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Abstract

Small molecule modulators of protein activity have proven invaluable in the study of protein
function and regulation. While inhibitors of protein activity are relatively common, small
molecules that can increase protein abundance are rare. Small molecule protein upregulators with
targeted activities would be of value in the study of the mechanisms underlying loss-of-function
diseases. We developed a high-throughput screening approach to identify small molecule
upregulators of the Survival of Motor Neuron protein (SMN), whose decreased levels cause the
neurodegenerative disease Spinal Muscular Atrophy (SMA). We screened 69,189 compounds for
SMN upregulators and performed mechanistic studies on the most active compound, a
bromobenzophenone analog designated cuspin-1. Mechanistic studies of cuspin-1 revealed that
increasing Ras signaling upregulates SMN protein abundance via an increase in translation rate.
These findings suggest that controlled modulation of the Ras signaling pathway may benefit
patients with SMA.

INTRODUCTION
Bioactive small molecules have enabled major advances in biological research and drug
development. Although many efforts have focused on the identification of small molecule
inhibitors of protein function, the ability to upregulate protein abundance or otherwise
increase protein activity can provide complementary insights that cannot be obtained
through loss of function studies alone (1). Although the number of compounds known to
function as protein upregulators is small, they have important research and therapeutic
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applications. Examples include histone deacetylase inhibitors, used in the treatment of
psychiatric conditions, neurologic disorders and cutaneous T cell lymphoma (2–4), and
proteasome inhibitors, used in the treatment of multiple myeloma (5) and for the study of the
ubiquitin-proteasome system and its targets (6).

Unfortunately, existing upregulating compounds lack specificity, altering the levels of
hundreds to thousands of gene products (7). Such broad spectrum effects, in addition to
potentially being therapeutically undesirable, make these compounds unsuitable for
investigations of mechanisms regulating the abundance of an individual or limited number
of proteins. Small molecules that can upregulate specific protein targets are needed, and
would be especially advantageous for the study of loss of function diseases. However, we
lack systematic methods for identifying such compounds.

In order to address this need, we developed a high-throughput screening approach to identify
small molecule upregulators of a specific protein. This assay detects increases in the
abundance of a target protein after treatment with small molecules. We selected the Survival
Motor Neuron (SMN) protein as a target for modulation. Decreased SMN protein levels
result in the loss of function neurodegenerative disease Spinal Muscular Atrophy (SMA). In
SMA patients, SMN protein levels are decreased to ~10% of normal levels, due to
homozygous deletion of the survival of motor neuron 1 (smn1) gene, but retention of the
smn2 gene. The smn2 gene is nearly identical to smn1, but contains a translationally silent C
to T transition which causes the smn2 pre-mRNA to be aberrantly spliced, generating only
~10% of the full-length, functional protein produced by the smn1 gene (8). This small
amount of SMN protein prevents the embryonic lethality seen in an SMN null background
(9), but cannot prevent the motor neuron degeneration observed in SMA. Small molecule
upregulators of SMN could provide novel insights into the regulation of SMN protein levels,
leading the way to new the rapeutic targets. A relevant example is the screen for SMN
upregulating compounds performed by Makhortova, et. al, which identified the RTK-PI3K-
AKT-GSK-3 signaling cascade as an important modulator of SMN protein stability (10).

We developed an assay for detecting increased SMN protein abundance and screened 69,189
small molecules. We discovered three SMN-upregulating compounds. Mechanistic
investigations of the most effective compound, Chemical Upregulator of SMN Protein-1
(cuspin-1), revealed that increasing Ras signaling upregulates SMN protein levels by
enhancing the rate of SMN translation.

RESULTS AND DISCUSSION
Development of a high-throughput screen that detects endogenous SMN protein
abundance

In order to identify compounds upregulating SMN protein levels, we developed a high-
throughput screen for monitoring the levels of endogenous SMN protein in SMA patient
fibroblast cells. Previous screens searching for SMN-upregulating compounds focused on
altering either the transcription or splicing of smn2 (11, 12). Our screen focuses on the
desired final product, SMN protein abundance, in order to be inclusive of all aspects of
SMN protein regulation, from transcription through degradation. This method permits
identification of small molecule upregulators of SMN protein without bias towards their
mechanism of action.

