
Induced pluripotency was discovered relatively

recently, in 2006, when the first protocol for the genera�

tion of pluripotent stem cells from adult mouse fibroblasts

was published [1]. The cells were generated by ectopic

expression of four genes – Oct4, Sox2, Klf4, and c�Myc –

and were named induced pluripotent stem cells (iPSCs).

Human iPSCs were discovered just one year after [2] and

immediately came into notice as a model system for

studying various physiological and pathological process�

es. Two major features – self�renewal and ability to dif�

ferentiate into multiple cell types – have made iPSCs

highly attractive for biomedical studies, because iPSCs

they can be obtained from a patient suffering from a par�

ticular disease in a harmless way, as well as used for both

research and disease treatment.

From the moment the first human iPSCs were

obtained, a number of disease models have been devel�

oped using patient�specific iPSCs [3, 4], most of them

being models of monogenic hereditary diseases, although

cell models of sporadic or multifactorial disorders (e.g.,

Alzheimer’s disease) also exist [5]. It should be noted that

cells derived from patient�specific iPSCs recapitulate dis�

ease phenotype, proving the suitability of this kind of

model system for research [6�9].
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Abstract—Patient�specific induced pluripotent stem cells (iPSCs) capable of differentiation into required cell type are a

promising model for studying various pathological processes and development of new therapeutic approaches. However, no

conventional strategies for using iPSCs in disease research have been established yet. Genetically encoded biosensors can be

used for monitoring messenger molecules, metabolites, and enzyme activity in real time with the following conversion of

the registered signals in quantitative data, thus allowing evaluation of the impact of certain molecules on pathology devel�

opment. In this article, we describe the development of a universal cell�based platform for studying pathological processes

associated with amyotrophic lateral sclerosis. For this purpose, we have created a series of plasmid constructs for monitor�

ing endoplasmic reticulum stress, oxidative stress, apoptosis, and Ca2+�dependent hyperexcitability and generated trans�

genic iPSC line carrying mutation in the superoxide dismutase 1 gene (SOD1) and healthy control cell line. Both cell lines

have specific transactivator sequence required for doxycycline�controlled transcriptional activation and can be used for a

single�step biosensor insertion.
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Name

1

sgAAVS1�F

sgAAVS1�R

HM�MCS�U

HM�MCS�L

HA�R�CMV

Cas9�HF1

SV40poly(A)

HA�L�Puro

XBP1

XBP1ΔDBD, XBP1_indel

TagRFP

XBP1�TagRFP, XBP1�
TagRFP_indel

Cyto�Grx1�roGFP2

Mito�Grx1�roGFP2

Cyto�roGFP2�Orp1 

Mito�roGFP2�Orp1

Fragment source and/or PCR primers, 5′�3′

3

CACCGGTCACCAATCCTGTCCCTAG

AAACCTAGGGACAGGATTGGTGACC

CGGCGCGCCCTTAAGGTTAACACGCGTGGCGCGCCA

CTAGTGGCGCGCCACGCGTGTTAACCTTAAGGGCGC�
GCCGGTAC

Puro�Cas9 donor (Addgene #58409, [38]),
ACGCGTGGCGATCTGACGGTTCACT,
ACTAGTAGAGCAGAGCCAGGAACC

VP12 (Addgene #72247, [39]),
ACGCGTGCCACCATGGATAAAAAG,
CTTAAGCCATAGAGCCCACCGCA

pcDNA 3.1/Hygro (–),
GCAACCGGTACGAGATTTCGATTCCACCG, 
CAGCTTAAGTAAGATACATTGATGAGTTTG

Puro�Cas9 donor (Addgene #58409, [38]),
GGTACCTGCTTTCTCTGACCAGCATT,
CTTAAGCCATAGAGCCCACCGCAT

cDNA synthesized by qPCR from RNA isolated from human
brain tissue, 
GCGCGGTGCGTAGTCTGGAGC, 
GGTATATATGTGGTCAAAACG

pGEM�T�Easy_XBP1, CAAGCTAGCGCCACCATGGACTA�
CAAAGACGATGACGACAAGGAGAAAACTCATGGCCTTG�
TAGTTGAG,
AATGGTACCCCCTAAGTCAATACCGCCAGAATCC

