. SMA type IV has the lowest incidence and is
characterized by adult-onset of symptoms.

Genetics of SMA

SMA is caused by low levels of survival of motor neuron (SMN)
protein, resulting from mutation of the survival of motor neuron 1
(SMN1) gene.” In fact, 95% of SMA patients have homozygous de-
letions of the SMN1 gene.””® Moreover, all patients possess at least
one copy of a nearly identical gene called SMN2. The SMN2 gene
predominately produces a messenger ribonucleic acid (mRNA) that is
alternatively spliced with skipping of exon 7, due to a single point
mutation within the exon.®'® This single nucleotide change prevents
the binding of the SR protein and splicing activator ASF/SF2, in
addition to creating an inhibitory binding element for proteins such
as hnRNPA1 and Samé68 that regulate SMN2 pre-mRNA splicing
patterns.''™*® The resulting SMN transcript lacking exon 7 (called
SMNA?7) produces a truncated protein, which is unstable and cannot

functionally compensate for the loss of the SMN1 gene (Fig. 1).""~*°
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Fig. 1. Splicing of SMN1 and SMN2. The genomic regions of the SMN1 and SMN2 genes
are drawn, as shown at www.ncbi.nlm.nih.gov/gene/. The major difference between the
two SMN gene copies is the C (SMN1) or T (SMN2) nucleotide change at position 6 in exon
7 of the two genes. This single-nucleotide change prevents the binding of the SR protein
and splicing activator ASF/SF2, in addition to creating an inhibitory binding element for
proteins such as hnRNPA1 and Samé68. Because of this, SMN2 primarily produces mes-
senger ribonucleic acid (mRNA) that excludes exon 7 and results in truncated and un-
stable SMN protein. However, SMN1 mostly produces mRNA that includes exon 7
and results in stable full-length SMN protein. Adapted with permission from the Families
of SMA publication “The Genetics of Spinal Muscular Atrophy.” ASF/SF2, alternative
splicing factor 1/pre-mRNA-splicing factor 2; SMN, survival of motor neuron.

reviewed, during snRNP formation, SMN functions
as part of a protein complex containing Gemin pro-
teins 2-8 and Unrip in all cell types and tissues. This
protein complex promotes the assembly of Sm pro-
teins with U small nuclear RNAs (snRNAs) into
snRNPs, which function in the process of pre-mRNA
splicing.***® Several studies have shown that snRNP
assembly is reduced in tissues with lowered SMN
levels.*”*® Moreover, the expression of SMN trans-
genes possessing missense mutations that restore
snRNP assembly also prolong survival in mice with
severe SMA.**>°

The mechanisms underlying selective vulnerability
of motor neurons in SMA remain debated. Theories
invoke either impaired splicing mechanisms resulting
from defective snRNP assembly or specific novel
functions for SMN protein in motor neurons.”’ Cur-
rently, studies differ on how widespread mis-splicing
is in SMA tissues.**>* One theory proposes that only a
limited number of genes are affected until the end
stages of the disease. In addition, some findings have
suggested that SMN deficiency results in a selective
reduction of the U11 and U12 snRNPs of the minor
spliceosome.***> The minor spliceosome is involved

Nevertheless, a small amount of the full-length mRNA and functional
SMN protein are still produced by the SMN2 gene, and the observed
clinical spectrum of disease severity is known to correlate with the
SMN2 copy number.”*?! In fact, several nonsymptomatic adults with
homozygous SMNI mutations and four or five copies of the SMN2 gene
have been identified.?>?* Therefore, enhancing the expression from the
SMN2 gene has become an obvious therapeutic strategy for SMA.

Studies in SMA mouse models have also indicated that increased
SMN2 copy number correlates with milder disease course. Mice
have a single Smn gene.* Homozygous loss of Smn results in pre-
implantation death of the embryo.?® This can be rescued by expres-
sing two copies of a transgene containing the human SMN2 locus.
These rescued transgenic mice display severe symptoms.”®?’ The
expression of eight copies of SMN2 fully rescues the animals.?’
Disease severity can also be modified by transgenic expression of
mutated versions of the SMN gene. For instance, two copies of SMN2
and an intronless SMN allele lacking exon 7 (Smn_/_ ; SMN2/SMN2;
SMNA7/SMNA7) result in a mouse strain commonly referred to as
SMNA7.?® SMNA7 mice display symptoms days after birth with a
median survival time of about 14 days.?® It has been utilized as the
primary mouse model for testing SMA drug candidates.?*~3” Several
other models, including those with milder phenotypes, are also cur-
rently in use for drug testing.>®~*2

SMN Protein Function

SMN is a ubiquitously expressed 38 kDa protein found in both the
nucleus and the cytoplasm. It has a well-documented role in small
nuclear ribonucleic particle (snRNP) assembly.*>** As extensively
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in processing the pre-mRNA of a small number of
genes, some of which are known to be involved in motor neuronal
function.”®*” The mis-splicing of these genes due to reduced levels of
minor snRNPs may lead to motor neuron vulnerability in SMA. Re-
cently, several genes, both with and without minor introns, have been
shown to be specifically mis-spliced in SMN-deficient tissues, in-
cluding Chondrolectin, Stasimon, and Neurexin2a.’>*®>° In addi-
tion, several researchers are using laser capture microdissection of
motor neurons from SMA mice followed by next generation RNA
sequencing analysis to search for additional gene expression chan-
ges. In Drosophila models of SMA, this technique did not identify
significant alterations in genes processed by the minor spliceo-
some.®® In a recent study using mouse models of SMA, RNA se-
quencing results showed aberrant mRNA splicing in 348 genes in
motor neurons at pre- and early symptomatic states of the disease.®'
There was no evidence that the minor splicing pathway was selec-
tively perturbed at early stages of SMA. Importantly, only about 3%
of genes expressed in motor neurons were affected, indicating that
SMN deficiency did not cause widespread transcriptome changes at
early disease stages. Gene expression misregulation included com-
plete skipping of the Z exons of Agrin (a gene critical for neuro-
muscular junction [NMJ] maintenance), upregulation of synapse
pruning-promoting complement factor Cl1q, and downregulation of
Etv1/ER81 (a transcription factor required for establishing sensory-
motor circuitry). The importance of mis-spliced genes identified from
SMN-deficient tissues to SMA pathology should be thoughtfully
investigated in established mouse models of SMA before they can be
considered as viable drug targets or as downstream biomarkers of
disease state.



In contrast to the mis-splicing hypothesis, several lines of evidence
also support a neuronal-specific function of SMN. For instance,
SMN protein has been detected in granules moving along motor axons®*
and shown to colocalize with actin mRNA and other mRNAs within
axons.®*™®° In neurons, SMN has also been shown to interact with mul-
tiple mRNA-binding proteins, such as hnRNP R,°® KSRP,*” HuD,**"7°
FMRP,”! and IMP1,”? and proteins known to interact with mRNA-binding
proteins, such as COPL”>”* Therefore, SMN could potentially regulate the
assembly of mRNA-binding proteins and mRNAs into ribonucleoprotein
particles in motor axons and nerve terminals, affecting local mRNA
transport, processing, and translation. However, the definitive function of
SMN protein in motor neurons remains to be determined.

Therapeutic Approaches

The goal of many SMA drug discovery programs has been to
identify small molecules or antisense oligonucleotides (ASOs) that
increase the level of SMN protein produced from the SMN2 gene,
which is present in all patients. Multiple mechanisms have been
targeted to drive higher expression of the full-length SMN protein
from the SMN2 gene and have been reviewed extensively else-
where.”> 8 Briefly, these include in-
creasing exon 7 inclusion in the
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actin bundling protein,''® is reported to be a protective modifier in
human SMA.''" The expression of Plastin 3 has been shown to be
protective in zebrafish models of SMA''* and to improve NMJ function
but not survival in SMA mice."'? In addition, modulation of pathways
regulating actin dynamics, such as RhoA/ROCK, have been shown to
provide survival benefit in mouse models of SMA*®''* and could po-
tentially represent possible disease modifiers. Genetic modifiers of the
phenotypes arising from SMN deficiency in Drosophila and Cae-
norhabditis elegans have also been identified.''>''® The identification
of genetic modifiers and downstream targets of SMN, once validated
and shown to improve phenotypes in established mouse models of
SMA, will uncover a wide array of potential new drug targets for SMA
to be directly assayed and screened. To date, however, most cell-based
assays to identify novel SMA drugs have been designed to assess SMN2
expression. Therefore, this review focuses on approaches that have
been utilized to identify modulators of SMN2 production.

SMA Drug Pipeline
Currently, there are 16 known SMA therapeutic programs in
various stages of preclinical and clinical development, a large
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siblings with identical genotypes but
with different phenotypes strongly
suggest that non-SMN2 gene modifi-
ers for SMA exist. Several candidate
genes and pathways have been sug-
gested.'” For example, Plastin 3, an
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Fig. 2. SMA drug pipeline. The status of known candidate therapies being assessed for the
treatment of SMA. Status of the compounds is estimated. The academic laboratories working on
novel ASOs include those of Dr. Ravindra Singh at lowa State University, Dr. Christian Lorson at
University of Missouri, and Dr. Arthur Burghes at Ohio State University. IncRNAs, long noncoding
RNAs; IND, Investigational New Drug; ASO, antisense oligonucleotide; SMAF, Spinal Muscular
Atrophy Foundation; U, University; SMA, spinal muscular atrophy.
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increase from just a decade ago (Fig. 2). The specifics of each of these
programs have been reviewed extensively.”*””7%:8%117 Briefly, there
are five novel SMA drug candidates actively being testing in clinical
trials for SMA, including (i) olesoxime (Trophos), a neuroprotectant
compound that has just completed testing in a pivotal trial from
Trophos,”” (ii) RG3039 (Pfizer), a small molecule that has recently
completed Phase Ia and Phase Ib safety trials,***7*%''® (iii) ISIS-
SMNg, (Isis Pharmaceuticals and Biogen Idec), an ASO that is cur-
rently being tested in Phase III trials in SMA patients,>>**:83:119.120
(iv) RG7800 (a joint research program between Roche, PTC Ther-
apeutics, and the SMA Foundation), an oral small molecule that
corrects the splicing of SMN2 that entered clinical development in
early 2014, and (v) chariSMA (AveXis and Nationwide Children’s
Hospital in Columbus, OH), an intravenously delivered AAV9/SMN1
gene transfer therapy, that is being tested in a Phase I safety in nine
infants with type I SMA.'°>"'% Several more programs are actively
working toward Investigational New Drug (IND) applications to the
FDA to begin Phase I trials over the next year. These programs il-
lustrate the diversity of approaches being pursued for SMA, including
(i) small molecules, (ii) neuroprotectants, (iii) ASOs, (iv) stem cell
therapies, (v) gene transfer therapies, and (vi) regulators of muscle
function. Today, there is a high level of industry interest in SMA drug
development, with about a dozen known companies actively in-
vesting in novel SMA drug development and research, including
Trophos, Isis Pharmaceuticals, Biogen Idec, Pfizer, PTC Therapeutics,
F. Hoffmann-La Roche, AveXis, California Stem Cell Incorporated,
Paratek Pharmaceuticals, Genzyme Corporation, Novartis, RaNA
Therapeutics, and Cytokinetics (Fig. 2).

Drug discovery programs involving cross-disciplinary partnerships
are essential for effective drug development in orphan diseases such as
SMA, where it has been traditionally difficult to attract the interest of
large pharmaceutical companies. SMA, in particular, has benefited
from collaborative industry, advocacy, and government partnerships
in both basic research and drug development, and the advances that
have occurred in SMA drug development over the past decade directly
reflect this collaborative activity. In fact, such collaborations have
provided funding for many of the drug development programs, as well
as helped build a collection of drug discovery assets and tools.