To quantify SMN protein levels in a 384-well format, the cytoblot assay (13), a modified
enzyme-linked immunosorbent assay (ELISA), was optimized for microtiter-based
screening using SMA patient fibroblasts. A schematic of the primary screening workflow is
shown in Figure 1A. The optimized assay protocol involved the seeding of cells and
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subsequent treatment with small molecules for 48 hours. This incubation period was selected
to allow sufficient time for the compounds to increase SMN protein levels, while limiting
the depletion of nutrients and accumulation of toxins in the microtiter format during
prolonged incubation (14). After incubation, cells were fixed, permeabilized and incubated
with primary and secondary antibodies in-plate. Horseradish-peroxidase-derived
chemiluminescence was detected using an automated platereader. The optimized SMN
cytoblot is a suitably robust format for detecting SMN levels in cells, as indicated by a Z’
factor (15) of 0.35-0.5 in the optimized assay, using the #3814 SMA carrier cell line as a
positive control.

Small molecule libraries and in silico filtering for blood-brain barrier penetrating small
molecule libraries

We screened compounds from two libraries that we assembled in our laboratory. The first
was our previously reported small molecule library (16), described in Materials and
Methods. The second library was composed of compounds specifically chosen for their
predicted ability to cross the blood-brain barrier (BBB), as the development of CNS-active
compounds is impeded by the inability of a large portion of compounds to penetrate the
BBB. We addressed both BBB-penetration and toxicity issues during the selection of small
molecules for our library by in silico filtering for compounds likely to be BBB-penetrant and
filtering out known toxic and reactive species, thus increasing the ultimate therapeutic
potential of this “BBB library”.

To predict the BBB penetration potential of each compound, we utilized the logarithm of
brain to blood partitioning ratio (logBB). We used a training set of 109 compounds with
experimentally determined logBB values (17) in creating a logBB predictor based on simple
physicochemical descriptors, such as logP (the octanol to water partitioning coefficient of a
compound). The compound set was split into two sets, one with 73 compounds for creating a
predictor, and one with 36 compounds for validation. Partial least-squares regression was
used to correlate experimental logBB values of the training set with physicochemical
descriptors. Our choice of descriptors was influenced by the planned use of the logBB
predictor, as we needed it to be able to evaluate millions of candidate compounds with
relatively little computational expense. For this reason, we avoided the use of semi-
empirical energy terms and instead chose to use descriptors that were calculated using the
atomic contribution model. This approach, pioneered by Wildman and Crippen (18), uses a
statistical dataset of known atoms and functional groups to predict the groups’ contribution
to molecular descriptors. The descriptors in the model were made up of the number of
rotatable bonds, Van der Waals surface area, molar refractivity, number of nitrogen atoms
and logarithm of the octanol-water partition coefficient (logP). To enable better sampling of
these descriptors, we calculated logP and Van der Waals descriptors multiple times with
different weights (Supplementary Table S1). The obtained model gave R2=0.82 for the
training set and R2= 0.70 for the validation set. The predictions gave no false negatives
(Supplementary Figure 1).

Screening and hit validation
A total of 69,189 small molecules were screened in the SMN cytoblot assay. Primary
screening was performed in triplicate in #9677 SMA patient fibroblast cells in 384-well
format. To remain inclusive of compounds with moderate efficacy, a ‘hit’ was defined as
having a median signal greater than two standard deviation from the median of the untreated
wells. The 1,106 compounds passing hit criteria in the primary screen were retested in dose-
response series in three SMA patient fibroblast lines (#232, #3813 and #9677). The 105
candidates showing dose-response activity in at least two cell lines were tested by Western
blot. Three structurally distinct compounds were found to significantly increase endogenous
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SMN protein levels (Figure 1B,C and Supplementary Figure 2). The EC50 values for the
three scaffolds were in the range of 10-20 μM, typical for hits from high-throughput, cell-
based screens. A summary of the screen can be found in Supplementary Table S2.

We focused on the most robust of these three hits, a bromobenzophenone analog we
designated cuspin-1 (Chemical Upregulator of SMN Protein-1, Figure 1B), whose identity
was confirmed by proton NMR (Supplementary Figure 3). Cuspin-1 showed strong activity
in the plate-based dose response assay (Figure 1C) and increased SMN levels by 50%
compared to DMSO-treated controls at 5 μg/mL (18 μM) in SMA patient fibroblast cells
(Figure 1D). As the 9677 SMA patient cell line expresses approximately one-fourth of the
SMN protein expressed by the 3814 carrier cell line (19), a 50% increase in SMN protein
levels is modest but of interest. Toxicity was observed at concentrations at or above 80 μg/
mL (720 μM), providing a robust effective concentration (EC) to lethal concentration (LC)
ratio for cell culture studies. It has proven challenging to find small molecules that
significantly upregulate endogenous SMN protein levels (20). Thus, cuspin-1, despite its
modest overall effect, was selected as a suitable probe for further characterization as it
showed moderate activity and low cellular toxicity.

The ability of cuspin-1 to upregulate SMN protein levels in diverse genetic backgrounds was
tested in a panel of cell lines, including wild-type and SMA human and rodent cells
(Supplementary Table S3). Although cuspin-1 was active in the majority of human cell
lines, it was inactive in the rodent lines tested, suggesting that its target or mechanism may
not be conserved across species.