pTagRFP�N (Evrogen, Russia),
GTCGGTACCGTGTCTAAGGGCGAAGAGCTG,
GCGCTTAAGTTAATTAAGCTTGTGCCCCA

pCMV�XBP1�TagRFP, pCMV�XBP1�TagRFP_indel,
CTGACGCGTGCCACCATGGACTACAAAG,
CGCACCGGTTCAATTAAGTTTGTGCCCCA

pLPCX cyto Grx1�roGFP2 (Addgene #64975 [22]), 
ACCACGCGTGCCACCATGGCTCAAGAGTTTGTGAAC,
TTTACCGGTTTACTTGTACAGCTCGTCC

pLPCX mito Grx1�roGFP2 (Addgene #64977, [22]),
GACACGCGTGCCACCATGGCCTCCACTCGTGTCCTC,
TTTACCGGTTTACTTGTACAGCTCGTCC

pLPCX roGFP2�Orp1 (Addgene #64991, [40]),
GACACGCGTGCCACCATGGTGAGCAAGGGCGAGGAG,
TTTACCGGTCTATTCCACCTCTTTCAAAAG

pLPCX mito roGFP2�Orp1 (Addgene #64992, [40]),
GACACGCGTGCCACCATGGCCTCCACTCGTGTCC,
TTTACCGGTCTATTCCACCTCTTTCAAAAG

Table 1. Fragments used for the construction of donor plasmids

Fragment content

2

–

–

multiple cloning site

multiple cloning site

right homology arm to AAVS1
locus (HA�R), TRE�minCMV
promoter

SpCas9�HF1, SV40 NLS,
3xFLAG epitope, bGHpoly(A) 

SV40poly(A)

left homology arm to AAVS1
locus (HA�L), puromycin resist�
ance sequence, bGHpoly(A)

XBP1 fragment, containing
stress�response element

XBP1, spliced/unspliced 
variants

TagRFP without start codon

XBP1, TagRFP

Grx1�roGFP2

Grx1�roGFP2, signal peptide
(ATP synthase subunit 9)

roGFP2�Orp1

roGFP2�Orp1, signal peptide
(ATP synthase subunit 9)
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The use of iPSCs for studying neurodegeneration is

of particular interest, since neurodegenerative disorders

have unclear etiology and complex pathogenesis and, as

a result, lack proper and efficient treatment options pre�

venting neuronal death. Amyotrophic lateral sclerosis

(ALS) is one of neurodegenerative disorders character�

ized by the death of both lower and upper motor neurons

[10]. Clinical manifestations of ALS include paralysis of

skeletal muscles and the diaphragm resulting in the res�

piratory failure as the most common cause of death [11].

However, some ALS features such, as age of onset, pro�

gression rate, presence/absence of cognitive decline, and

others can vary from patient to patient making ALS one

of the most heterogeneous disease among neurodegener�

ative disorders. Neither etiology nor pathogenic mecha�

nisms of ALS have been elucidated so far [12�14]. Up

to 10% of ALS cases are familial, the list of causative

genes including more than 100 names [15]. These genes

often encode proteins involved in basic cellular pro�

cesses, such as protein and RNA homeostasis, cellular

transport, and utilization of reactive oxygen species [16,

17].

Experiments in ALS animal models promote the

understanding of general features of ALS progression at

the systemic level. They, however, do not allow to investi�

gate pathology development in time – from the onset

through early to the advanced disease stages [18, 19].

New technologies for iPSC generation and protocols for

iPSC directed differentiation resulted in the creation of a

cell�based model system for studying pathological fea�

tures of motor neurons. However, most such studies are

limited to the investigation of gene expression profiles

with subsequent association analysis [9] or elucidation of

particular metabolic processes [20, 21], thereby failing to

facilitate the understanding of the cause�effect relation�

ship between the processes leading to the death of motor

neurons in ALS.

Genetically encoded biosensors are widely used for

studying various biological processes. They allow to mon�

itor specific signaling molecules, enzymes, and metabo�

lites in solutions, cells, and even animals [22, 23]. The

mechanism of biosensor function is based on the ability of

certain proteins to change their conformation in response

to specific stimuli [24]. These changes induce generation

of a reporter signal (fluorescent, luminescent, or electro�

chemical) that can be registered and evaluated quantita�

tively. A number of biosensors based on fluorescent pro�

teins have been created and actively used in different cell

systems [25, 26], e.g., for registration of different patho�

logical processes typical for neurodegeneration, such as

apoptosis, oxidative stress, endoplasmic reticulum (ER)

stress, and hyperexcitability [27�29].