ASSAYS FOR SMA DRUG DISCOVERY

This article describes the preclinical drug discovery assets devel-
oped by the SMA research community. Because most cell-based
therapeutic assays to date have been designed to evaluate SMN2 gene
expression, our review focuses on the approaches that have been uti-
lized to identify modulators of SMN2. Methods have been developed to
assess SMN mRNA expression, SMN splicing ratios, SMN protein
levels, SMN protein function, and survival, behavioral, and anatomical
benefits in animal models of SMA. Moreover, a typical set of secondary
screening assays has also been adopted to prioritize hit compounds
arising from primary drug screens, as well as to enable hit to lead and
lead optimization activities. The methods for performing each of these
assays are described here, and the pros and cons of current technology
utilized in SMA drug discovery are also discussed.
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SMN TRANSCRIPT ASSAYS

SMN gene transcript analysis, together with SMN protein quan-
tification, is commonly considered the first-level approach in SMA
therapeutic development and translational research since increasing
the production of the full-length SMN2 mRNA and SMN protein
from the SMN2 gene in patients addresses the molecular deficit un-
derlying the disease. Extensive studies of SMN transcript abundance
have been performed and can be assigned to two categories: (i) those
evaluating possible correlations between SMN2 transcript levels and
disease severity and (ii) those assessing the in vitro and in vivo re-
sponses to different therapeutic approaches. The studies belonging to
the first group have been mainly performed ex vivo, from blood sam-
ples of patients and control individuals. The different technical ap-
proaches utilized are analyzed in detail throughout this section.'*'~'%’
A greater number of studies belong to the second category, as the
majority of therapeutic approaches have aimed to increase SMN
protein levels by increasing the level of SMN transcripts. An exception
to this transcript “rule” is the modification of SMN protein stability," "’
where a change in SMN transcript levels is not expected.

When identifying drugs that modulate SMN2 expression, SMN
gene reporter assays, which are described in more detail later in this
review article, are often utilized as the first tier approach. The results
obtained are then generally confirmed by evaluating the effect of a
given treatment on the endogenous SMN2 gene expression in disease-
relevant cells such as patient-derived cells and/or in murine models of
SMA. In this case, transcript analysis is typically paired with SMN
protein quantification. While a simple correlation between increased
full-length SMN transcript and protein expression is conceptually
presumed, ideally the relationship should be independently confirmed.
This correlation may not be automatic because the dynamics and the
half-life of mRNAs and proteins are not necessarily comparable.'”'*®

Both SMN1 and SMN2 genes give rise to several mRNA isoforms
via alternative splicing. SMNI mostly produces SMN full-length
(SMN-FL) or lacking exon 5 isoforms, whereas SMN2 transcripts may
lack exon 7 (SMNA?7) or both exons 5 and 7.'%"'3° More recently, an
axonal specific isoform (aSMN) has been reported that retains part of
intron 3 and is transcribed from the SMN1 gene."*' To our knowl-
edge, most assays utilized in drug development for quantification of
SMN transcripts target the more abundant isoforms, SMN-FL and
SMNA7, due to their proven therapeutic relevance.

Here, we focus on four different technical approaches to quantify
mRNA: conventional, relative, absolute, and digital real-time reverse
transcription-polymerase chain reaction (RT-PCR). We do not dis-
cuss RNA extraction as it is well standardized by different commer-
cially available extraction kits. We do not discuss northern blotting
as a tool for mRNA quantification due to its limitations in sensitivity.
Finally, we provide some clues on SMN primer design, due to the
unusual constitution/splicing of the human SMN genes.

Conventional Semiquantitative RT-PCR

The more classical approach for mRNA quantification is based on
endpoint RT-PCR and post-PCR analysis of the amplification products.
This approach was most commonly used during the pre-real-time PCR



era but still continues to be used today alongside other methodol-
ogies.'?!"132 For the quantification of SMN transcripts, densito-
metric analysis of PCR products is used, followed by normalization
to the levels of a reference gene, often a house keeping gene (such
as glyceraldehyde-3-phosphate dehydrogenase and hypoxanthine-
guanine-phosphorybosil-transferase). Subsequently, SMN levels in
cells treated with test compound are compared with those in control/
untreated sample(s). SMN and the reference transcript of choice can be
coamplified in a multiplex PCR assay or can be amplified separately,
but ideally in the same amplification reaction. SMN-FL and SMNA7
isoforms can be coamplified using the same primer pair, and the two
resulting amplification products can be discriminated based on their
size. This approach has also been used for the evaluation of the ratio
between SMN-FL and SMNA7 transcripts,'?"-!3%133

Conventional RT-PCR has the advantage of low costs and the use
of equipment standard to most molecular biology laboratories.
However, its use has been limited by several considerations: (i) it is
not readily scalable for high-throughput applications; (ii) it is gen-
erally recognized that amplicons when measured together cannot
exceed a 10% difference in size to avoid preferential amplification of
the smaller product; and (iii) it is influenced by abundance, which can
be of particular importance when selecting reference genes. For in-
stance, housekeeping genes are often used as references, and they can
be expressed at higher levels compared to SMN and in this case be
preferentially amplified.

The use of conventional agarose gel electrophoresis and ethidium
bromide staining in some studies could potentially introduce some
biases.”*? Due to the low sensitivity of this dye (1-5ng),"** two
possible solutions are available to obtain analyzable bands: in-
creasing the number of cycles of PCR amplification and/or increasing
the amount of starting materials."*® In both cases, there is a sub-
stantial risk that one or more amplicons fall outside the log-linear
phase of the amplification curve, and thus, the amount of deoxyr-
ibonucleic acid (DNA) obtained is not proportional to that of the
starting material. To overcome this issue and to reduce the number of
amplification cycles and/or starting amount of complementary DNA
(cDNA), different DNA staining tools can be used, such as radioactive
isotopes/silver staining coupled with polyacrylamide electrophore-
sis'*? or fluorescent PCR and capillary gel electrophoresis.'?" In ad-
dition, the analysis of different dilutions of the same cDNA sample may
lead to more robust results. Finally, in the case of all semiquantitative
approaches, the assumption that reference gene transcript levels do not
vary in response to the treatment or are comparable in all samples
analyzed can confound the interpretation of results.

Relative Real-Time RT-PCR

Due to the current availability of real-time PCR instruments in
most molecular biology laboratories, this approach is most com-
monly used for transcript quantification. The majority of studies
published so far have been performed using this technique. Real-time
PCR assays, in general, have several advantages compared with the
conventional PCR approach, including sensitivity (down to single
molecules) and high reproducibility. The main limitation is the semi-
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quantitative nature of this approach, similar to that of conventional
PCR. SMN transcript levels are determined using different techniques,
which include the AACt method'?® that uses a housekeeping transcript
as an endogenous control and one or more untreated/control samples
used as calibrators, and the Liu and Saint methods that simulates PCR
reaction efficiency from kinetic curves.'?®

The two main approaches most commonly used for the visuali-
zation of the PCR products are as follows: SYBR® green or similar
intercalating dyes that emit fluorescence on excitation when bound
to double-strand DNA'*’ and the TagMan® probe system, based on
the use of unlabeled primers and fluorescent probes. While the two
techniques do not differ in terms of sensitivity and efficiency, there
are some advantages to each. SYBR green has no additional cost for
probe synthesis and can be more easily adapted to different ampli-
cons. The main limitation is that it can be biased by primer dimers
and the formation of nonspecific amplification products that cannot
be differentiated from the target. Without careful primer design and
optimization, this technique may not distinguish SMN1 and SMN2
mRNAs in the same reaction when multiplexed. For both SYBR green
and the TaqgMan probe system, SMN-FL and SMNA7 PCR products
should be amplified with caution in the same assay due to the potential
formation of hybrid amplicons from the cross-binding of partners.
Some of the possible biases of relative real-time PCR are related to the
wide variations in SMN gene expression in samples from different
control individuals, as well as to differences in the endogenous tran-
script expression in both patients and controls.'*®'?® Similarly, a given
treatment may alter the reference gene expression, and this could lead
to incorrect interpretations of the effect of the treatment on SMN levels.

Absolute Real-Time RT-PCR

In this approach, transcript levels of the target gene are determined
by extrapolation from a standard curve, constructed using serial
dilutions of an external standard with known quantities of the target
amplicon. At least three different kinds of external standards can be
used: (i) a control sample (or a pool of different controls), (ii) RNA,
or (iii) DNA external standards. For the SMN transcript analysis,
the first'?” and third'?® approaches have been used, whereas to our
knowledge, the second has not.

The use of serial dilution of a control sample is more properly
indicated for relative standard curves since results are expressed as
folds of variation compared to control. In this method, two main
approaches are more commonly used for the preparation of serial
dilutions to construct standard curves: (i) a single control sample
(unaffected, untreated, or mock) and (ii) a mix of equimolar amounts
of different control samples. Because the main bias of relative stan-
dard curves is caused by variations in SMN levels in the samples used
for the construction of the standard curves, the mix of a pool of control
samples may be useful to balance possible sample-to-sample differ-
ences. Indeed, it has been shown that in control individuals, SMN-FL
levels vary widely and do not show the Gaussian distribution.'*®

The other two approaches exploit techniques that are widely used
to determine the plasma load of some viruses, such as HIV or HCV, or
for prion genes.'>°"'*! Transcript levels are expressed as number of
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mRNA molecules per nanogram of total RNA and are determined
independently of the use of endogenous controls. Both approaches
provide comparable results, with some differences. RNA external
standards can serve as good controls for RT-PCR since they undergo
reverse transcription together with RNA samples. However, they are
less stable compared to DNA standards (especially in the case of the
lower concentrations), while not offering consistent advantages in
sample quantification.'** Absolute real-time PCR can be biased by
different issues. First, the efficiency of amplification of the external
standards may vary between preparations and/or can be affected by
repeated cycles of freezing and thawing. To circumvent this issue,
new preparations of external standards should be compared with the
previous, and single-use aliquots should be prepared. Second, PCR
efficiency needs to be calculated and evaluated using the various
available methodologies. One method is to determine the slope of
the standard curves, which ideally should be as close as possible to
—3.33, corresponding to a dilution factor of 10-fold. A second
technique calculates PCR efficiency without a standard curve using
reaction kinetics.'*® Large differences in the slope of the standard
curve and/or low PCR reaction efficiency often indicates non-
optimized reaction conditions, such as improper preparation of serial
dilutions, poorly designed primers, and/or degradation of one or
more dilutions. Conversely, the extrapolation of SMN levels from
inappropriate standard curves yields inaccurate quantification of
mRNA levels and poor reproducibility from one experiment to an-
other. Third, while reference genes can be used as loading controls, it
is difficult to assess the quality/quantity of RNA samples with this
technique.

In our opinion, certain steps may mitigate (but not remove) these
issues. First, RNA extraction should be standardized. In our experi-
ence, in-column extraction/purification is preferable to phenolic
extraction and should be coupled with DNase I treatment (or other
tools for the removal of contaminating genomic DNA). Second,
quality and quantity of RNA should be accurately evaluated: the
ratios of absorbance at 260/280 nm and at 230/260 nm provide es-
sential information. Spectrometer or fluorescent dye-based tech-
niques evaluation should be coupled with techniques that disclose
the presence of contaminating genomic DNA and/or RNA degrada-
tion products, such as agarose gel electrophoresis or fluorescent dye-
based approaches (using the Agilent Bio-analyzer instrument or
similar tools that allow simultaneous quantification of RNA samples).
Third, the use of a particular RT-PCR kit should be validated. Indeed,
it should not be assumed that different reverse transcriptase or RT-
PCR kits will yield comparable results, and thus, the efficiency of
different commercially available kits should be initially evaluated.