Structure-activity relationship of cuspin-1
To evaluate the features necessary for the activity of cuspin-1, a structure-activity
relationship (SAR) analysis was undertaken through analog synthesis and testing. Although
few structural analogs were commercially available (Figure 2A), one highly similar analog
(5-bromo-3-pyridinyl)(4-ethylphenyl)-methanone, designated cuspin-2, increased SMN
protein abundance to comparable levels as cuspin-1. Although cuspin-2 was active, it did not
improve upon the potency or efficacy of cuspin-1. All other cuspin-1 analogs that we
synthesized, including analogs lacking the either the bromine, nitrogen or methyl group,
were inactive (Figure 2B,C). Additionally, while cuspin-2 demonstrated that extension of
the methyl to an ethyl group retained activity, extension to a propyl group rendered the
compound inactive, indicating a possible steric clash with cuspin-1’s target. As
modifications to the cuspin-1 scaffold generally resulted in loss of activity, further work is
required to identify modifications that would improve the potency and efficacy of the
compound, prior to testing in SMA mouse models. However, the current cuspin-1 scaffold
represents a valuable tool for the study of SMN regulation.

Cuspin-1 reveals link between Ras signaling and SMN protein levels
During our efforts to identify the mechanism of action of cuspin-1 we utilized phospho-
specific antibodies to determine whether any common signaling pathways were activated by
cuspin-1 treatment. We observed that treatment with cuspin-1 increased phosphorylation of
extracellular signal-related kinase (Erk), while proteins involved in other signaling
pathways, such as Akt, were not activated (Figure 3A). As the canonical pathway resulting
in phosphorylation of Erk (p-Erk) is the Ras-Raf-MEK signaling cascade (21), we
endeavored to determine whether increased Ras signaling could be the downstream event
responsible for the cuspin-1 mediated upregulation of SMN protein levels. We increased Ras
signaling in #3813 SMA patient fibroblast cells by expression of a constitutively active form
of Ras (NRasG12D). NRasG12D expression resulted in a 2.7-fold increase in SMN protein
level compared to vector alone (Figure 3B), demonstrating that direct activation of the Ras
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signaling pathway was able to strongly increase SMN protein levels. The 5-fold increase in
p-Erk in the NRasG12D expressing cells confirmed that Ras signaling was elevated in these
cells. Similar increases in SMN and p-Erk levels were observed in #9677 and #232 SMA
patient fibroblasts, indicating this effect of NRasG12D is not unique to one SMA patient cell
line (data not shown).

At this stage, cuspin-1’s utility as a probe was overshadowed by the more powerful effect of
direct Ras activation on SMN protein levels. Therefore, we chose to continue characterizing
the effect using constitutively active Ras rather than cuspin-1. However, further experiments
investigating the effect of activated Ras on SMN protein levels could not be performed in
the SMA patient cell lines, as non-transformed cells senesce shortly after introduction of
oncogenic Ras (21). Therefore, we utilized the tumorigenic HRasV12 expressing BJeLR cell
line for subsequent experiments. The G12V mutation in the HRasV12 protein is functionally
equivalent to the G12D mutation used previously, as they both inactivate GTPase activity,
rendering the proteins constitutively active. BJeLR cells are an engineered cell line created
by sequential introduction of viral and mammalian genetic elements into parental BJeH
human foreskin fibroblasts (22). The BJeHLT cell line contains all genetic elements found
in the BJeLR cell line, with the exception of HRasV12. Comparison of SMN protein levels in
the BJ cell lines demonstrated a 3-fold increase in SMN protein in the BJeLR cell line
compared to the parental cell line, BJeH (Figure 3C). The lack of increase in SMN in the
BJeHLT cell line indicates that activated Ras is the sole genetic element responsible for
upregulation of SMN protein abundance in this cell line (Figure 3C). This upregulation in
SMN protein could be the result of either global upregulation of protein levels or via a more
specific mechanism. To exclude the possibility that the observed effect on SMN protein
levels was due to a non-specific mechanism, the levels of several control proteins were
examined by Western blot. These proteins are involved in diverse cellular processes,
including glucose metabolism (GAPDH), the cytoskeleton (actin), translation (eIF4E), and
cell death (Smac). The abundance of these proteins remained unaltered by oncogenic Ras
expression (Figure 3C), indicating a level of specificity to Ras-mediated SMN upregulation.
In hindsight, it is perhaps not so surprising that a pro-growth factor such as Ras would
upregulate SMN, a protein vital for the splicing of mRNAs, as cellular growth would require
this process. Although activating Ras signaling likely increases the levels of other pro-
growth proteins in addition to SMN in these cell lines, at this stage we are more interested in
the mechanism by which Ras increases SMN protein levels, rather than identifying the other
proteins affected. As increasing Ras signaling would be therapeutically undesirable, due to
the likelihood of tumorigenesis, the specificity of its effect is not clinically relevant.