MATERIALS AND METHODS

CRISPR/Cas9 plasmid construction. The pX458�

AAVS1 plasmid encoding Cas9 and guide RNA for the

double�strand break generation in the AAVS1 locus was

constructed based on the pSpCas9(BB)�2A�GFP vector

(#48138; Addgene, USA [30]). Two oligonucleotides,

sgAAVS1�F and sgAAVS1�R (Table 1), were annealed and

inserted into pSpCas9(BB)�2A�GFP using BbsI restric�

tion sites.

Construction of donor plasmids. Donor plasmids

containing biosensor sequences, puromycin resistance

1

Casper3�BG 

Casper3�GR

GCaMP6f

GCaMP6m 

GCaMP6s

3

pCasper3�BG (Evrogen), 
CCAACGCGTGCCACCATGAGCGAGCTGAT,
CGCCTTAAGATACATTGATGAGTTTGGAC

pCasper3�GR (Evrogen),
CCAACGCGTGCCACCATGGTGAGCGAGCT,
CGCCTTAAGATACATTGATGAGTTTGGAC

pAAV.Syn.GCaMP6f.WPRE.SV40 (Addgene #100837, [29]),
GATACGCGTGCCACCATGGGTTCTCATCATC,
GATACCGGTTCACTTCGCTGTCATCATTTGTAC

pAAV.Syn.GCaMP6m.WPRE.SV40 (Addgene #100841,[29]),
GATACGCGTGCCACCATGGGTTCTCATCATC,
GATACCGGTTCACTTCGCTGTCATCATTTGTAC

pAAV.Syn.GCaMP6s.WPRE.SV40 (Addgene #100843, [29]),
GATACGCGTGCCACCATGGGTTCTCATCATC,
GATACCGGTTCACTTCGCTGTCATCATTTGTAC

Table 1 (Contd.)

2

BFP, TagGFP2, caspase 3 site

TagGFP2, RFP, caspase 3 site

calmodulin_fast, GFP, calmod�
ulin�binding peptide

calmodulin_medium, GFP,
calmodulin�binding peptide

calmodulin_slow, GFP, calmod�
ulin�binding peptide
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sequence, and homology arms to the AVVS1 locus were

generated by ligation of the corresponding PCR frag�

ments into the vectors (Table 1).

The pSpCas9�HF1�donor plasmid was constructed

by insertion of five DNA fragments into the pBluescript

SK(+) plasmid. Synthetic oligonucleotides HM�MCS�U

and HM�MCS�L (Table 1) containing restriction sites for

AflII and MluI were annealed and cloned into the

pBluescript SK(+) vector using Acc65I and SpeI restric�

tion sites, resulting in the generation of pBluescript

SK(+) MCS. The HA�R�CMV fragment was inserted

into pBluescript SK(+) MCS by SpeI and MluI restric�

tion endonuclease sites. The Cas9�HF1 fragment was

inserted by the MluI and AflII sites. The bGHpolyA

polyadenylation signal located between AgeI and AflII

restriction sites was replaced by the SV40poly(A)

sequence. Finally, the HA�L�Puro fragment was inserted

by the Acc65I and AflII sites.

All other donor plasmids were obtained based on

pSpCas9�HF1�donor by replacement of the fragment

flanked by the MluI and AgeI/AflII cloning sites.

The pXBP1�TagRFP�ERSS donor plasmid was con�

structed by cloning of the XBP1 fragment into pGEM�T

Easy (Promega, USA). The XBP1ΔDBD and

XBP1_indel fragments were obtained by PCR using

pGEM�T Easy_XBP1 as a template and cloned into

pcDNA 3.1/Hygro(–) by the NheI and Acc65I sites. The

TagRFP sequence was inserted in the same vector by the

Acc65I and AflII sites. The resulting plasmid was used for

PCR amplification of the XBP1�TagRFP and XBP1�

TagRFP_indel fragments that were inserted in pSpCas9�

HF1�donor by the MluI and AgeI sites.