Digital PCR

Digital PCR is a recent technology that allows the quantification/
detection of target nucleic acids by fractioning a single sample into
multiple PCR reactions occurring in the same tube. Some of these
reactions produce efficient amplification while others do not based
on the abundance of the target nucleic acid. The DNA of interest is
quantified by comparing the number of effective and noneffective
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reactions. This approach has the advantage of the ability to quantify
samples independently of both endogenous and external controls,
and very high sensitivity, down to variations of single molecules of
the target, and it has been used successfully to measure DNA copy
number and to detect rare mutant alleles in a 100,000-fold excess of
wild-type background.'** The main limitations are costs, which are
much higher compared to those of traditional real-time PCR. Digital
PCR allows for highly sensitive SMN transcript measurements, and its
use may ultimately help to illuminate the biological import of single
molecule changes in expression levels. This approach has been re-
cently utilized for the quantification of SMN levels in mouse model of
SMA, including studies for the quantification of SMN1 and SMN2
mRNA levels*® and of SMN1/2 gene copy number.'**

SMN Primer Design

This review does not cover general considerations for PCR primer
design since (i) this matter is extensively covered by PCR handbooks,
(ii) is generally performed by software tools, and (iii) the SMN cDNA
does not have particular concerns (i.e., long stretches of repeated
nucleotides, prominent GC-rich domains, and repeated sequences).
On the other hand, certain characteristics of the SMN1 and SMN2
genes, as well as the alternative splicing of exon 7, require specific
consideration during PCR assay development. There are two areas of
key relevance. The first is that SMN1 and SMN2 transcripts can be
differentiated only by a single SNP in the coding sequence of exon 7
and one additional SNP in the 3’-UTR. Second, exon 7 is only 54 base
pairs long. Thus, both SMN-FL and SMNA?7 isoforms can be easily
coamplified. Being able to distinguish between SMNI and SMN2
transcripts is relevant in a few circumstances, such as in the case of
control samples or in the case of patients bearing point mutations of
the SMN1 gene (about 2%-3% of the total since most patients lack
both SMNT alleles). In such cases, the two genes may be differenti-
ated on the basis of the C-T transition in exon 7, either by means of
specific oligos (allele-specific oligonucleotide PCR) or by different
probes. To our knowledge, the first approach has been followed by
Feldkotter et al. for the determination of SMN1/SMN2 gene copy
number but may theoretically be applied also for transcript analysis
as well.?° In this approach, SMNI and SMN2 transcripts must be
quantified in separate reactions. An alternative approach is to label
SMNT1 or SMN2 allele-specific probes with different fluorophores (in
the context of TagMan probe-based assays).'® In this case, both
transcripts are amplified by the same primer pair. The primary issue
with both approaches is the possible cross-hybridization of SMNI
primer or probe with SMN2 transcripts and vice versa.

The SMN-FL and SMNA?7 transcripts are readily distinguished on
the basis of their size difference. Different approaches can be utilized
to do this, such as a single primer pair amplifying both isoforms (e.g.,
the forward primer located in exon 6 and the reverse in exon 8), a
commonly used approach in conventional PCR. However, this ap-
proach might be biased by the preferential amplification of the
SMNA?7 transcripts (due to both relative abundance and smaller size
of this isoform, compared to the full-length form) and consequently
lead to an overestimation of this isoform.



Considerations

Independent of which of the above-described techniques is used,
SMN transcript analysis is a necessary step in the identification and
evaluation of effectiveness of candidate therapies for SMA aimed at
modulating SMN levels. It should be coupled with SMN protein
analysis, which is described in the following section. The advantages
and disadvantages of each approach for SMA transcript analysis are
listed in Table 1. SMN transcript analysis also provides information
on the molecular mode of action of candidate compounds. The
quantification of the two main SMN2 isoforms can help to differ-
entiate the mechanism of therapeutic agents, for instance whether
they act at the SMN2 gene promoter level, and/or influence the al-
ternative splicing of exon 7, based on the variation of the total SMIN
transcript levels and/or the SMN-FL/A?7 ratio. Some researchers have
utilized evaluation of the SMIN-FL/A7 ratio only, with the tradeoff
that putative effects on promoter activation/transcript stabilization
cannot be evaluated.'?

SMN transcript analysis is not without limitations, particularly
when utilized in clinical trials on patient samples. First, it is not
feasible to sample neuronal cells and tissues from human patients.
Therefore, peripheral blood mononucleated cells (PBMCs) and whole
blood are most widely sampled during clinical trials due to their
accessibility. In this case, it must be understood that SMN levels are
not being assessed in the primary target tissues of the disease, that is,
spinal cord and skeletal muscle. Thus, an important preclinical step is
to assess drug efficacy in disease-relevant tissues in animal models of
SMA to relate SMN levels in the central nervous system (CNS) and
muscle to levels in blood, recognizing that drug effects in mice and
men may differ for multiple reasons. Second, baseline SMN transcript
and protein from patient PBMC samples have not always shown high
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correlation.'?*!'2* Despite this, the hope is that drugs designed for
SMN2 modulation will induce an increase in transcript expression
with resultant SMN protein increases, prerequisite for therapeutic
effectiveness in SMA. Third, SMN protein and transcript analysis is
not indicated for the evaluation of therapeutic compounds that are
not intended to modify SMN levels, such as neuroprotecting com-
pounds.

In the context of clinical trials, some technical advantages sup-
port the use of SMN transcript analysis as the primary biomarker/
surrogate measure for SMA. These include the availability of several
stabilization buffers that allow preserving samples from RNA deg-
radation and gene expression variations, as well as the small amount
of patient blood necessary for the assay. These technical aspects
become very relevant in selecting a biomarker readout in the context
of multicenter trials when dealing with severely hypotonic patients
and young children, for whom sampling and obtaining adequate
amounts of blood can be very challenging. The most appropriate
techniques in the context of a clinical trial are absolute real-time RT-
PCR or digital RT-PCR. These assays have the advantage that they are
not biased by the use of endogenous transcripts, which may be
subject to longitudinal variations, in response to treatment itself.

To our knowledge, real-time PCR in general (relative, absolute, or
digital) has not yet been described in the literature for primary high-
throughput screens on hundreds of thousands of compounds. These
tools may prove to be suitable for such applications in the near future
because (i) nanogram amounts of RNA are sufficient for transcript
analysis, and thus, it is possible to use a limited number of cells or of
small amounts of biological samples; (ii) the availability of robotized
liquid handling systems found in many laboratories allows for
standardization and the manipulation of a high number of samples

Table 1. Comparison of Different Polymerase Chain Reaction Methodologies

Suitable for

Validated
HTS screening

Technique for SMA

Conventional No Yes Low costs

semiquantitative PCR

Pros

Low sensitivity

Plateau PCR

Diversity of amplicon size

Relative real-time PCR Yes Yes Less biased by RNA/cDNA quantity/quality Hampered by variation of expression
of endogenous controls
Not suitable for comparison between
different subjects
Absolute real-time PCR Yes Yes Quantification independent of endogenous controls Biased by RNA and cDNA quality and quantity
Allows for comparison between different subjects Requires external standards
Digital PCR Yes No Quantification independent of endogenous Biased by RNA and cDNA quality and quantity

controls and external standards

cDNA, complementary deoxyribonucleic acid; HTS, high-throughput screening; PCR, polymerase chain reaction; RNA, ribonucleic acid; SMA, spinal muscular atrophy.
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per unit time; and (iii) the availability of instruments that allow for
miniaturization has enabled marked reductions in the reaction vol-
ume required for real-time PCR, resulting in a significant decrease in
the consumption of reagents.

SMN PROTEIN QUANTIFICATION

The SMN protein is another key pharmacodynamic measure for
drug development programs focused on therapeutic upregulation or
replacement of SMN. There are several approaches available for the
quantitative analysis of SMN protein in fluids, cells, and tissues, all
with distinct uses and limitations (for a general reference on protein
quantification technologies such as fluorescence resonance energy
transfer [FRET], electrochemiluminescence [ECL], and surface plasmon
resonance [SPR], see Inglese et al.).'*® Importantly, SMN protein ex-
traction is influenced by its interactome, SMA biology, and reagents
used and should be considered in the context of which assays are used
for quantification—some of these issues are discussed in this section.

SMN Protein

As previously discussed, SMN protein is ubiquitously expressed
across tissues, cells, and cellular compartments (including as punctate
accumulations in the nucleus called gems) and exists in a complex that
includes multiple SMN molecules and Gemins 2-8.*> There is also a
large and growing interactome of additional SMN binding partner
proteins, which corroborates the array of functions ascribed to SMN,
and also speaks to the effector structure of the protein itself, which
recognizes an array of binding motifs.”*'*®'*” Given these factors, the
discussion of SMN protein quantification necessitates consideration of
which form of SMN is evaluated, as well as the extraction, denatur-
ation, and stabilization of the protein for each assay platform.

SMN Antibodies, Epitopes, and Extraction

Most SMN protein measurements employ some form of immu-
noassay. Although several dozens of SMN monoclonal antibodies
have been developed, a few selected antibodies are regularly used:
2B1, 8, MANSMA1, H195, and more recently 11708 (Table 2). Most
antibodies recognize human and mouse SMN'*®; however, the 4F11
and 60154 clones are reported to be human specific (ProteinTech,
pers. comm.). Notably, SMN is expressed in full-length or truncated
forms, by the SMN1 and SMN2 genes, and there is no available
antibody against the shorter protein generated by skipping of exon 7
(SMNA7). The full-length SMN has also been described as being a
substrate for proteolysis by calpain, and depending on epitope and
assay, some antibodies capture information on total versus truncated
forms of SMN.'*'*® While SMN has been described to be post-
translationally modified via phosphorylation and ubiquitination, no
antibodies for these specific forms have been described.'”'>!

Epitope sequence and epitope accessibility are major consider-
ations in the use and development of quantitative SMN immunoas-
says. Recently, Lam ef al. described the overlap for epitope from the
widely used MANSMAT1 antibody and the SMN Gemin 2 binding
site.'®* This also supports the need for extraction and stabilization of
SMN proteins before quantification in immunoassays. There is also
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Table 2. Selected Antibodies Used for Survival of Motor
Neuron Quantification Assays

Clone Type ‘ Epitope (human) ‘ Ref.
2B1 Mouse 1gG1 aa 14-20 155
8 Mouse lgG1 Unknown 226
11F3 (MANSMA1) Mouse gG1 aa 42-48 153
62E7 Mouse 1gG1 Unknown 43
11708 Rabbit polyclonal aa 197-204 154
H195 Rabbit polyclonal aa 1-195 177
4F11 Mouse monoclonal SMN exon 4 148
60154 Mouse 1gG2a Unknown NA

SMN, survival of motor neuron.

evidence that some antibodies (e.g., MANSMA1 and 11708) prefer-
entially bind human SMN protein sequences.'**'>* Their use in some
assays influence the results—especially in assessing SMN protein in
transgenic mouse tissues, which may have both human and mouse
proteins present.

The extensive network of SMN binding partners as well as oligo-
merization forms also impacts the selection of new SMN immunogens
and use of SMN standards for assay quantification. Generation of new
SMN antibodies has generally been achieved through immunization
with recombinant SMN, which may have different available epitopes
than endogenous SMN.'*®15371%5 [deally, assays using these antibodies
should test the immunogens as quantification standards—although this
is not always possible. In developing new SMN immunoassays, care
must be taken to ascertain the relationship between antibody binding
to native SMN in cell lysates versus purified or recombinant standards.
Although there may be discrepancies between antibody binding of
recombinant protein used for standards and endogenous SMN protein,
as long as there is a linear relationship between them, a quantitative
assay can be developed from those reagents.

Finally, reagents for the lysis of cells and homogenization of tis-
sues for subsequent SMN protein measurements must be adequate to
extract and dissociate SMN from its many binding partners. Beyond
the multitude of SMN binding partners, SMN forms oligomers of
various sizes, which are stabilized by Gemin 2.">'*%'>” Although it is
unclear whether any antibodies bind preferentially to any oligomers
of SMN, or whether stabilized conformations of the protein may be
more accessible to epitopes, the use of extraction buffers with higher
concentrations of salts has been reported to improve signal in some
immunoassays.'®* Detergents, such as sodium dodecyl sulfate and
Tween-20, perform well in buffers for western blot analysis to make
SMN accessible for antibody binding. However, high concentrations
may interfere with plate-based assays, such as sandwich enzyme-
linked immunosorbent assays (ELISAs).'** Tissue homogenization



buffers, such as RIPA, M-PER, T-PER, and ER4, have all been reported
to work effectively in western blot, ELISA, FRET, and ECL.