Mechanistic studies
To investigate the mechanism underlying SMN protein upregulation by activated Ras, we
utilized the BJ cell lines to determine the cellular process through which Ras exerts its effect
on SMN protein levels. First, we tested whether alterations in transcription or splicing of
smn mRNA were responsible for the increase in SMN protein abundance. The BJeLR
(+HRasV12) cell line did not show increased levels of either full-length or Δ7 smn mRNA,
nor did it have an altered ratio of the spliced isoforms, as compared to the parental line BJeH
(−HRasV12) (Figure 4A). This lack of increase in smn mRNA levels suggests that the
upregulation of SMN protein levels was not due to activation of p38 mitogen-activated
kinase, a Ras effector protein, which was recently shown to upregulate SMN protein levels
via stabilization of smn mRNA (23). Unexpectedly, the BJeLR line showed consistently
lower levels of smn mRNAs than the BJeH parental line. This could be due to a feedback
mechanism downregulating smn transcripts in response to strongly elevated SMN protein
levels.
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Next, we examined the effect of increased Ras signaling on SMN turnover. Cycloheximide
(CHX), a protein synthesis inhibitor, was used to inhibit the translation of nascent SMN
peptides in order to quantify the half-life of SMN. The half-life of SMN in the BJ cell lines
was ~3 hours, similar to previous reports (24, 25). The degradation rate of SMN protein
remained unchanged in the HRasV12-expressing cells, indicating that increased Ras
signaling does not affect the rate of SMN degradation (Figure 4B).

Having ruled out alterations in transcription, splicing and turnover, we tested whether
HRasV12 affected the translation rate of SMN. A translation rate assay, using
radioactive 35S-methionine and cysteine to label newly synthesized protein with subsequent
immunoprecipitation of proteins of interest, was performed to quantify the translation rate of
SMN. HRasV12-expressing cells showed a significant 2.5-fold increase (p<0.01) in the rate
of SMN translation compared to parental cells (Figure 4C). No differences were observed in
the total amount of label incorporated in each cell line (Figure 4D), indicating the increased
translation rate of SMN protein is not due to a global increase in translation. As we do not
consider utilization of CA-Ras as a therapeutic option, we are not concerned with the
specificity of the effect of Ras activation. Rather, we are excited to discover such a robust
effect on SMN protein levels via an unexpected pathway. Future work determining the
cellular components downstream of Ras directly responsible for affecting the translation rate
of SMN may identify therapeutic targets of interest for SMA, at which stage the specificity
of the effect will be of paramount importance.

In this work, we describe the development of a high-throughput screen for identification of
small molecule upregulators of the SMN protein and identify three novel SMN-upregulating
compounds. Mechanistic studies of cuspin-1 led to the discovery that Ras signaling regulates
SMN protein abundance at the level of translational regulation. In addition to the novel
SMN regulatory pathway identified, this study provides a proof of principle that
mechanistically unbiased screens can uncover unexpected connections between cellular
pathways and provide novel small molecule tools for the study of biological processes.

Small molecule upregulators of protein abundance are an under-utilized class of bioactive
compounds, with the potential to elucidate protein regulation and function. The work
presented here defines a straightforward method for identifying small molecule upregulators
of a target protein’s abundance. These compounds have two important uses. First, based on
the premise that upregulating the abundance of a target protein will increase its level of
cellular activity, such compounds could act as protein function activators, allowing dose-
dependent and reversible studies on the effects of increasing protein function. Discovery of
small molecule activators has mainly focused on identifying compounds that increase the
intrinsic activity of the steady-state levels of proteins. Small molecule activators have been
identified for a handful of targets, such as caspases (26), the proteasome (27) and several
cell surface receptors (28–30). However, the number and classes of protein targets for these
direct activators are likely as limited as those for inhibitors of protein functions. In
comparison to inhibitors, upregulators are not restricted to specific protein families, as they
do not rely on the protein of interest being directly “druggable”, generally defined as the
presence of a catalytic region that interacts with small molecules or an endogenous ligand
binding site (31). Upregulators have the advantage of targeting members of the regulatory
pathways of the protein of interest, greatly increasing the range of protein families that can
be modulated in this manner.