For the generation of pCyto�Grx1�roGFP2�donor

and pMito�Grx1�roGFP2�donor plasmids, Cyto�Grx1�

roGFP2 and Mito�Grx1�roGFP2 fragments, respective�

ly, were cloned in pSpCas9�HF1�donor by the MluI and

AgeI sites. The pCyto�roGFP2�Orp1�donor and pMito�

roGFP2�Orp1�donor plasmids were generated by inser�

tion of the Cyto�roGFP2�Orp1 and Mito�roGFP2�Orp1

fragments, respectively, in pSpCas9�HF1�donor by the

MluI and AgeI sites.

pCasper3�BG�donor and pCasper3�GR�donor plas�

mids were obtained by insertion of the Casper3�BG and

Casper3�GR fragments, respectively, in pSpCas9�HF1�

donor by the MluI and AflII sites.

pAAVS�TRE�CMV�GCaMP6f/m/s plasmids were

constructed by insertion of the GCaMP6f, GCaMP6m,

and GCaMP6s fragments, respectively, into pSpCas9�

HF1�donor by the MluI and AgeI sites.

All generated plasmids were produced in E. coli

XL10�GOLD Kanr cells (Agilent, USA). Transformed E.

coli cells were grown at 30°C. Q5® High�Fidelity DNA

Polymerase (New England Biolabs, USA) or Phusion™

Hot Start II High�Fidelity DNA Polymerase (Thermo

Fisher Scientific, USA) were used for all PCR reactions;

restriction endonucleases were from New England

Biolabs, Promega and Sibenzyme (Russia); T4 DNA lig�

ase was from Thermo Fisher Scientific. The accuracy of

cloning was verified by Sanger sequencing.

Cell culturing and reprogramming. Mononuclear

blood cells (MBCs) with the D90A mutation in superox�

ide dismutase (SOD1) gene were obtained from an ALS

patient at the Research Center of Neurology (Moscow)

and isolated by Ficoll gradient centrifugation (1.077 g/

ml; Biolot, Russia). MBCs were thawed 5 days prior to

reprogramming and cultured according to the published

protocol [31] at 37°C in 5% CO2 at 90% humidity.

MBCs reprogramming was performed by electropo�

ration with the reprogramming episome set [pCE�hUL,

pCE�hSK, pCE�hOCT3/4, pCE�mp53DD, pCE�GFP,

pCXB�EBNA�1 (Addgene; #41855�58, #41813�14)]

using Neon Transfection System (Thermo Fisher

Scientific) as described in [32]. Primary iPSC colonies

were transferred on a feeder layer (mitotically inactive

mouse embryonic fibroblasts) or hESC�qualified matrix

(Matrigel®�ESQ; Corning, USA) on days 20�30 of repro�

gramming. Feeder�dependent iPSCs were cultured

according to the published protocol [33]; xeno�free

iPSCs grown on matrix were maintained in E8 media

(Thermo Fisher Scientific).

In vitro spontaneous differentiation. The cells were

seeded in cultural dishes, grown up to 85�90% confluen�

cy, and then detached from the surface by incubation

with Collagenase IV (Sigma�Aldrich, USA) for 20�

30 min at 37°C. Cell aggregates were transferred to a cul�

tural dish coated with 1% agarose in order to form

embryoid bodies (EBs). EBs were maintained in the

growth media without basic growth factor in agarose�

coated dishes for 2 weeks and then for 2 more weeks on a

gelatin�coated surface.

Immunostaining. The cells were washed twice with

PBS, fixed with 4% formamide solution for 10 min at

room temperature, washed twice with PBS for 15 min,

permeabilized with 0.5% Triton X�100 for 30 min at

room temperature, and washed with PBS twice for

15 min. The cells were then incubated with the blocking

solution (bovine serum albumin, 10 mg/ml) for 30 min,

incubated with specific primary antibody overnight at

4°C, washed with PBS twice for 15 min, and incubated

with the secondary antibody for 1.5�2 h at room temper�

ature with subsequent washing with PBS (twice for

15 min at room temperature). Cell nuclei visualized with

4′,6�diamidino�2�phenylindole (DAPI, 1 μg/ml solution

in PBS; Sigma�Aldrich), and the cells were analyzed

using a Nikon Eclipse Ti�E fluorescent microscope

(Nikon, Japan).