Western Blots

Since the mid-1990s, western blotting has been the most widely
used method of SMN protein analysis reported across species, sample
type, and laboratories in the SMA literature,?”-28:33:133:155.158 gipce
western blots only require one antibody, they can more reliably give
signals of total SMN protein and also provide information on trun-
cated species. Earlier western blotting methods necessitated the use of
darkroom and densitometry. However, new devices improving gel to
blot transfer and increasingly sophisticated fluorescence and che-
miluminescence imaging systems now allow semiquantitative or
quantitative determination of SMN levels. While the dynamic range
of this assay format has been improved up to 1,000-fold with more
sensitive imagers and Z’-factors of >0.5 are achievable (indicating
an assay that can exquisitely differentiate between negative and
positive values and may be suitable for screening), western blotting is
still 4- to 400-fold less sensitive than other comparable quantitative
immunoassays for SMN, depending on the manufacturer. Through-
put also remains a challenge as western blots are limited to ~ 12-16
samples in traditional gel formats or 48-96 samples per microwestern
arrays, capillary, or in-cell westerns, whereas other assay types allow
for miniaturization to several hundred well formats. In addition,
western blots have relatively narrow dynamic signal ranges and are
susceptible to positional bias depending on the placement of samples
in lanes close to the edge of gels. Although western blots are not
optimal for analysis of samples from large screening campaigns, they
remain as a workhorse platform for academic research and are useful
in the cross-platform validation of new SMN immunoassays and/or
spot-check confirmation of drug hits.

Enzyme-Linked Immunosorbent Assay

ELISAs are attractive for use in drug screening because they are
simple assays, require minimal instrumentation to perform, can be
scaled to 384 and 1,536 well formats, and can yield Z'-factors of
>0.80. Multiple research-grade SMN ELISAs, ranging from simple
sandwich ELISAs to unique in-cell immunoassays that can serve as
models for screening-grade assays, have been published. 2% 154159160
Sensitivity and dynamic ranges are greater than that of western blots:
25-3,200 pg/mL. Many of the SMN ELISAs reported have been de-
veloped for measuring the protein in blood cells (typically peripheral
blood mononuclear cells and lymphocytes) and can effectively and
sensitively quantitate signals in an array of human and mouse cells
and tissues.'**!*°7'¢! While the goal of creating an ELISA has been
achieved for all the reported assays, subsequent studies have not
demonstrated a clear relationship between disease severity and SMN
protein levels in blood cells.'?*!2*

There are notable limitations to sandwich ELISAs as drug screen-
ing assays that relate to the format as well as their reliance on mul-
tiple SMN antibodies, and these should be considered when designing
any screening ELISAs. Additionally, ELISAs are subject to greater
matrix effects than other quantitative protein assay formats and can
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require substantial validation and optimization. In contrast to west-
ern blots, SMN ELISAs reflect total protein without an ability to
differentiate between SMN isoforms. Also, ELISAs utilizing antibody
pairs with different preferences for human or mouse epitopes (e.g.,
11708) can yield results that bias the measurement toward detection
of one species over another.*""'>* Overall, the careful selection of
antibodies and buffer conditions would enable the creation of ELISAs
suitable for initial to downstream screens for SMN in cells, depending
on the therapeutic concept for a given drug program.

Fluorescence Resonance Energy Transfer

FRET assays are immunoassays in which two fluorescently labeled
antibodies produce a signal when they are brought to close proximity
by complexing with their antigen. For example, one SMN antibody
is conjugated to a donor dye (e.g., europium chelate or cryptate),
whereas the other antibody is covalently linked to an acceptor fluo-
rophore. When both donor and acceptor-labeled antibodies bind to
SMN, the FRET process is enabled and the excitation of the donor
results in acceptor emission, which is proportional to donor-acceptor
complex formation or SMN abundance. Another key element of
some FRET-based assays is gating to remove noise from short-lived
background fluorescence (time-resolved or TR_FRET). A FRET-based
assay has all the positive attributes of ELISAs as well as the benefits of
matrix effects and being homogenous, with no need for removal of
solutions from previous steps. The assay can be particularly useful in
reliably measuring changes in cells treated with compounds in a
typical drug screening campaign, with the possibility of Z’'-factors of
>0.8. Although there are no publications currently describing re-
search with SMN FRET-based assays, there is a commercial assay
available (Cisbio). However, the same issues concerning species bias
of the antibody pair chosen in ELISAs are applicable for FRET-based
assays. In addition, the steric requirements of the donor and acceptor-
labeled antibodies impose limitations on which SMN antibody pairs
can be utilized in this assay format as overlapping epitopes may
not be suitable for FRET. While the assay is sensitive, the relatively
narrow dynamic range (3-100 pg/mL, as reported by Cisbio) neces-
sitates some validation to ensure the sample is in range at testing
dilutions. Using a permissive antibody set, a FRET SMN assay can be a
useful primary to tertiary screen for drug-induced SMN changes in
cells or in treated tissues from animal studies.

Electrochemiluminescence

ECL assays, such as those provided by Meso Scale Discovery, are a
modification of the classical plate-based sandwich immunoassay,
with the distinction that their detection signal is based on reading a
light signal produced by an electrical current. In this format, the
capture antibody immobilized to the surface of an electrode binds
the antigen, which in turn binds a detection antibody conjugated to a
Ruthenium tag. Upon exposure of the plate to an electric current,
the Ruthenium tag undergo a chemical process that emits light. The
commercially available PharmOptima SMN ECL assay has a very
broad dynamic range and is less subject to matrix effects; sensitivity
of the assay can be 3-100,000 pg/mL, exceeding the range for ELISAs
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(manuscript in preparation). Studies with the assay show that it is
capable of measuring SMN in a variety of tissues, including whole
blood samples (manuscript in preparation). This 96-well format ECL
assay is amenable for use as a secondary or tertiary screen as well as
for testing in a range of animal model and human biological samples.

Other SMN Assays

While immunoassays dominate SMA research, other approaches
have been reported and have utility in some aspects of assay devel-
opment or other research. Masson et al. reported an effort to develop
an SPR method for quantifying SMN.'®? SPR relies on the shifting of
a refraction signal when light is beamed across a gold film layer that
can be coated, for example, with antibodies that can be exposed to
antigen flowing in a solution across the coated surface. Generally
SPR has a wide dynamic range and requires only about 15 min per
sample to perform. Using SPR to characterize the binding of a
MANSMA?2 antibody and recombinant SMN, Masson et al. reported a
limit of detection of 0.99 ng/mL. However, up to a third of the signal
was potentially due to nonspecific interactions. At a minimum SPR,
approaches are of immediate usefulness in quantifying the binding
properties of SMN reference materials and antibodies.

Mass spectrometry-based techniques have been used for decades
in drug discovery to quantitate the levels of small-molecule drugs in
samples. More recently, several quantitative mass spectrometry
techniques have been developed and used for proteomics.'®* Tech-
niques such as isobaric tagging for relative and absolute quantifi-
cation (iTRAQ) allow a peptide-based approach for evaluating
concentrations of proteins in samples and have been tried in SMA

research for finding new binding partners to SMN protein and for a
proteomics biomarker discovery campaign.'®*'®® While these tech-
niques can be costly and are generally of low-throughput, they also
can provide details on truncation species, oligomerization, and post-
translational modifications in the same sample reaction without
reliance on expensive antibodies.

Finally, bead-based immunoassays, such as the Luminex® plat-
form, are another possibility for screening SMN assays. The assay
format has many of the same sensitivity features as an ELISA with the
additional benefits of having reduced false-positive rates and being
amenable to extensive multiplexing for reducing sample require-
ments and long-term cost.'®® No bead-based SMN assays have been
published. In addition, validation for any multiplexed bead-based
assays can be extensive as all antibody pairs must perform well in the
presence of several other antibody pairs against other analytes.

Table 3 outlines the details of the assays discussed, as well as their
potential for use in drug discovery. Most of the assays profiled in the
table have been validated to varying degrees for use in a variety of
human primary cells and cell lines, and a multitude of mouse tissues,
including the brain, spinal cord, liver, skeletal muscle, heart, pan-
creas, skin, PBMCs, and in the case of the ECL, whole blood.

Considerations

While the focus thus far has been on the numerous assays available
for quantitating SMN protein in screens or other experiments, it is
vital to consider the primary cell, cell line, or tissue type that will be
evaluated. Overall, there is modest correspondence between SMA
type or severity and SMN protein levels.?! The modest correlation is

Table 3. Comparison of Quantitative Survival of Motor Neuron Protein Assays

Equipment | Cost/

Approach Dynamic range | Throughput costs sample Usable matrices Screening use

Western blot® (e.g., 1.3-5,000 ng/mL Low > $50K $1-5 Whole blood, cell lysates, PBMCs, New assay validation, spot-check

LI-COR Odyssey) Br, L, M, SC, SK hit confirmation

ELISA 25-3,200 pg/mL Medium-high <$2K <$2-15 | Cell lysates, PBMCs, Br, L, M, SC, SK | Secondary to tertiary screen

FRET (Cisbio) 3-100 ng/mL Medium-high < $50K <$2 Cell lysates, PBMCs, Br, L, M, SC, SK | Primary to tertiary screen

ECL (MSD) 3-10,000 pg/mL Medium-high > $100K $20-30 | Whole blood, cell lysates, PBMCs, Secondary to tertiary screen

Br, L, M, SC, SK

SPR 25-10,000 ng/mL High >$100K <$1 Cell lysates Characterizing new antibodies
and SMN standards

Mass-spec® 10-100,000ng/mL | Low > $100K >$100 | Cell lysates? Characterization of SMN,
biomarker discovery

Bead-based® (Luminex) | 25-50,000 pg/mL Medium > $100K <$1 Cell lysates, PBMCs, Br, L, M, SC, SK | Secondary to tertiary screen

The details reported in this table are for the quantitative versions of these assays, for example, LI-COR Odyssey systems.
?In some cases, the performance criteria displayed relate to the theoretical ranges reported by researchers and vendors rather than from SMN-specific experiments.
ECL, electrochemiluminescence; ELISA, enzyme-linked immunosorbent assay; FRET, fluorescence resonance energy transfer; PBMC, peripheral blood mononucleated

cell; SPR, surface plasmon resonance.
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thought to reflect the impact of SMA modifiers and/or the inability to
test disease-relevant tissues, such as muscle and spinal cord,'0%12%125:133
SMN is expressed ubiquitously, but its levels vary greatly across tissues,
with the lowest reported levels being in the muscle, nerve, and spinal
cord and with the skin and blood at up to 50-fold higher levels.'** The
broad range of SMN protein levels by tissue is further complicated by
data on differences in cellular subpopulations such as motor neurons,
which have been reported to be inherently deficient in the full-length
protein due to inefficient splicing of SMN exon 7.'>*'¢’

Another factor that can impact SMN protein levels in screening
from cell lines or testing clinical specimens is age. Lines of evidence
using quantitative assays suggest that SMN expression across species
and tissue type usually decline with age.'**'®"'*® Whether this de-
cline is potentiated by disease stage and severity in patients remains
unclear, without larger quantitative studies.

In summary, factors influencing the measurement of SMN protein
in samples and specimens include tissue and cell type, buffer con-
ditions, and age of the specimen or cell line donor should also be
weighed when designing any new screening assays. The choice of
which assay and sample a drug development program employs will
depend greatly on the mechanism of action (e.g., putting a protein
assay later in the screening process if screening for a transcript
modulator or putting it first if screening for and SMN protein sta-
bilizer). Regardless of approach and scope of program, there are many
protein quantification assays available for SMN drug development,
and also, many reagents are available for the generation of new
assays in other platforms.

