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Neurons are our business.

Introduction

Drug screening for neurodegenerative disease often employ fibroblasts
or lymphocytes immortalized from patients and ectopic reporter transgene,
leading to high failure rates in clinical trials. The selective vulnerability of
subtype specific neurons is a defining feature of neurodegenerative disease.
Therefore, subtype specific neurons are more relevant target cells for drug
screening. In this study, we established disease IPSC reporter lines by the
CRISPR technology to target only one copy of a sensitive reporter Nanoluc
luciferase (Nluc) into the endogenous disease related gene locus, such as
SMN2 gene for spinal muscular atrophy (SMA) and NEFL gene for
amyotrophic lateral sclerosis (ALS). Combined with our recently developed
method to produce large scale and pure subtype specific motor neurons (MNSs)
from IPSCs, we have established a neuron-based high throughput screening
(HTS) platform. The HTS platform is optimized in a 384well format, validated
with previously identiflied compounds and applied for primary screening with an
FDA-approved drug library. These results suggest that human stem cells can
be readily engineered and formatted for phenotypic and mechanistic HTS for
neurodegenerative diseases.

Methods

1. Establish reporter iPSC lines

Human iPSCs lines, IMR90 (control), ALS-SOD1-D90A, SMA-232 were
applied in this study. All IPSCs were cultured on irradiated mouse embryonic
fiboroblasts (MEFs) as described in the standard protocol http://www.wicell.org.
We applied CRISPR technology to integrate a reporter Nluc or GFP into the
disease related gene, SMN2 for SMA and NEFL for ALS. CRISPR guide RNA
pairs, Cas9-Nickase and donor plasmid were introduced into IPSCs by
electroporation. Neomycin was added in the culture medium to select the
resistant cells. The neomycin-resistant IPSC colonies were picked and
screened by PCR to detect the integration of the reporter. The PCR products
were sequenced to confirm the correct in-frame fusion. In the donor plasmid,
we flanked the neomycin resistant cassette with two loxP sites; therefore, it can
be easily removed by Cre recombination. All the reporter IPSC lines were
confirmed without mutation in SMN2 or NEFL gene, and off-target sites.
2. Motor neuron differentiation from human iPSCs

Motor neuron differentiation was Induced from human IPSCs as
described (Du et al., 2015). Briefly, human iPSCs were treated with small
molecules CHIR99021 (3 puM), DMH-1 (2 uM), and SB431542 (2 uM) for 6
days to induce into SOX1* neuroepithelial progenitors (NEPs). The NEPs
were split and treated with additional retinoic acid (RA, 0.1 pM) and
purmorphamine (Pur, 0.5 uM) for another 6 days to generate OLIG2* motor
neuron progenitors (MNPs). These OLIG2+ MNPs were expanded with the
combination of small molecules and frozen in cell freezing medium. To induce
mature MNs, MNPs were plated and treated with RA, Pur and Compound E
(0.2uM) for another week to differentiate into CHAT* mature MNSs.
3. gPCR analysis

Total RNA was extracted using RNeasy plus mini kit (Qiagen). 1 ug total
RNA were reverse transcribed using the iScript reverse transcription superrmix
(Bio-rad) according to the manufacturer’s instructions. All the gPCR analysis
was repeated in triplicates, and relative difference in gene expression was
normalized to GAPDH.
4. HTS and Nluc assay

MNPs were thawed and plated by liquid handling system (BioTek) at
10,000 cells/well on 96-well plate and 5,000 cells/well on 384-well plate. After
treated with compounds for 24hrs to 72 hrs, Nluc activity was detected by
Nano-Glo® Luciferase Assay kit (Promega).
5. Electrophysiology

Whole-cell voltage-clamp or current-clamp recordings were carried out
at RT. The pipette solution consisted of (in mM) 145 K-gluconate, 0.1 CaCl2, 2
MgCl2, 1 EGTA, 2 Mg-ATP, 0.3 Na3-GTP, and 10 HEPES, pH 7.3 (290 mOsm).
The bath solution consisted of (mM) 127 NaCl, 1.2 KH2PO4, 1.9 KCI, 26
NaHCO3, 2.2 CaCl2, 1.4 MgS0O4, and 10 glucose, pH7.3 (295 mOsm). The
Neurons were visualized using an Olympus Optical (Tokyo, Japan) BX51WI
microscope at 40X. Voltage-clamp and current-clamp recordings were
obtained using a MultiClamp 700B amplifier (Molecular Devices). Signals were
filtered at 4 kHz and sampled at 50 kHz using a Digidata 1322A analog-to-
digital converter (Molecular Devices). Only cells with series resistances of <15
MQ, with > 80% of this resistance compensated, were analyzed.
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Results 3. Large scale production of MNs and optimization of HTS
platform