RNA isolation, cDNA synthesis, and qPCR. Total

RNA was isolated from the cells using TRIzol reagent

(Thermo Fisher Scientific) and treated with DNA�free™

DNA removal kit (Ambion, USA) according to the man�

ufacturer’s instructions. cDNA was synthesized with

SuperScript II reverse transcriptase kit (Thermo Fisher
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Scientific). Expression of pluripotency markers was eval�

uated by RT�PCR according to the protocols published

in [1].

Karyotyping. Karyotype analysis of iPSCs was per�

formed as described in [34].

Electroporation of iPSCs. Feeder�dependent cells

were transferred on the matrix and cultured for 1�2 pas�

sages prior to electroporation. The cells were seeded at

1 : 3 to 1 : 4 dilution 24 h before electroporation. On

the day of electroporation, the cells were dissociated

from the plate with TrypLE (Thermo Fisher Scientific),

centrifuged for 5 min at 200g, and resuspended in R

buffer (Neon Transfection System 100 μl kit; Thermo

Fisher Scientific) to the concentration of 0.5·107

cells/ml. For one reaction (100 μl), 2 μg of pX458�

AAVS1 and 3 μg of AAVS�Neo�M2rtTA (Addgene;

#60843 [35]) were used. The following settings for elec�

troporation were used: 1100 V, 30 ms, 1 pulse. After elec�

troporation, the cells were transferred to the cultural dish

containing warm growth media supplemented with

10 ng/ml Y�27632 (Sigma�Aldrich) inhibitor of Rho�

associated protein kinase. The medium was replaced

with the fresh one supplemented with Y�27632 4 h after

electroporation.

iPSC subclone selection on selective medium. For

subclone selection, the growth media was supplemented

with neomycin sulfate (Thermo Fisher Scientific).

Neomycin concentration was determined for each cell

line by titration. The cells were maintained in the selec�

tive media for 5 days; the colonies that survived selection

were transferred into separate cultural dishes for further

culturing and analysis.

Subclone analysis and screening. To identify sub�

clones with target CRISPR�mediated transgene inser�

tions, genomic DNA was isolated from the cells with

Quick Extract DNA Extraction Solution (Epicentre,

USA) according to the manufacturer’s instructions and

stored at –20°C. PCR was performed using Biomaster

HS�Taq PCR�Color 2× mix (Biolabmix, Russia) and

primers listed in the Table 2.

Primer

AAVS1_WT�F

AAVS1_WT�R

HA_L�OUT

Neo_in�R

HA_L�F1

M13�R

Comment

product length, 555 bp; WT AAVS1 allele amplification

product length, 555 bp; WT AAVS1 allele amplification

annealing outside left homology arm

+ HA_L�OUT, product length, 1042 bp; for insert position analysis
+ HA_L�F1, product length, 461 bp; insert verification

annealing inside left homology arm

+ Neo_in�R, product length, 1063 bp; additional insert verification

Table 2. Primers used to verify transgene insertion

Sequence, 5′–3′

CTCTGGCTCCATCGTAAGCAA

CCCAAAGTACCCCGTCTCCC

CCGGACCACTTTGAGCTCTAC

GCCCAGTCATAGCCGAATAG

CTGTGGATTCGGGTCACCTC

CAGGAAACAGCTATGAC

Name

pXBP1�TagRFP�ERSS

pCyto�Grx1�roGFP2�donor, 
pMito�Grx1�roGFP2�donor

pCyto�roGFP2�Orp1�donor, 
pMito�roGFP2�Orp1�donor

pCasper3�BG�donor, 
pCasper3�GR�donor

pAAVS�TRE�CMV�
GCaMP6f/m/s

Field of study

neurodegenerative diseases [28], Crohn’s disease
[27]

cancer, diabetes [36]

chronic inflammatory diseases [37]

apoptosis in neurodegeneration

excitability of the specific cells [29]

Table 3. Genetically�encoded biosensors and their application

Target

XBP1, ER stress indicator

roGFP2�Grx1, glutathione redox state
sensor 

roGFP2�Orp1, H2O2 redox activity 
sensor

caspase 3, apoptosis

Ca2+�dependent hyperexcitability
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Fig. 1. Characterization of patient�specific iPSCs. a) Left panel, RT�PCR analysis of pluripotency marker expression: 1) positive control