REPORTER ASSAYS
AND HIGH-THROUGHPUT SCREENS

Since one of the most common strategies to treat SMA is to exploit
the presence of the SMN2 gene, high-throughput screens of various
types have been developed to screen for small molecules that increase
SMN2 expression. However, changes in the protein expression of
endogenous SMN2 genes can sometimes be masked by the presence
of even a single copy of the SMNI gene, which complicates the
assessment of SMN2 expression. One method used to overcome this
challenge is to use cells that lack SMN1, such as those derived from
SMA patients. SMA patient cells that are cultured in vitro can be used
to measure changes in the levels of SMN protein and mRNA derived
from the endogenous SMN2 gene. These techniques have been used
effectively to validate new therapeutic approaches and are discussed
in greater detail in other sections of this review but are less suited to
high-throughput applications. As discussed in the previous section,
there are also technical considerations when measuring SMN ex-
pression in primary cells, due to cell-to-cell variability of SMN ex-
pression in response to changes in age, cell density, composition
of culture medium, passage number, and cell cycle.”®'®® These
considerations have made it difficult to use primary cell models to
develop assays that are amenable to high-throughput screening of
hundreds of thousands of compounds, although recent advances are
making this more feasible and are discussed in the Motor Neuron
Assays and High-Content Screens section.
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To overcome such difficulties, assays have been developed in
immortalized cell lines that use surrogates to predict changes in
endogenous SMN2 expression levels. In this section, we discuss the
reporter assays that have been developed to identify small molecules
that can modify SMN2 expression (Fig. 3 and Table 4).

SMN2 Promoter-Based Assays

One of the first methods explored to identify compounds that can
increase SMN protein levels is based on the regulation of SMN
transcription. The promoters for SMNI and SMN2 are nearly iden-
tical and have been shown to have similar levels of expression.'”%'”!
As discussed previously, the SMN2 gene primarily produces a trun-
cated mRNA isoform that lacks exon 7 and just 10%-20% of SMN2
mRNA includes exon 7 and encodes for the stable full-length SMN
protein. Even so, enhancing transcription of SMN2 should increase
the overall amount of full-length SMN mRNA, without changing the
ratio of exon 7 splicing in these transcripts.

The first SMA reporter assay to take advantage of this method used
the SMN2 promoter to identify compound that could increase SMN2
‘[ranscrip‘[ion.84 In this assay, beta-lactamase (BLA) was used as the
surrogate for SMN2 expression. The reporter was cloned downstream
of 3.4kb of the SMN2 promoter. The reporter was transfected into the
NSC-34 cell line hybrid of mouse spinal cord cells and a mouse
neuroblastoma.'’? Treatment with either trichostatin A (TSA) or so-
dium butyrate, two histone deacetylase inhibitors (HDACi) known to
increase SMN expression,>®'”? increased BLA expression twofold.

Reporter Assays for SMN expression
SMN2 Promoter Assay

SMN2 Splicing Cassette Reporter Assay
(OO promoter [~ x| Reporicr ]

SMN2 Multifunction Reporter Assay

(S S [t Reporier ]

SMN 7Stop Reporter Assay

[ SV40 promoter ]Ex1Ex8[ Renilla [ TK promoter I Luciferase]

SMN Degron Reporter Assay

[ CMYV promoter ] Reporter l 1 |2a|2t| 3|4 |5 lEx6 IEx1

SMN-dependent Cellular Proliferation Assay
[Up2a{zop 3 {4 oS p{ExO prfExTmd Ex8 |

Fig. 3. Schematic representation of SMNz reporter constructs. SMN
sequences are colored green. Non-SMN promoter elements are
blue. Reporter genes (yellow and orange) vary in different versions
of each construct (see Table 4 for details).
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Table 4. Survival of Motor Neuron Reporter Assays

toxicity with these compounds and sug-
gested that the results could vary widely

Assay type Mechanistic target Reporter Host cells Compounds based on choice of cell types for screen-
Promoter SMN2 promoter B-Lactamase NSC-34 Diaminoquinazolines 84 ing and validation assays. None of the
compounds identified in this screen was
SMN1 promoter SEAP 16.4 cells | Taxol 78
selected for development.
Splicing Splicing cassette Luciferase C33a Sodium vanadate 93
SMN2 Exon 7 Splicing Reporters
Indoprofen 92 .
Increasing the amount of the full-
NSC-34 Aclarubicin 169 length SMN protein produced from the
- ] ] SMN2 gene by enhancing the efficiency
Stability Read-through Renilla luciferase | AD293 G418 181 . . .
of exon 7 inclusion is a viable therapeu-
Degron Luciferase HEK293 - 183 tic approach for SMA. In fact, both the
Multifuncti SMN2 ter/splicing | Lucifi HEK293 | 4-arylthiazolyl piperidi gog SO therapeutic ISIS-SMNg, and splic-
ultirunction prom? 'CI' splicing ucirerase —aryltniazolyl pIperiaines 1ng modiﬁer from the Roche/PTC Ther—
cassette/stability ) . . .
Heterocyclic carboxamides | 33 apeutics/SMA Foundation program work
Dihvdroauinol 2 in this manner and are currently being
B s tested in clinical trials. Therefore, multiple
Viability Cellular proliferation Cell numbers NIH3T3 = 90 screens have been developed to identify

SEAP, secreted alkaline phosphatase.

This assay was used to identify the C5-substituted 2,4-diamino-
quinazoline series of compounds.?* These compounds increase full-
length SMN mRNA, exon 7 inclusion, and SMN protein levels. The
quinazoline compounds bind to and inhibit the scavenger decapping
enzyme, DcpS'”?, which is involved in release and recovery of the
7mG cap following mRNA turnover, and DcpS inhibition could
impact mRNA stability, mRNA processing, and protein translation.
Newer and more potent analogs of this series were orally bioavail-
able, had excellent CNS penetration, and promoted improvements to
motor function in an SMA mouse.>”''® RG3039, the lead in this
series, promotes a significant increase in survival in two mouse
models of SMA, increases NMJ maturation, and improves motor
function.?”*

A similar assay was developed by the pharmaceutical company,
Trophos.”® In this version of the promoter assay, the 3.4kb SMN1I
promoter was used to drive the expression of the secreted alkaline
phosphatase (SEAP) reporter, which was transiently transfected
into cells (a fusion of mouse neuronal N18TG2 cells and rat primary
motor neurons) and levels of SEAP were then assayed from the
cell culture medium. This reporter system was validated using the
HDACis valproic acid (VPA), sodium butyrate, and TSA and was
used to screen a library of 45,000 compounds. Of the ~100 hit
compounds identified, the most potent was taxol, which increases
SEAP levels more than 3.5-fold and had a 50% effective concen-
tration (ECsp) in the high nanomolar range. The hits were tested in
the reporter cells using quantitative RT-PCR but could only re-
produce a slight increase in full-length SMN2 mRNA levels in SMA
patient fibroblasts and SMN2 transgenic mouse cortical neurons.
VPA and sodium butyrate were similarly ineffective in this sec-
ondary assay. The authors expressed concerns about specificity and
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candidate therapeutics that modulate
SMN?2 splicing. While the RT-PCR-based
approaches discussed earlier have been
critical in validating drug candidates, they
have not been routinely used to perform primary high-throughput
screens on hundreds of thousands of drug compounds, due to time
and cost constraints. To address this need, an in vivo reporter system
was constructed that simplified identification and quantification of
exon 7 inclusion in the context of either the SMNI or the SMN2
gene.”® Splicing cassettes from either SMN1 or SMN2 were fused to a
reporter gene. In this reporter, the endogenous stop codon in exon 7
was disrupted by a single-nucleotide insertion, creating a frame shift
in the reporter transcript so that it would be in frame only when exon
7 was included. This entire construct was expressed under the control
of the CMV promoter and was tested by transient transfection into
(33a cells.”® As expected, the SMN1 constructs expressed higher
levels of the reporters and displayed nearly 100% inclusion of exon 7.
SMN?2 reporter expression was threefold lower than that observed
with the SMN1 reporter, had <30% inclusion of exon 7, and was
increased threefold with hTra2-B overexpression. C33a cells were
stably transfected using the SMNI-luciferase or SMN2-luciferase
constructs and were used to screen a small panel of known drugs. The
phosphatase inhibitor, sodium vanadate, was shown to selectively
increase luciferase fivefold in the SMN2-luciferase cells. These stable
cell lines were then used to screen a library of about 47,000 com-
pounds.®” Indoprofen was identified as a hit and shown to increase
SMN2-luciferase expression by nearly threefold. In 2005, the internal
National Institute of Neurological Disorders and Stroke (NINDS) SMA
Project embarked on medicinal chemistry to make more potent and
safer analogs of indoprofen, but the project is no longer being ac-
tively pursued within NINDS.

A modified version of this reporter was used to confirm that
aclarubicin increases exon 7 inclusion in the SMN2 transcript.'®® In
this format, the SMN1 and SMN2 constructs were fused with BLA and



introduced into the NSC-34 cell line. Aclarubicin was able to increase
BLA levels by fourfold in the SMN2-BLA reporter cells. The activity
of aclarubicin was confirmed with endogenous SMN protein and
mRNA in SMA-derived patient fibroblasts. Although aclarubicin was
an effective modulator of SMN2 splicing and SMN protein expres-
sion, it is a chemotherapeutic drug and expected to be too toxic for
the treatment of infants and children.

Assays for SMN2 Protein Stability

Another strategy to increase the amount of functional SMN pro-
tein in a cell is to salvage the truncated SMN protein already ex-
pressed from the SMN2 gene. The exclusion of exon 7 from the SMN2
transcript results in the loss of the C-terminal 16 amino acids and the
addition of four amino acids (EMLA) encoded by exon 8.7 This pro-
duces an unstable truncated SMNA7 protein. The SMNA?7 protein has
a shorter half-life and impaired ability to oligomerize and bind other
proteins.'®!”® Expression of the truncated SMNA7 protein may retain
some functional ability.?%°"17¢

Further addition of amino acids to the N-terminus of SMNA7
appeared to stabilize the protein and corrected its cellular distribu-
tion.'”” It was hypothesized that compounds that enabled the
translational read-through of the stop codon in the SMNA?7 transcript
would stabilize the resulting SMN protein. Anti-terminator com-
pounds have been shown to change the localization, stability, and
function of the protein.'”® '®' The A7Stop reporter screen was cre-
ated to identify novel compounds that promote read-through.'®' In
this reporter, the stop codon of the SMN transcript was placed up-
stream of Renilla luciferase. Renilla luciferase would only be ex-
pressed if termination was suppressed. Firefly luciferase was included
as an internal control for normalization. For validation studies, the
A7Stop reporter was transfected transiently into the AD293, a de-
rivative of the HEK293 human embryonic kidney cell line that may
have some neuronal characteristics.'®* The aminoglycosides genta-
micin, amikacin, tobramycin, and G418 and the HDACi VPA were
tested in this assay. G418 and, to a lesser extent, amikacin were able
to induce read-through. G418 increased read-through of the “UAG
A” stop codon of the SMN gene by more than fivefold. This activity
was also observed in transiently transfected C2C12 mouse muscle
cells, Neuro-2a mouse neuroblastoma, and GM09677 SMA patient
fibroblasts. Although G418 treatment in SMNA7 mice resulted in
increases in SMN protein in the kidney, spinal cord, and brain and
showed improved gross motor function, it did not elicit an increase in
survival.'®" The ideal small-molecule therapeutics would display
specificity to the molecular target with minimal off-target activity or
toxicity. Many antiterminators are known to be toxic, have poor
bioavailability, and can affect multiple stop codons, including mul-
tiple stop codons within the same transcripts. This assay provides a
means to identify new compounds that could safely target the stop
codon in SMNA?7 to stabilize this truncated form of the SMN protein.

An alternative explanation for the lack of stability and diminished
function of the truncated SMN2 protein is the formation of a pro-
tein degradation signal, or degron, in the SMNA7 transcript.'®® The
juxtaposition of the final 10 amino acids (YG-box) in exon 6 with the
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EMLA in exon 8 may form a degradation signal for the SMNA7
protein.'®® To detect changes in the stability of SMN and SMNA7, a
degron reporter assay was constructed. A reporter gene was fused to
the N-terminus of the cDNA encoding for SMN and SMNA7 proteins
and transfected into HEK293 cells. C-terminal elongation of the
SMNA?7 protein, either through the addition of five amino acids or
through the activity of antitermination compounds, increased the half-
life of the protein, suggesting that the degron must be exposed at the
end of the SMNA7 protein to be active. The half-lives of the SMNA7
and SMN reporters were increased in the presence of MG132 and
lactacystin, but not NH4Cl, 3-methyladenine, or calpeptin. This is
consistent with the observation that SMN is degraded by the protea-
some.'”'8* This assay can be expanded to identify compounds that
promote SMN protein stability as a new strategy for treating SMA.