A B

e loxE CHIR+SB
A bonor plasmid ! lNIuc} PGK-Neo p- MNP R+S CHAT+
C

S— >< +DMH1+VPA
i +RA+Pur — MN

Cpd E

1. Establish SMN2-Nluc reporter lines for SMA

CHAT

SMN2 locus

O
O

SMN2 locus targeted

e oo » NSRRI ——
14 -
Mmre q 55 | —

loxP

v > ESRENN
Full-length SMN2-Nluc _ INluc
(Exon7 included) !C
P
Exon7 excluded SMN2-Nluc —l WLk ¥R S B
Treatment time 24 Hours

- N—— C Condition DMSO SMN-C3 DMSO SMN-C3 DMSO SMN-C3
Gt'?qtt,s.G,:.c,z..-.s.:j.Jtc.;..:.:.:.A.c-:.:’j.:c-es..aostc-c:?}c:.c.-.ttcc7:;3.:..:.A.t_:t_—".‘jgozég:.c't;. ereTaccaoe RLU (Mean) — 115191 153874 88324 131436 85975 137701
 insertC before stop code Standard deviation
Lt | h)

coefficient of

N R "SMNZ-Nluc 1.1kb vc'_alrlatlon (CV)
Signal/Background

Z score 0.210 0.211 0.240

SMN2-Nluc reporter

c»- or. -><

cumulative proliferation (log10)
Nluc level

o - ~N w e v o -~
'y 2 L A s

DL PDL+matrigel ™ ~

1]
-
! 4360 5826 3956 7377 4813 8297
=

3.78% 3./19%  4.48%  5.61% 560%  6.03%

\

-

(A) The schematic diagram shows the expansion of MNPs by small molecules
and rapidly differentiation to CHAT* mature MNs (B). (C) A single IPSC can
generate 50 MNPs, and expand to 10> MNPs after 5 passages. (D) Optimized
the plate coating with poly-D-lysine (PDL) and Matrigel. The morphology and
density of mature MNs showed in bright-field image. Table: Optimized HTS
screening assay in a 96-well plate.

(A) The schematic diagram shows the strategy to establish SMN2-Nluc reporter
by CRISPR technology. (B) confirm the integration of Nluc reporter into the
SMNZ2 locus by PCR analysis. (C) confirm the insertion of C before the stop
codon by seguencing.

2. Validation of SMN2-Nluc reporter by gqPCR and candidate

compounds 4. Primary screening with FDA-approved Drug Library
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(A) SMN2-Nluc MNs showed dose-dependent changes of Nluc activity by 0 , ' ' .
treatment with different concentrations of SAHA (Hahnen et al., 2006) and = e : et :
SMN-C3 (Naryshkin et al., 2014). (B) Nluc RNA level is correlated with SMN2 Primary screening with Selleck FDA-approved Drug Library (1018 compounds)
full length RNA level in SMA-232 IPSC line (35%) comparing to SMN RNA level on 384-well plates in duplicates. There is no compound identified to be better
In WT IPSC. (C) SMN2 and Nluc RNA levels showed similar up-regulation after than, or similar to SAHA and SMN-C3 in increasing the SMN2-Nluc level.

treated with SMN-C3 by qPCR.
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5. Functional validation of compound in SMA MNs
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We recently identified hyperexcitability in SMA MNs (Liu et al., 2015). The minimal
current required to trigger APs, rheobase, was +10 pA for SMA MNs as compared
to +40 pA for WT MNs. Compound SMN-C3 does not rescue this hyperexcitability
phenotype.

6. NEFL reporter line for ALS
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(A) The schematic diagram shows the strategy to establish NEFL-Nluc and NEFL-
GFP reporter lines by CRISPR technology. (B) NEFL-GFP MNs showed different
GFP intensity in neurite and aggregate.

Summary

 We have developed reporter IPSC lines for SMA and ALS, which
can monitor the endogenous expression of disease related genes at
physiological levels.

 We have developed a neuron-based HTS platform, which is more
relevant to the cells targeted by neurodegenerative diseases.
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