(cDNA of HUES9 embryonic stem cells); 2) negative control (cDNA of MBCs); 3�7) iPSC lines 1M_iALS, 2g_iALS, 1g_iALS, 2M_iALS,

and 3M_iALS, respectively. Expression of transcription factors (SOX2, hMYC, KLF4, OCT 3/4, NANOG) and regulatory proteins (GDF3,

LEFTB, TDGF1, DNMT3B, hTERT, NODAL, PODXL) is shown; GAPDH (RT+), positive control of reverse transcription reaction; GAPDH

(RT–), control for genomic DNA contamination. Right panel, morphology of iPSC colonies, endogenic alkaline phosphatase expression,

immunostaining of 1M_iALS iPSC colonies for transcriptional factors SOX2, OCT3/4, NANOG and membrane antigens SSEA4 and TRA�

1�60. Cell nuclei are visualized with DAPI. Magnification, 10×; scale bar, 250 μm. b) In vitro spontaneous differentiation. RT�PCR analysis

of expression of ectoderm (PAX6, MAP2), mesoderm (FOXA2, BRACHYURY), and endoderm (AFP, SOX17) markers: 1) cDNA of MBCs;

2, 3) cDNA of iPSC lines 1M_iALS and 3M_iALS, respectively; 4, 5) cDNA of embryoid bodies derived from 1M_iALS and 3M_iALS,

respectively. Immunostaining for the ectoderm (neurofilament 200, NF200), mesoderm (fibronectin, FN), and endoderm (α�fetoprotein,

AFP) markers. Cell nuclei are visualized with DAPI. Scale bar, 100 μm. c) Karyotype of the 2M_iALS iPSCs. d) Partial sequence of the SOD1

gene exon 4; single nucleotide substitution is marked by an arrow.

a

b

d

c
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RESULTS

Generation of donor plasmids for insertion of biosen�
sor sequences in the AAVS1 safe harbor site. A series of

donor plasmids for the CRISPR�mediated insertion of

biosensor sequences in the AAVS1 locus were created:

pXBP1�TagRFP�ERSS, pCyto�Grx1�roGFP2�donor,

pMito�Grx1�roGFP2�donor, pCyto�roGFP2�Orp1�

donor, pMito�roGFP2�Orp1�donor, pCasper3�BG�

donor, pCasper3�GR�donor, pAAVS�TRE�CMV�

GCaMP6f/m/s. Each donor plasmid contained the

biosensor sequence, homology arms to the AAVS1 locus

required for the transgene insertion by the homology�

directed repair mechanism, and puromycin resistance

sequence for clone selection (Table 3).

Generation and characterization of patient�specific
iPSC. Thirteen primary iPSC colonies were obtained by

MBC reprogramming: 11 feeder�dependent lines and 2

xeno�free lines (i.e., grown in the medium containing no

components derived from animals). Generated iPSCs

displayed high nucleus�to�cytoplasm ratio and embryon�

ic stem cell�like morphology of the colonies and

expressed endogenous alkaline phosphatase and pluripo�

tency markers genes (Fig. 1a). In vitro spontaneous dif�

ferentiation of these cells resulted in the formation of

ecto�, meso� and endoderm derivatives (Fig. 1b).

Therefore, iPSCs obtained from the patient’s MBCs

were pluripotent and able to produce derivatives of three

germ layer in vitro. Karyotype analysis of iPSCs on pas�

sage 10 revealed no significant chromosomal aberrations

(Fig. 1c). The cells retained the donor genotype and had

a single nucleotide substitution in exon 4 of the SOD1

gene resulting in the D90A mutation in the SOD1 pro�

tein (Fig. 1d).

CRISPR/Cas9�mediated insertion of doxycycline�
dependent transactivator sequence in the AAVS1 locus.
Both patient�specific iPSC line 1M_iALS and control

healthy iPSC line iMA_1L were used in the experiment.