Multifunctional SMN Reporter

The reporters described above are designed to quantify specific
steps in SMN2 gene expression separately. The next generation
reporter was designed to detect simultaneous changes in SMN2
expression through multiple mechanisms. To achieve this, a new
reporter was designed using the corresponding SMN promoter to
drive the expression of either an SMNI or an SMN2 construct
that includes the cDNA for exons 1-5 fused in frame to the 6-7-8-
luciferase splicing cassette.®! Expression from this reporter results in
the production of the full-length SMN protein fused to luciferase. As
with the splicing construct described above, luciferase is only in
frame and expressed if exon 7 is included. The 3.4 kb promoter will
respond to the treatment that modulates transcription. The splicing
cassette will respond to the treatment that increases exon 7 inclusion.
Inclusion of the entire SMN protein sequence allows for the detection
of compounds that stabilize SMN mRNA or protein. This construct
was cloned into an EBNA-based episomal expression vector and
transfected into HEK293 cells. The selected reporter cell lines were
responsive to overexpression of hTra2-f and treatment with a variety
of compounds previously reported to increase SMN2 expression.?'

These cells have been used to screen over one million compounds at
four separate screening centers. The results of two of these screens have
been reported, whereas hits from the others are still at the validation
and development stages.>*>®!#° This reporter assay was used to identify
a series of 4-arylthiazolyl piperidines in a screen at the NIH Chemical
Genomics Center.?® The lead compounds in this series have a half
maximal response or ECs, values in the nanomolar range and increase
the SMN protein expression up to twofold in SMA patient fibroblasts.
These compounds also have favorable ADME profiles, oral bioavail-
ability, and display CNS penetrance. RT-PCR analysis revealed only a
slight increase in total SMN2-luciferase mRNA with no change in exon
7 inclusion, leading the authors to propose that the compounds are
acting through a post-translational mechanism.

This assay was also used in a screen at the Laboratory for Drug
Discovery in Neurodegeneration at the Harvard NeuroDiscovery Cen-
ter.®! Two compounds were identified that increase SMN2 expression,
the heterocyclic carboxamide LDN-75654 and the dihydroquinolone
LDN-76070. These compounds had ECss in the low micromolar range
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and increased SMN protein levels in SMA patient fibroblasts. RT-PCR
analysis confirmed that LDN-76070 increased transcription of SMN2,
but LDN-75654 did not change the amount of either transcription or
exon 7 inclusion. Pulse chase studies with LDN-75654 demonstrated a
threefold increase in the half-life of SMN protein (B. Burnett, the Uni-
formed Services University, pers. comm.). Preclinical pharmacokinetic
analysis showed that both these compounds had good cell permeability
and CNS exposure, but only LDN-76070 had favorable metabolic sta-
bility in mouse liver microsomes (K. Hodgetts, Harvard NeuroDiscovery
Center, Laboratory for Drug Discovery in Neurodegeneration, pers.
comm.). LDN-76070 was active in SMNA7 mice, increasing median
survival over twofold and increasing SMN protein levels in the brain
and spinal cord to 75% of that found in asymptomatic heterozygous
littermates.?* Of note, the correlation between overall SMN expression
and survival might not always be obvious. Survival in each specific
mouse model of SMA is likely not driven just by overall expression
levels of SMN, but by expression levels in specific cells types, which
could differ from model to model.

The value of this screen is illustrated by the identification of novel
SMN2-inducing compounds that function through multiple mecha-
nisms: transcription, translation, and protein stabilization. This value
is enhanced by the ability to use this screen to examine the efficacy of
multiple compounds simultaneously and in combination. Compounds
that increase SMN2 expression through distinct mechanisms could act
synergistically to increase the activity with this reporter, whereas
compounds that function through similar mechanisms would not. This
quality might be used to identify compounds that could be used in
combination to improve their therapeutic effects. It could also be used
as a preliminary mechanistic screen by combining unknown com-
pounds with compounds that have known molecular targets to de-
termine if they act through similar or independent pathways.

Cellular Viability and Proliferation

The expression of SMN protein is required for cell proliferation. '8
The Smn null mutation is embryonic lethal in mice.?® This is pre-
sumably due to the loss of the essential function of the SMN complex
in snRNP biosynthesis.*>** Despite this requirement for the SMN
protein, decreased expression of the full-length functional SMN has
little effect on the cell viability of most cells in the culture. However,
inducible Smn knockdown in NIH3T3 mouse fibroblasts by RNAi has
been shown to cause growth arrest and induce senescence.”® This cell
line was used to develop a novel phenotypic screen for compounds
that increase cell proliferation by increasing SMN expression or by
inducing a change that compensates for the reduction of functional
SMN protein.’®

NIH3T3 cells were stably transfected with a cosmid containing the
SMN?2 gene and two clonal cell lines were selected, one with a high
SMN?2 copy number and a second expressing a lower copy number.
Knockdown of Smn in the low copy number clone resulted in a
growth arrest similar to that seen in the parental cell line. This growth
arrest was partially corrected in the high copy number SMN2 cell
line, confirming a correlation between SMN2 expression and pro-
liferation in these cell lines.
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The low copy number cell line was used to develop a high-
throughput assay. This assay was scaled for use in 96-well plates, and
an automated imaging technique was used to determine the cell
number per well. These cells responded to lentiviral overexpression
of SMN with nearly a threefold increase in the number of viable cells.
Treatment with VPA, a small molecule previously shown to increase
SMN expression from the SMN2 gene,'®®'®” also increased the
number of cells 2.5-fold relative to the untreated Smn-depleted cells.
The authors proposed that this assay is fit for high-throughput
screening, but the results from such efforts have not been reported.

Considerations

Assays have been developed in immortalized cell lines that use
surrogates to measure changes in endogenous SMN2 expression levels
to identify small molecules that can enhance SMN protein expression
(Fig. 3 and Table 4). A number of different approaches have been
discussed, including reporter systems to quantify the effects on the
SMN?2 promoter, to determine the extent of exon 7 inclusion in the
SMN2 transcript, and to measure SMN2 mRNA translation and/or
protein stability, as well as reporters that determine multiple readouts
simultaneously.

The value of any reporter system is dependent on the dynamic
range, reproducibility, ability to capture relevant aspects of target
biology, and stability of its response to treatment. With the exception
of the NIH3T3 proliferation assay, each of the reporter assays de-
scribed above were designed to be quantified independent of the level
of SMN1 expression in the cells. As a result, the assays are not limited
to cells that have homozygous inactivation of the SMN1 gene, al-
lowing for the use of immortalized cell lines. These qualities have
allowed the SMN2 reporter assays discussed in this review to be
suitable for use in high-throughput screening.

Despite the advantages that accompany reporter assays, it is im-
portant to remember that these assays measure surrogates for SMN
expression, not endogenous SMN expression itself. In the case of all
reporter systems, changes in readout can result from reporter-specific
artifacts. This should be tested for during secondary screening to
confirm the activity of the primary screening hits arising from the use
of reporter assays.'®®'® Finally, it is critical to remember that while
the use of immortalized cell lines may be more suitable to high-
throughput screening, these are not the cells that are affected in SMA,
which are primarily motor neurons and possibly skeletal muscle.
Thus, reporters may not be able to fully recapitulate the proper
regulation of SMN expression and function either in central motor
neuron synapses or at the NMJ. It is therefore necessary to confirm
the activity of molecules identified with these reporters using dis-
ease-relevant secondary assays, including those directly measuring
SMN expression in appropriate cell types, such as the high-content
motor neuron assays described in the following section.

MOTOR NEURON ASSAYS
AND HIGH-CONTENT SCREENS

As described in the previous section, most high-throughput
drug screening for SMA has been performed with reporter assays in



easily-used immortalized cell lines, which typically are not from
disease-relevant tissues. It is generally accepted that a primary
manifestation of SMA is motor neuron loss.”’ Ideally, both drug
discovery and studies of disease mechanism should be performed in
primary motor neurons from human patients or animal models, but
this is technically challenging. Motor neurons are terminally differ-
entiated cells, and as such, do not proliferate. It is not possible to
easily isolate motor neurons from human patients, and isolation of
motor neurons from murine or rat embryos results in a low cell yield.
Because of these technical challenges, performing a drug discovery
screen using motor neurons is extremely difficult. For these reasons,
drug screening in SMA has rarely been performed in a disease-
relevant cell type, and the lead compounds have not always been
tested on human motor neurons before going into the clinic. It is
likely that SMN function and stability are regulated uniquely in
motor neurons, and therefore, utilizing motor neurons in drug dis-
covery may yield new lead compounds to be tested in SMA patients.
In this section, new technical advances will be discussed that now
allow for SMA drug screening to be completed directly in motor
neurons, either isolated from mice or differentiated from murine or
human pluripotent stem cells.

High-content screening, or the measurement of multiple cell-
based parameters simultaneously (most commonly by image analy-
sis), goes hand in hand with the development of motor neuron screens
for SMA. High-content screening can compensate for small numbers
of motor neurons by using image analysis to count motor neurons
and to measure parameters associated with motor neuron health,
such as neurite length. High-content imaging is also advantageous in
SMA-specific screens, as SMN is located within both the cytoplasm
and the nucleus. High-content imaging allows for the measurement
of SMN in each of these intracellular compartments and the mea-
surement of SMN intensity in gems. Although it is not known whe-
ther increasing SMN in the nucleus, cytoplasm, and/or gems is the
most therapeutically relevant, understanding how a lead compound
changes SMN distribution in the cell is potentially important for
understanding its mechanism of action. Therefore, an image-based
approach has been undertaken using SMA patient fibroblasts.?®
During this screen, Makhortova ef al. found that inhibition of GSK-3
with small molecules leads to an increase in SMN protein stability,
measured as an increase in SMN in the cytoplasm. Compounds that
increased SMN in the nucleus and gems were also identified. Thus,
high-content analysis maximizes the data obtained in a screen,
which are particularly useful when cell number is limiting, such as in
the case of motor neuron screening. By combining high-content
screening with motor neuron culture, it is the hope that disease-
relevant phenotypic assays can be established and utilized to dis-
cover novel therapeutics for SMA.

Screening in Primary Motor Neurons

Despite the challenges of screening in primary motor neurons from
rodent models, this is an approach that has led to the identification of
a small molecule currently in the clinic for SMA. Bordet et al.
screened 40,000 compounds using spinal cord motor neurons puri-
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fied from embryonic rats.”” Although the throughput of a primary
motor neuron screen is limited by cell yield, the authors were able to
use high-content imaging to offset this disadvantage. Imaging of
calcein dye-stained motor neurons enabled the concurrent mea-
surement of several parameters, including neurite outgrowth, the
number of neurite branches, and motor neuron survival. In this case,
high-content imaging both increased the data obtained from the
primary screen and decreased the cell numbers needed per com-
pound. It also allowed the prioritization of compounds that both kept
motor neurons alive and maintained a healthy morphology. This
screening approach led to the identification of olesoxime, which
increases motor neuron survival in vitro, and extends lifespan in
amyotrophic lateral sclerosis (ALS) mice.’”'°° Although olesoxime
treatment did not meet primary endpoints in a clinical trial for ALS,""
its efficacy in SMA patients is currently being evaluated. The pivotal
trial has been completed, and publication of results is pending.

Screening in Murine Embryonic
Stem Cell-Derived Motor Neurons

Although primary culture of motor neurons is challenging, ad-
vances in stem cell and developmental biology have led to the de-
velopment of protocols for differentiating motor neurons from
murine and human pluripotent stem cells.'*>~'°® Because pluripotent
stem cells readily expand in vitro, they can provide a continuous
source of motor neuron cultures to be used in drug screening and
phenotypic assays. Wichterle et al. first demonstrated that murine
embryonic stem (ES) cells can be differentiated into motor neurons
using the morphogens sonic hedgehog and retinoic acid (RA), which
are known to be involved in motor neuron differentiation during
development.'®® These motor neurons are electrophysiologically
active and can integrate into the chick spinal cord.'®>'®® The protocol
is relatively short and scalable and thus provides an alternative to
primary motor neuron culture for drug screening. Additionally, the
starting population of ES cells can be derived from genetically modi-
fied mice, enabling the use of reporter genes and/or disease models.