The second advantage of small molecule upregulators is their utililty as probes to investigate
the pathways involved in regulating the levels of a target protein. As many currently
intractable conditions fall into the category of loss of function diseases, such as Spinal
Muscular Atrophy, cystic fibrosis and Duchenne muscular dystrophy (32), elucidation of the
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pathways governing the abundance of the disease gene products may identify new
therapeutic candidates. Additionally, small molecule upregulators of sufficient potency and
efficacy have the potential to be developed into lead therapeutics.

Using a high-throughput screening approach for identification of small molecule
upregulators of protein abundance, we discovered three small molecule upregulators of the
Survival of Motor Neuron (SMN) protein. SMN has been shown to be involved in many
cellular processes, such as pre-mRNA splicing (33) and β-actin mRNA localization to
neuronal growth cones (34) SMN protein levels are decreased in the loss of function
neurodegenerative disease Spinal Muscular Atrophy (35), making it a target of interest for
both research and biomedical applications. The most active scaffold identified in our screen,
a bromobenzophenone analog designated cuspin-1 (Chemical Upregulator of SMN Protein
-1), was utilized as a probe to reveal a novel regulatory pathway governing SMN protein
abundance. Treatment of Type I SMA fibroblast cells with cuspin-1 resulted in a 50-100%
increase in endogenous SMN protein levels, as well as a concomitant increase in the
phosphorylation of Erk. Since the major pathway responsible for phosphorylation of Erk is
the Ras-Raf-MEK cascade (21), we expressed constitutively active isoforms of Ras, and
determined that increasing Ras signaling resulted in a robust ~270-300% increase in SMN
protein abundance. Mechanistic studies revealed that this upregulation was due to Ras-
mediated enhancement of SMN translation rate.

Increasing the translation rate of a target protein is an unusual mechanism of action for a
small molecule, however it may be a versatile one, as recent studies suggest that translation
regulation may have a role in diverse cellular process such as cancer, aging and
mitochondrial function (36). Future studies defining the mechanism by which increased Ras
signaling affects translation of SMN protein could identify pathways of interest for SMA
and perhaps other loss of function diseases. Although Ras is best known for its oncogenic
properties, its ability to upregulate non-oncogenic proteins, such as SMN, demonstrate
potential therapeutically beneficial downstream consequences of Ras activation. There is
also significant evidence for a pro-survival effect of Ras activation, especially in neurons,
where Ras has been shown to be activated by pro-survival neurotrophic factors (37).
Expression of constitutively active isoforms of Ras (CA-Ras) has shown beneficial effects
on the survival and outgrowth of cultured chick embryonic neurons (38). Additionally, in a
mouse model of motor neuron degeneration, neuron-selective expression of CA-Ras resulted
in complete rescue from lesion-induced degeneration (39). The identification of the
mechanisms downstream of Ras activation resulting in cell survival could lead to novel
therapeutic targets for diseases resulting from pathological cell death.

METHODS
Cell Culture

Type I spinal muscular atrophy (SMA)-affected human primary fibroblasts were obtained
live with low passage number (Coriell Cell Repositories/#GM03813, #GM09677,
#GM00232). The cells were cultured in Minimum Essential Medium (MEM) with Earle’s
salts and non-essential amino acids (Invitrogen/#10370-021) supplemented with 15% (v/v)
fetal bovine serum (FBS) (Invitrogen/#26140-079), 2 mM L-glutamine (Invitrogen/
#25030-081), and antibiotics (100,000 units penicillin L−1 MEM, 100 mg streptomycin L−1

MEM) (Invitrogen/#15140-122). Cells were allowed to grow in 50 mL of the
aforementioned medium at 37°C with 5% carbon dioxide in 175 cm2 tissue culture treated
flasks (Corning/#431080). The foreskin fibroblast-derived BJ cell lines were cultured in
DMEM (Invitrogen/#11995-040) supplemented with 10% (v/v) FBS, 2mM L-glutamine and
antibiotics. Cells were grown under the same conditions as SMA cell lines.
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Small Molecule Libraries Selected for Screening
The commercially available small molecule libraries selected for screening consisted of the
National Institute of Neurological Disorders and Stroke (NINDS) Custom Collection of
Known Bioactives (1,040 compounds), the Annotated Compound Library (ACL) (2,337
compounds), the TIC library (a select composite from TimTech, InterBioScreen and
Chembridge totaling 23,685 compounds) (15), and the Comgenex library (20,000
compounds).