Doxycycline�dependent transactivator sequence was

inserted in the AAVS1 loci of these cells by homologous

recombination initiated by the CRISPR/Cas9�induced

double�strand break. As a result of electroporation and

subsequent selection, 23 to 32 neomycin�resistant sub�

clones were obtained. Sequencing of these subclones

confirmed that all of them contained transactivator

sequence in the AAVS1 locus. However, to be used for

further introduction of biosensor sequences, the cells

should have unchanged protospacer for CRISPR/Cas9

in the AAVS1 locus on homologous chromosome.

Sequencing of the protospacer�containing fragment of

the AAVS1 locus revealed six 1M_iALS subclones and

seven iMA_1L subclones that satisfied this condition and

can be used for subsequent CRISPR/Cas9�mediated

insertion of biosensor sequences in the remaining AAVS1

locus.

Screening of cell lines for additional off�target trans�
activator insertions. Since plasmids are prone to random

integration into genome, it was necessary to confirm the

absence of additional off�target insertions of the donor

plasmids that could potentially impact normal cell func�

tioning and/or disease phenotype. Using primers

designed for amplification of the nonintegrating fragment

of the donor plasmid, we demonstrated by PCR analysis

that subclones 4, 11, 3.2, and 6.2 of the iMA_1L cell line

and subclones 7, 12, 16, and 27 of the 1M_iALS cell line

carried additional copies of the plasmid in the genome,

while subclones 17, 19.2, and 24.2 of the iMA_1L cell

line and subclones 2 and 17 of the 1M_iALS cell line did

Fig. 2. PCR analysis of subclones for additional random plasmid integration. a) Subclones derived from the 1M_iALS iPSC line: 1) DNA size

ladder (Sky�High; Biolabmix, Russia); 2) negative control, H2O (no DNA template); 3) negative control (genomic DNA from 1M_iALS);

4) positive control (donor plasmid DNA); 5�10) 1M_iALS subclones #2, #7, #12, #16, #17, and #27, respectively, containing insertion in the

AAVS1 locus. b) Subclones derived from the iMA_1L iPSC line: 1) positive control (donor plasmid DNA); 2) DNA size ladder (Sky�High);

3) negative control (genomic DNA from iMA_1L); 4�10) iMA_1L subclones #4, #11, #17, #3.2, #6.2, and #24.2, respectively, containing

insertion in the AAVS1 locus. Target PCR product (1063 bp) is marked by the arrow.

a b
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not contained additional insertions of the donor plasmid

in the genome (Fig. 2, a and b).

DISCUSSION

It has been shown earlier in different model systems

that ER stress, oxidative stress, apoptosis, and neuronal

hyperexcitability play a pivotal role in ALS pathophysiol�

ogy. However, due to the absence of reliable research

methods, it is still difficult to establish contribution of

each component to the disease onset and progress. Here,

we report generation of plasmid constructs encoding

biosensors designed to monitor certain pathological

processes in living cells (Table 3). The method described

in this paper is universal and allows to obtain a wide vari�

ety of donor plasmids by replacing biosensor sequences in

the same plasmid (Fig. 3a). The sequence of the donor

plasmid is organized in a way that the protospacer for

CRISPR/Cas9 is absent in the integrating part of the plas�

mid, thus preventing hydrolysis of both the donor plasmid

itself and the corresponding insert in the AAVS1 locus.

Fig. 3. Development of the universal cell�based platform for neurodegeneration studies. a) Scheme for the donor plasmid construction. The

fragment common for all donor plasmids contains the AAVS1 homology arms (HA�R, HA�L), TRE (tetracycline responsive element) pro�

moter, puromycin�resistance sequence. Plasmid fragments containing functional elements of the biosensors are shown separately:

XBP1ΔDBD, fragment of the XBP1 gene; SRE, stress responsive element; SP, signal peptide from ATP synthase subunit 9 (in pMito�Grx1�

roGFP2�donor and pMito�roGFP2�Orp1�donor); Link, caspase 3 hydrolysis site; CM, calmodulin. b) PCR analysis for insert verification in

the AAVS1 site in 1M_iALS subclones: 1) DNA size ladder (Sky�High; Biolabmix, Russia); 2) negative control, H2O (no DNA template);

3) negative control (genomic DNA from 1M_iALS); 4�17) 1M_iALS subclones. Partial sequence of the AAVS1 locus without transactivator

insertion in 1M_iALS subclones. CRISPR/Cas9 protospacer sequence is framed. In some subclones, the protospacer sequence is disrupted

as a result of double�strand break repair by non�homology directed repair mechanism. WT, wild type; TA, transactivator for doxycycline�

dependent expression. c) Strategy for the development of the cell�based platform and its application in ALS studies. OKSM, reprogramming

factors OCT3/4, KLF4, SOX2, and MYC. d) AAVS1 locus structure in 1M_iALS subclones. Transactivator sequence insertion and disrupted

CRISPR/Cas9 protospacer on one of the chromosomes and intact CRISPR/Cas9 protospacer on the homologous chromosome are shown.