This approach has been undertaken by Yang et al. in a murine ES
cell-derived motor neuron survival screen.'® ES cells generated from
both wild-type and ALS (SODG93A) mice were differentiated into
motor neurons. The cells contained an HB9-GFP reporter, which al-
lows for the rapid identification of the motor neurons. Generation of
motor neurons from murine ES cells yields cultures that are 20%-30%
GFP positive, so using a reporter and high-content imaging allowed
the authors to count the number of motor neurons per well after 3 days
of trophic factor withdrawal. The authors identified a small molecule,
kenpaullone, which dramatically increases the number of motor
neurons in vitro. Kenpaullone-treated motor neurons maintained a
healthy morphology, have increased synapses compared with un-
treated motor neurons, and are electrophysiologically active. When
compared to olesoxime and dexpramipexole, two compounds that
have not been successful in ALS clinical trials, kenpaullone was more
effective in promoting human motor neuron survival in the culture. It
remains to be seen whether kenpaullone is effective in SMA or ALS
animal models and/or patients, but if this proves to be the case, then it
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would support the use of in vitro motor neuron testing as a prerequisite
for clinical trials in motor neuron diseases.

Another advantage of the stem cell-derived motor neuron model is
the ability to test hit compounds across multiple disease models.
Interestingly, kenpaullone promotes the survival of human pluripo-
tent stem cell-derived motor neurons from wild-type, ALS, and SMA
patients.'®® Early information that a lead compound is effective in
multiple diseases, which can be obtained by this kind of in vitro
testing, can inform the preclinical approach and may lead to more
rapid development of drugs that are effective in multiple diseases.

Screening in Human Induced Pluripotent
Stem-Derived Motor Neurons

Another major technical advance with implications for SMA drug
screening is the production of induced pluripotent stem (iPS) cells
from human fibroblasts or other cell types isolated from SMA pa-
tients.'®” iPS cells, like ES cells, are pluripotent and can be differ-
entiated into multiple cell types, including motor neurons.'?*7'9> A
combination of dual SMAD inhibition to promote neuralization and
RA/sonic hedgehog treatment will, over the course of 3-4 weeks,
induce motor neuron differentiation of human iPS cells.'®* As with
murine ES-derived motor neurons, this is a continuous source of stem
cell-derived motor neurons that can be used for drug discovery and
phenotypic assays and has enabled the testing of lead compounds in
motor neurons derived from patient cells for the first time.

While the protocol for producing motor neurons from human iPS
cells is longer and more technically challenging than producing
motor neurons from murine cells, it has two major advantages. First,
it is most efficient way to study motor neurons derived from human
cells and thus should provide new insights about human motor
neuron biology. Second, iPS cells can be efficiently produced from
relatively accessible patient cells, such as fibroblasts. This allows for
the production of iPS cells from SMA patients®>'?®72°% and also fa-
cilitates the building of iPS cell collections that represent a range of
patient genotypes and disease severities (L. Rubin, Harvard Uni-
versity, pers. comm.). This makes it possible to test drug candidates on
motor neurons representing different patients. It is the hope of the
field that in vitro testing of lead compounds across many patient

genetic backgrounds will be predictive of efficacy in subsequent
clinical trials and will perhaps even provide insight into which pa-
tient populations might benefit from a particular therapy.

Importantly, the ability to produce patient-specific neurons from
iPS cells makes it feasible to conduct therapeutic screens in motor
neurons. This approach has been undertaken in the laboratory of
Dr. Lee Rubin at the Harvard University for neurodegenerative dis-
eases, such as ALS, and is currently being explored for SMA. Proof of
principle for small-molecule testing on human iPS-derived motor
neurons has been established in both SMA and ALS. Egawa et al.
differentiated iPS cells from familial ALS patients carrying TDP-43
mutations into motor neurons and found several disease-related
phenotypes, such as shorter neurites and aggregated TDP-43.2% The
authors tested four small molecules on TDP-43 mutant motor neurons
and found that anacardic acid reverses the pathology of the TDP-43
motor neurons. It is easy to imagine how this assay could be used in an
unbiased, high-throughput, and high-content screening approach.

In SMA, Garbes et al. investigated whether a link might exist
between the response of an initial patient in a clinical trial and the
in vitro response of iPS-derived neurons from the same patient.'*® In
this case, VPA was tested both on patient fibroblasts and on GABAergic
neurons differentiated from SMA iPS cells. VPA, which has failed in
SMA clinical trials, has been shown to increase SMN2 transcription in
a subset of patients. When fibroblasts and iPS-derived neurons were
tested from both responders and nonresponders from the clinical trial,
there was a 66% concordance between the patients who responded to
VPA in the clinic and the ability of VPA to increase SMN in cells
derived from that patient. While it remains unclear why cells from
some nonresponders did exhibit elevated SMN in vitro, it is possible
that the concordance would have been higher if motor neuron cultures
were used. The ability to compare clinical trial results with in vitro
results, while in its infancy may yield insights into why some clinical
trials are more successful than others. The goal is that eventually
in vitro testing on iPS-derived motor neurons can predict patient re-
sponse in a clinical trial.

Currently, in iPS-derived motor neuron, high-content screening
approach is being used to identify small molecules that modulate
SMN levels in the culture (Rubin, unpublished data) (Fig. 4). iPS cells

SMA patient
fibroblasts SMA iPS cells
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SMN-deficient that increase SMN levels
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. \ Compound testing on

multiple patient lines

Fig. 4. Schematic outline of the use of iPS cells in drug screening for SMA. SMA patient fibroblasts (green, SMN; blue, DAPI) can be
reprogrammed to iPS cells (shown in brightfield). These pluripotent cells can be differentiated into motor neurons (red, neuronal marker
Tuj1; green, motor neuron marker Islet1). These SMA patient-derived motor neurons can then be used for drug screening as well as for
testing therapeutic candidates across multiple patient lines. iPS, induced pluripotent stem.
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from a type Il SMA patient are differentiated into motor neurons over
28 days, treated with small molecules, and immunostained for SMN
and the motor neuron marker Islet1l. Quantitative image analysis is
used to count the number of Islet1-positive motor neurons per well
and to measure the SMN intensity in the nucleus and cytoplasm of
motor neurons. In this case, high-content imaging is particularly
advantageous since it allows SMN levels to be measured in Islet1-
positive motor neurons, which are a subset of the total culture.
Furthermore, the approach has led to the identification of compounds
that increase SMN in the cytoplasm, nucleus, and throughout the cell.
High-content imaging enables the prioritization of compounds that
increase both total SMN levels and the number of motor neurons in
the culture. It can also be used to prioritize lead compounds based on
their ability to preserve a healthy neuronal morphology, thereby
allowing for the exclusion of toxic compounds. Thus far, several
promising compounds have been identified, and several of these are
effective in motor neurons differentiated from multiple patient iPS
lines (L. Rubin, Harvard University, pers. comm.).

Considerations

It is widely believed that a primary manifestation of SMA is motor
neuron loss.”" Ideally, drug discovery screens would be performed in
primary motor neurons from patients or animal models. Tradition-
ally, this has been technically challenging. However, advances in
screening technology and in the ability to differentiate motor neu-
rons in vitro has made this more feasible.

To date, motor neuron screens have yielded several novel drug
candidates for SMA and other motor neuron diseases, although the
field is still in its infancy and the numbers will only increase with
time. In particular, the use of human SMA iPS-derived motor neurons
in both drug screening and candidate drug testing is particularly
promising. It is not, however, without its drawbacks: motor neuron
assays are long, expensive, and labor intensive, and differentiation
protocols yield cultures with variable quality and number of motor
neurons. Fortunately, some of the technical challenges of working
with primary or stem cell-derived motor neurons can now be over-
come with the use of high-content imaging, and these techniques will
be further refined in the years to come. Moreover, the ability to
compare clinical trial results with in vitro results could provide im-
portant insights into why drugs are successfully in clinical trials or
not. New screening technologies and greater ability to generate
motor neurons in culture will provide greater insight to SMN biology
and to identify therapeutics with the best chance of being efficacious
in the treatment of SMA.

SECONDARY ASSAYS TO ASSESS THE EFFECTS
OF COMPOUNDS ON SMN FUNCTION

Once the activity of a compound has been established in assays
quantifying the levels of full-length and SMNA7 mRNAs and/or of
full-length SMN protein, described in the preceding sections, the next
step is the evaluation of the biological activity of the newly generated
SMN protein. The main goal of this evaluation is to establish not only
that SMN is expressed at a higher level but also that it is biologically
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active. Several types of assays can be used to assess SMN biological
function. A brief overview of each assay is presented below.

snRNP Assembly

Of the several described or proposed functions of SMN protein, its
role in snRNP biogenesis is the best characterized.****?°* SMN nu-
cleates the assembly of all snRNPs and provides a specificity deter-
minant for the assembly of the Sm protein core on U snRNAs.
Formation of a splicing-competent spliceosome is dependent on
SMN. When SMN levels drop below a certain threshold snRNP as-
sembly is diminished.*”"*®*° Increasing levels of SMN using genetic>®
or pharmacologic approaches®®*” results in the restoration of snRNP
assembly, with the degree of restoration correlating with the extent of
SMN protein rescue. Therefore, quantification of snRNPs abundance
provides a functional readout of SMN activity in the cell.

The snRNP assembly assay has been described for both cell ex-
tracts,***7*® as well as tissue homogenates.*?—>>37-5455205 [y addi-
tion, a version of the protocol compatible with high-throughput
screening has been developed.?°® The method includes the following
main steps: (i) preparation of a cell extract or tissue homogenate and
incubation with a synthetic radiolabeled U snRNA (typically at
10,000 cpm or between 100 pM and 1 nM RNA in a 20 pL reaction) in
the presence of a test compound, (ii) immunoprecipitation against a
protein component of the snRNP (typically using the anti-Sm anti-
body Y12), (iii) denaturation to release the RNA, and (iv) gel elec-
trophoretic separation followed by autoradiography. The assay has
been miniaturized down to 384-well microtiter plates to increase
throughput. In this assay, a synthetic tagged RNA is captured by a tag-
antitag interaction (e.g., biotin-streptavidin pair), and the amount of
assembled snRNP is quantified using an anti-Sm antibody bound to a
secondary antibody conjugated to a signal-generating moiety, such as
horseradish peroxidase.”’® Challenges in measuring snRNP assembly
in a robust and reproducible manner include the multistep preparation
of whole cell or nuclear extract, the temperature sensitivity of the
extracts during storage, and variability in snRNP assembly capacity
between different preparations of the extract.

Gems Count Assay

Once functional snRNPs have been assembled, they are imported,
with SMN still bound, from the cytoplasm into the nucleus first ap-
pearing in Cajal bodies. Here, SMN is thought to disengage from the
snRNPs and localize in adjacent separate structures termed gems
(Gemini of coiled bodies), thus completing the snRNP maturation
pathway.'®>?°72%8 The formation of gems is nearly completely
abolished in type I SMA fibroblasts in which the level of SMN protein
is ~30% of that in unaffected SMA carrier cells.'®® Therefore, the
number of gems may serve as a metric of the amount of SMN in the
cell and perhaps also of SMN'’s functional state. The assay typically
involves staining compound-treated cells with an SMN-specific an-
tibody, co-staining the nucleus with a DNA dye, such as Hoechst
33258, followed by immunofluorescence microscopy.'*>*%° Results
are expressed as the number of gems per 1 nucleus or the number of
gems per 100 nuclei. Several drug discovery programs have
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incorporated the gems count assay in cultured cells or mouse tis-
sues.>?8418%-210 The main challenge in the gems count assay is the
appearance of SMN-immunoreactive gem-like granules in the nu-
cleus of cells elicited as a result of stress,”'' which can be induced by
compound treatment (N. Naryshkin, unpublished results). Another
possible confounding factor with the assay is the masking of weakly
immunoreactive gems in the presence of high levels of SMN protein
(S. Paushkin, SMA Foundation, pers. comm.). In most cases, an in-
crease in the number of gems correlates with improved SMN func-
tion, but to be prudent, this assumption should also be confirmed
with assays directly showing an increase in SMN protein function
and/or SMN protein levels.