A second unique set of small molecules, designated the Blood-Brain Barrier (BBB) libraries,
were selected from five commercially available compound libraries. These libraries contain
a total of 1,322,183 unique structures which were subjected to in silico filtering using MOE
2004.03. All compounds were pre-processed by assigning polar hydrogen atoms and charges
according to the MMFFx forcefield. Salts were converted to free-base or free-acid form.
These pre-processed libraries were first screened for reactive functional groups and
unsuitable scaffolds, as defined by Hann et al. (40) using a SMILES-string-based search
method. We then proceeded to assess the BBB-penetrating potential of the compounds that
passed the first two filtering steps by constructing a set of filters to predict logBB (logarithm
of brain to blood partitioning ratio). The molecules’ logBB values were predicted using a
model trained on 73 compounds with experimentally determined logBB values and validated
on a set of 36 CNS positive and negative drugs. The obtained model gave an R2 = 0.8225 for
the training and R2 = 0.6989 for the validating set. Of note, the predictions gave no false
negatives in this data set.

From this screen, 126,877 compounds with predicted logBB values greater than zero (on a
log scale from −3 to +6) were selected. A value of zero indicates equal partitioning between
the blood and brain, while a positive value indicates that the compound would partition
preferentially into CNS tissues compared to plasma. Of these compounds, we discarded
those with molecular weights less than 250 or containing three or more aromatic rings.
These filters were designed to eliminate very simple compounds or planar compounds that
might intercalate into DNA.

The final 79,691 compounds passing these filters were submitted to clustering to assess their
diversity and to remove close structural analogs, which are frequently created during
syntheses used by commercial vendors. This clustering was achieved by annotating the
compounds with MACCS (Molecular Design Limited) structural keys; the clustering itself
was performed using the Jarvis-Patrick method. Molecular similarity was determined by the
Tanimoto coefficient, the threshold for which was set at 0.7. The procedure yielded 27,577
structurally distinct clusters from four vendors. Three vendors (Asinex, Chembridge and
Life Chemicals) were chosen based on pricing, and one compound from each cluster was
purchased, yielding a library of 22,795 compounds likely to cross the blood-brain barrier
and to be drug-like.

Small Molecule Screening
See supporting information for details on the screening protocols.

Analog Synthesis
Solvents and starting materials were purchased from Sigma-Aldrich and used without
further purification. Analogs were synthesized using chlorination and Friedel-Crafts
acylation. Briefly, 50-100 mg of 5-bromonicotinic acid, or desired nicotinic acid, was
dissolved in ~10mL of anhydrous dichloromethane. Thionyl chloride (1.2 Eq) was added to
solution. Reaction progress was monitored using pH paper. Once complete, solvent was
removed under high vacuum. Acyl chlorides were coupled to desired benzene derivative in
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anhydrous dichloromethane with aluminum trichloride (1.3 Eq), overnight. Unreacted
starting materials were removed by aqueous extraction and products were purified by
chromatography in hexanes/ethyl acetate. Identity and purity was confirmed by mass
spectrometry. Yields ranged between 20-75%, providing sufficient material for testing.
Synthetically prepared cuspin-1 and cuspin-2 showed similar activity to that of the
commercially sourced compounds, verifying the identity of the compounds. Cuspin-1 1H
NMR (CDCl3, 400MHz) 8.89 (t, J = 2.2 Hz, 2H), 8.25 (t, J = 2.0 Hz, 1H), 7.74 (d, J = 8.2
Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 2.49 (s, 3H).

Western blot analysis
SMA patient fibroblast lines were plated at 30,000 cells per well in a 6-well plate ~24 hours
prior to compound treatment. Cells were treated with desired concentration of compound for
48 hours. Cells were harvested at <75% confluence, confluence may be lower due to
compound toxicity. Cells were washed twice in ice-cold PBS and lysed by scraping in 100
μL ice-cold lysis buffer (50 mM HEPES, 4 0 mM NaCl, 2 mM EDTA, 0.5% Triton-X, 1.5
mM Na3VO4, 50 mM NaF, 10 mM Na-pyrophosphate, 10 mM Naβ-glycerophosphate,
Roche protease inhibitor tablet). Insoluble materials were spun out by centrifugation at
10,621g for 10 minutes at 4°C. Supernatants were boiled with SDS-PAGE sample buffer
prior to being separated on a 4-12% Bis-Tris NuPage gel in 1X NuPage MES running
buffer. Proteins were transferred to a PVDF membrane using Invitrogen iBlot blotting
system, setting P3 for 6 minutes and 40 seconds. Membranes were blocked in Odyssey
blocking buffer (LI-COR/#927-40010) for 20 minutes at room temperature, then incubated
overnight at 4°C with primary antibodies (see below for dilutions). Membranes were washed
three times in TBS with 0.1% Tween-20, then incubated for 45-60 minutes with 680 nm-
conjugated anti-mouse IgG secondary antibody at 1:3,000 (Invitrogen/#A21058) and 800
nm-conjugated anti-rabbit IgG secondary antibody at 1:3,000 (LI-COR/#926-322110).
Signals were detected and quantified using the LiCor Odyssey system and software (LI-
COR Biosciences).