In Vitro Splicing

For expression of modulators that influence the alternative
splicing of SMN2 exon 7, an in vitro splicing assay can be used to
demonstrate the direct effect of a test compound on the generation of
full-length and SMNA7 mRNAs. Typically, a radiolabeled pre-mRNA
is prepared using in vitro runoff transcription, incubated with a nu-
clear extract from HeLa or another cell line of choice in the presence
of the compound, and then the spliced RNA products are resolved
and visualized by denaturing gel electrophoresis followed by autoradi-
ography.'??'*72!* This methodology has been applied to the evaluation
of ASO-based and small molecule SMN2 expression modulators.'*#*%3
Several challenges exist for this in vitro splicing assay, including the
need to prepare a whole-cell or nuclear extract, the temperature sensi-
tivity of the extracts during storage, and the possibility that not all
mechanisms controlling the splicing of SMN2 exon 7 would be fully
operational in the extract, outside the intact cell.

Cell Viability Assays

Another type of assay for evaluating SMN function is the cell via-
bility assay, described in the Reporter Assays and High-Throughput
Screens section. This assay relies on the use of mouse fibroblasts that
carry the human SMN2 gene in which the mouse Smn gene is under the
control of an inducible shRNA.>® Upon the knockdown of mouse Smn,
these cells become proliferation impaired. Compounds that increase
the expression of the full-length protein arising from the SMN2 gene
rescue cell replication, an outcome that can be easily quantified.

Considerations

A number of different assays exist to measure the biological
function of SMN protein. By their nature, functional assays provide
information linking SMN gene expression to a biochemical process,
providing a functional readout for the SMN activity. Assays such as
snRNP assembly, gems count, and cell proliferation are best used in
conjunction with the methods to quantify SMN mRNAs and protein
directly. SMN functional assays provide an orthogonal validation of
compound activity, helping to demonstrate not only that the level of
SMN expression has been increased but also that the SMN protein
produced is biologically active. For earlier stage compounds under-
going lead optimization, the ability to assess the biological activity of
nascent SMN is critical. For more advanced drug programs assessing
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molecules that have already been optimized for both activity and
biodistribution, the use of in vitro functional assays may be of lower
importance. At later stages in the drug optimization process, the
focus often shifts to testing compounds directly in animal models of
SMA for survival and pharmacokinetics-pharmacodynamics (PK-
PD) correlations. Such considerations play an important role in de-
signing an integrated screening cascade used in drug optimization, as
described in the next section.

SCREENING CASCADE FOR THE IDENTIFICATION
OF OPTIMIZED SMN2 MODULATORS

The goal of any preclinical drug program is the identification of a
clinical candidate compound, which drug regulatory agencies would
consider safe and efficacious for human clinical trials. For modula-
tors of SMN2 gene expression, a clinical candidate needs to (i)
demonstrate sufficient activity and selectivity against the target of
SMN?2 gene expression, (ii) show increased SMN protein levels, (iii)
demonstrate an improvement in SMN-dependent biological pro-
cesses, (iv) have appropriate pharmaceutical properties (e.g., blood-
brain barrier penetration, metabolic stability, pharmacokinetics, and
biodistribution), (v) alleviate the SMA phenotype in animal models,
and (vi) be free of specific safety liabilities (e.g., neurotoxicity, car-
diotoxicity, and carcinogenicity) with an overall acceptable general
safety and toxicity profile.

At the start of a drug discovery program, a drug product profile is
generated with a comprehensive set of desired properties and pa-
rameters that guide all drug development activities. Some of the
descriptors can be calculated using chemoinformatic approaches,*'*~2"
but the majority of the properties have to be experimentally mea-
sured in an array of biological profiling assays. The activities in-
volved in characterizing compounds are organized into a screening
cascade, which is then used to test and filter up to several thousand
unique compounds to arrive ultimately at a clinical candidate. A
generalized screening cascade for an SMN2 expression modulator
program is shown in Figure 5.

With SMN2 modulators, cell-free and cell-based assays are uti-
lized in the top tier of the cascade to enable a quick characterization
of several hundred to several thousand compounds generated during
structure-activity relationship (SAR) studies. Here, the emphasis is on
the improvement of compound potency, biological activity, and se-
lectivity. Depending on the targeted mechanism of SMN2 gene ex-
pression, the assay(s) of choice should provide a direct readout of that
mechanism. For instance, for compounds that modulate alternative
splicing of SMN2 and shift the balance of the splicing reaction toward
the production of the SMN-FL mRNA, an RT-qPCR assay to determine
the levels of SMN-FL and SMNA7 mRNAs would need to be per-
formed (described in the SMN Transcript Assays section), as well as a
protein assay (described in the SMN Protein Quantification section)
and selectivity assays.

All newly made compounds would be tested for activity and se-
lectivity in these assays, with just small sets of compounds also being
tested in motor neuron assays and SMN functional assays. These
latter assays are more laborious but generate richer information,



SMA DRUG ASSAYS

HTS hits

compounds

or seed

Compound
design and
synthesis

SAR analysis

Activity and selectivity in vitro

All compounds: SMN mRNAs
and protein assays, selectivity

Pharmaceutical properties profiling
Metabolic stability, PK and biodistribution, CYP450,
protein binding, Ames test, cytotoxicity, etc.

Activity in SMA
mouse models

Spot checking: Activity in motor
neurons, SMN functional assays

Clinical Candidate

Safety

a

Fig. 5. A screening cascade for the identification of SMN2 expression modulators. Testing is organized in a sequential manner, with high-
throughput in vitro activity and selectivity assays residing in the top tier, followed by profiling for drug-like properties and penetration into
CNS and other target tissues in the second tier, determination of activity in SMA mouse models in the third tier, and assessment of in vivo
safety in the fourth tier of testing. Predefined metrics need to be satisfied for progression between individual tiers. Data are collected at
every tier and analyzed to build SAR models, as indicated by the information flow arrows on the left. New structural analogs with improved
properties are generated via medicinal chemistry approaches and enter the screening funnel from the top. When a compound satisfying
most of the product profile criteria is identified, the selected clinical candidate can progress into human clinical trials. CNS, central nervous

system; SAR, structure-activity relationship.

providing a higher degree of confidence in biological activity and
thus are utilized in spot-checking compounds of particular interest.
As more active and selective molecules are identified, they prog-
ress further down the screening cascade into pharmaceutical profil-
ing assays (e.g., blood-brain barrier penetration, metabolic stability,
PK, and biodistribution).?'® Also at this stage, standard in vitro safety
risk assessment assays are initiated, including cytotoxicity assays,
Ames test for mutagenicity, hERG inhibition, and a receptor binding
panel for off-target effects. The data-driven generation of structural
analogs continues until advanced lead candidates with the desired
balance of all of these properties are identified. At this stage, com-
pounds are often tested in mouse models of SMA for efficacy.
Mouse models of SMA have been used extensively in SMA drug
discovery research to assess the efficacy of small molecules. Due to
the dedicated efforts of several groups, there is a diversity of available
mouse models to test drug candidates (see Table 5 for details). These
mouse models of SMA cover a wide range of pathological phenotypes
from very severe mice that survive only a few days after birth,”” to

those that exhibit overt progressive motor circuit and neuromuscular
pathology,?®?'%?2% to intermediate SMA models,****"**? and to very
mildly affected animals.?®*"*® A variety of compounds with differ-
ent modes of action have been tested in mouse models of SMA, and
the protocols for both SMN mRNA and protein expression as well as
phenotypic readouts (e.g., survival, motor circuit structure and
function, muscle mass, strength, and peripheral tissue necrosis) are
Well documented.30,37,39,82,l06,119,205,223

Advanced lead compounds that have demonstrated sufficient ac-
tivity, selectivity, and safety in vitro and in vivo move forward into
formal good laboratory practice safety studies required by drug
regulatory agencies for an IND application submission in the United
States or a Clinical Trial Authorization (CTA) in Europe to begin
human clinical trials. An in-depth evaluation of compound safety
and toxicokinetics for an IND application typically requires testing in
two different species, one of which is required to be a nonrodent. The
theory and practice of preclinical drug safety assessment are well
documented.?***2* Compounds with acceptable safety profiles are
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selected as clinical candidates and advanced to testing in human
clinical trials.

Considerations

The SMA screening cascade integrates all relevant assays for po-
tency, activity, selectivity, and pharmaceutical properties with the
goal of identifying a clinical candidate via the iterative lead opti-
mization process, which involves traditional medicinal chemistry,
computational modeling, and empirical testing.?'® Lead optimization
is pursued until a suitable molecule with the best possible balance of
characteristics and closest to that described in the original product
target profile is identified.

The cascade described here is aimed to present a generalized case
that would be applicable to most drug discovery and preclinical
development programs with the goal of identifying modulators of
SMN?2 gene expression. Since the specific aims of a particular pro-
gram may differ, the actual assays that populate the cascade for that
program and the weight given to each assay in prioritizing com-
pounds should be tailored to the goals of the specific program.

CONCLUSIONS

The discovery of the SMN2 gene and its ability to modulate SMN
protein expression has led to an obvious therapeutic target for SMA,
spurring a robust interest in the development of SMA therapies. Fifteen
years ago, there were no ongoing drug discovery and development
programs for SMA. Today, there are more than a dozen drug discovery
projects being advanced for the treatment of SMA, with many re-
presenting strong collaborations between academia, government, in-
dustry, and nonprofit/advocacy groups. The drug discovery assets
described in this review have been generated through the collective
efforts of these stakeholders. These assets represent a collection of
cellular assays, biochemical assays, and animal models that will fa-
cilitate further discoveries and innovation in SMA drug development.
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Abbreviations Used

AAV9 = adeno-associated virus serotype 9
ALS = amyotrophic lateral sclerosis
ASF/SF2 = alternative splicing factor1/pre-mRNA-splicing factor 2
ASO = antisense oligonucleotide
BLA = beta-lactamase
cDNA = complementary DNA
CMV = cytomegalovirus
CNS = central nervous system
cpm = counts per minute
CTA =Clinical Trial Authorization
DNA = deoxyribonucleic acid
ECL = electrochemiluminescence
ELISA = enzyme-linked immunosorbent assay
EMLA = glutamic acid, methionine, leucine, alanine
ES =embryonic stem
FDA = Food and Drug Administration
FRET = fluorescence resonance energy transfer
HDACi = histone deacetylase inhibitors
hERG = human Ether-d-go-go related gene
HTS = high-throughput screening
IND = Investigational New Drug
iPS=induced pluripotent stem
iTRAQ = isobaric tagging for relative and absolute quantification
IncRNAs = long noncoding RNAs
MRNA = messenger RNA
NINDS = National Institute of Neurological Disorders and Stroke
NMJ = neuromuscular junction
PBMC = peripheral blood mononucleated cell
PCR = polymerase chain reaction
PK-PD = pharmacokinetics-pharmacodynamics
RA =retinoic acid
RNA = ribonucleic acid
RNAi = RNA interference
RT-PCR =reverse transcription-polymerase chain reaction
RT-gPCR = reverse transcription-quantitative polymerase chain reaction
SAR = structure-activity relationship
SEAP = secreted alkaline phosphatase
ShRNA = small hairpin RNA
SnRNA = small nuclear RNA
snRNP = small nuclear ribonucleic particle
SMA = spinal muscular atrophy
SMN = survival of motor neuron
SMN-FL=SMN full-length
SMNA7 =SMN delta exon 7
SPR = surface plasmon resonance
TR = time-resolved
TSA = trichostatin A
VPA = valproic acid
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