Antibodies—mouse anti-SMN (BD Biosciences/#610647) (1:1,000), rabbit anti-actin
(Santa Cruz Biotechnologies/#sc-1616-R) (1:3,000), mouse anti-alpha tubulin (Santa Cruz
Biotechnologies/#sc-32293) (1:5,000), rabbit anti-phospho-Erk1/2 (Cell Signaling/#9101S)
(1:1,000), rabbit anti-Erk1/2 (Cell Signaling/#9102)(1:3,000), rabbit anti-phospho-Akt (Cell
Signaling/#9271)(1:2,000), rabbit anti-Akt (Cell Signaling/#9272)(1:2,000), mouse anti-
NRas (EMD Biosciences/#OP25) (1:2,000), mouse anti-eIF4E (BD Biosciences/#610269)
(1:2,000), mouse anti*Smac/DIABLO (BD Biosciences/#612244)(1:1,000) and mouse anti-
GAPDH (Santa Cruz Biotechnologies/#sc-47724)(1:5,000).

Retroviral preparation and transduction
To prepare the retroviral supernatants, 2×106 Plat-GP cells (Cell biolabs/#RV-103) were
seeded per 10 cm culture dish in DMEM supplemented with 10% (v/v) fetal bovine serum
(FBS), 2 mM L-glutamine, and antibiotics (100,000 units penicillin L−1 MEM, 100 mg
streptomycin L−1 MEM) and 5μg ml−1 G418 (Invitrogen/#11811-031). Cells were allowed
to attach overnight. The following morning pVSV-G helper plasmids with the MigR1 vector
either empty or containing NRasG12D were co-transfected into the Plat-GP cells using
FuGENE 6 Transfection Reagent (Roche/#11-814-443-001). Thirty hours post-transfection,
culture media was replaced by Viral Collection Media (VCM, normal culture media with
30% (v/v) FBS). VCM was collected and replaced twice at 12 hour intervals to collect viral
particles released into the supernatant. Viral supernatant was filtered through 0.45 micron
filters prior to use or storage at −80°C. For transduction, #3813 SMA patient fibroblast cells
were plated at 2×105 cells per well into a 6-well plate and allowed to attach overnight. The
following day, the infection cocktail was prepared by mixing 0.75mL viral supernatant, 1.25
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mL growth media, and 2 μL of 8mg mL−1 polybrene (Sigma/#H9268). The culture media in
each well was replaced with the infection cocktail, and then plates were spun at 1,089 g
(2,250 rpm with 19.2cm rotor radius) for 90 minutes before incubation. Cells were cultured
for two days prior to harvesting.

RT-qPCR of smn transcripts
RNA was harvested from 5×106 cells using the Qiagen RNeasy Kit as per manufacturer’s
protocol. RNA from each sample (2μg) was reverse transcribed using Applied Biosystems
Taqman® kit (N808-0234) as per manufacturer’s protocol. Quantitative PCR was performed
on 7300 Real-Time PCR System (Applied Biosystems) using 1X Power SYBR Green PCR
Master Mix (Applied Biosystems/#4367659), 77ng cDNA and 0.15μM primers per well in a
MicroAmp Optical 96-well plate (Applied Biosystems/#N801-0560). The cycle times of the
smn transcripts were normalized to cycle times for hypoxanthine guanine
phosphoribosyltransferase (hprt) as loading control. Amplification conditions: 50°C for 2
min, 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 1 min. ΔΔCT was
calculated after normalization to hprt expression. Primer sequences: smnFL-forward: 5′-
CAAAAAGAAGGAAGGTGCTCA-3′, smnFL-reverse: 5′-
TGGTGTCATTTAGTGCTGCTC-3′, smnΔ7-forward: 5′-
ATTCTCTTGATGATGCTGATGCT-3′, smnΔ7-reverse: 5′-
TATGCCAGCCATTTCCATATAATAG-3′, hprt-forward: 5′-
TGACACTGGCAAAACAATGCA-3′, hprt-reverse: 5′-
GGTCCTTTTCACCAGCAAGCT-3′

35S-methionine/cysteine translation rate assay
Cells were seeded at 5×106 cells per 10cm dish and allowed to attach overnight. For
methionine/cysteine starvation, cells were rinsed twice in PBS and incubated for 30 minutes
in starvation media: Met/Cys-free DMEM (Invitrogen/#21013-024), 10% dialyzed FBS (v/
v) and 2mM L-glutamine. After the starvation period, cells were pulsed with 100μCi
TRAN35S-Label Metabolic Labeling Reagent (MP/#015100907) for one hour. Cells were
lysed in 1 mL IP Buffer (50mM Tris [pH 7.75], 250mM NaCl, 200mM EDTA, 150mM
MgCl2, 0.3% NP-40, 1% Empigen BB and Roche protease inhibitor tablet), scraped and
insoluble materials were spun out at 10,621g for 10min at 4°C. Lysates were pre-cleared
with 20μL Protein A/G-agarose bead slurry (Pierce/#20421) for 30 minutes, supernatants
were transferred to tubes containing 30μL Protein A/G-agarose pre-coupled to 2.5Mg mouse
anti-SMN antibody (BD Biosciences/#610647) and immunoprecipitated overnight at 4°C.
After SMN IP, lysates were transferred to tubes containing 30μL Protein A/G-agarose pre-
coupled to 2μg rabbit anti-actin antibody (Santa Cruz Biotechnologies/#sc-1616-R) and
immunoprecipitated for 4 hours at 4°C. Beads were washed three times in IP buffer, and
bound proteins were eluted by boiling in SDS-PAGE buffer. Samples were run on NuPAGE
4-12% Bis-Tris gels (Invitrogen/ #WG1402BOX) in 1X NuPAGE MES running buffer,
fixed in 50% methanol + 10% acetic acid, and dried before exposing overnight to
phosphorimager screen. Bands were imaged using a Storm phosphorimager (Molecular
Dynamics) and quantification was performed using ImageQuant software (Molecular
Dynamics). Values were reported as SMN to actin ratio normalized to BJeH (−HRasV12).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
High-throughput screen (HTS) and hit compound cuspin-1. a) Schematic of HTS assay for
SMN protein upregulators. b) Structure of cuspin-1, the optimal SMN-upregulating small
molecule discovered in our screen. c) Cytoblot dose-response curve for cuspin-1 in #9677
SMA patient fibroblast cells treated for 48 hours. The data represent the average of
triplicates ± SEM. RLU: relative luminescence units. P-values were calculated using two-
tailed t-test. (* = p<0.01, ** = p<0.001) d) Western blot analysis of SMN and actin in #9677
cells treated with indicated concentrations of cuspin-1 for 48 hours. Fold increase of SMN to
actin ratio normalized to non-treated control (NT) is graphed below. Data represent average
of duplicates ± standard deviation.
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Figure 2.
Structure-activity relationship of cuspin-1. a) Structures and activities of the highest
similarity commercially-sourced cuspin-1 analogs. b) Friedel-Crafts acylation scheme for
synthesis of cuspin-1. The same synthetic scheme was utilized for synthesis of cuspin-1
analogs. c) Structures and activities of analogs synthesized.
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Figure 3.
Increased Ras signaling upregulates SMN protein abundance. a) Western blot analysis of
#9677 cells treated with 10μg/ml cuspin-1, harvested at indicated time points and blotted for
p-Erk, total Erk, p-Akt, total Akt and tubulin. Graph shows quantification of phospho-
protein to respective total protein ratios, normalized to tubulin as loading control. Data
represents the average of duplicates ± standard deviation. b) Western blot analysis for NRas,
p-Erk, SMN and tubulin in #3813 SMA patient fibroblast cells transduced with either empty
vector or constitutively active NRasG12D viral plasmid. Graph shows fold increase of SMN
compared to vector-only control, normalized to tubulin as loading control. c) Comparison of
the engineered tumor cell line BJeLR (eLR), expressing HRasV12, versus the parental line
(eH) and the isogenic line BJeHLT (eHLT) which contains all genes ectopically expressed
in BJeLR with the exception of HRasV12. Samples were blotted for SMN and several control
proteins. Graph shows the fold increase of SMN in BJeHLT and BJeLR compared to BJeH,
normalized to actin as loading control. Data represent average of duplicates ± standard
deviation.
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Figure 4.
Increased Ras signaling enhances SMN translation rate. a) Quantification of RT-qPCR of
full-length (smnFL) and exon 7-deleted (smnΔ7) smn mRNA levels from total RNA
harvested from BJeH (−HRasV12) and BJeLR (+HRasV12) cells. Transcript cycle times were
normalized to hprt to control for total mRNA. Data represent average of triplicates ±
standard deviation. b) Western blot analysis of SMN and actin in BJeH (−HRasV12) and
BJeLR (+HRasV12) cells treated with the protein synthesis inhibitor cycloheximide (CHX
[10μM]) for indicated times. Quantification of average of duplicates of SMN to actin ratio
normalized to respective untreated control (0h) is shown below each lane. c)
Phosphorimager bands and quantification of translation rate analysis of SMN, quantified as
SMN to actin ratio normalized to BJeH (−HRasV12) cells. Data represent mean ± standard
deviation. P-values were calculated using two-tailed t-test. (* = p<0.01) d) Phosphorimager
lanes showing total 35S protein labeling in treated and untreated samples.
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