Arrows indicate primers used for the WT AAVS1 locus amplification (black), transactivator insert verification (red), and verification of trans�

activator position in the AAVS1 locus (blue). NeoR, neomycin�resistant sequence gene; rtTA�advanced, transactivator for doxycycline�depend�

ent expression.

a

c d

b

~7.4 kbp

� � �
�
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Biosensors encoded in the constructed donor plas�

mids can be used for studying pathological processes

associated with motor neuron death in cell�based ALS

models. However, since ALS�associated neurodegenera�

tion is a complex process involving disruption of several

different cellular mechanisms, it is convenient to have a

universal platform that can be used for the generation of

transgenic cell lines with different biosensors (Fig. 3, b

and c). In this work, we described two transgenic iPSC

lines that have the transactivator sequence inserted in the

AAVS1 site. One of them was generated from MBCs of the

ALS patient carrying D90A substitution in SOD1. The

other was an earlier obtained cell line from a healthy

donor (Fig. 3d). Generated iPSCs demonstrated embry�

onic cell�like morphology, expressed major pluripotency

markers, and produced derivatives of three germ layers as

a result of in vitro spontaneous differentiation. They had a

stable number of chromosomes; diploid cells dominated

in the culture, except occasional appearance of aneuploid

cells that was associated with the sample preparation

process.

Transgenic lines with inserted doxycycline�depend�

ent transactivator sequence were generated from the

patient�specific iPSCs (1M_iALS) and healthy control

iPSCs (iMA_1L) via CRISPR/Cas9�mediated introduc�

tion of a double�strand break in the AAVS1 locus, one of

the “safe harbor” loci that can be genetically manipulat�

ed without harmful consequences for the cell [36].

Several neomycin�resistant subclones of 1M_iALS and

iMA_1L lines were obtained; some of these clones had

intact CRISPR/Cas9 protospacer in AAVS1 locus on

homologous chromosome, which is essential for subse�

quent insertion of the biosensor sequences.

Subclones with no additional off�target integration of

the transactivator sequence were identified by PCR. Since

the fragment of the donor plasmid that integrated into the

AAVS1 site included transactivator and neomycin resist�

ance sequences only, no other fragments of the donor

plasmid should be present in the cells after a certain

amount of time required for complete plasmid elimina�

tion. We used 6 μg (963.3 fmol) of the AAVS�Neo�M2rtTA

donor plasmid for transfection of 106 cells. Provided that

all plasmid copies (10,080 bp) entered the cells, 5.8·105

[(963.3·10–15 mol × 6.022 × 1023)/(1 × 106)] plasmid copies

were introduced into each cell. Since it is impossible to

determine the actual number of plasmids transfected into

the cell, we used the number 5.8·105 plasmid copies per

cell for the simplicity of the following calculations.

Theoretically, the number of plasmid copies is reduced by

2 every cell cycle; hence, complete elimination of the plas�

mid occurs after log25.8 × 105 = 19.146 (~20) cell divi�

sions, or cell culturing for ~2 weeks [37]. PCR analysis

revealed that two 1M�iALS subclones and three 1MA_1L

subclones carried no additional transgene inserts.

In conclusion, here we report generation of the uni�

versal cell�based platform including two iPSC lines

derived from the ALS patient with ALS�associated muta�

tion in the SOD1 gene and healthy donor and a series of

biosensor�encoding donor plasmids. The cell lines

described in this paper can be used for the generation of

new cell lines by a one�step insertion of a biosensor

sequence into the AAVS1 locus. The use of biosensors

allows to investigate precise mechanisms of impairments

in diseased motor neurons by detecting and evaluating

certain pathological processes, which might also open

new prospects for development of new therapeutic

approaches and drug testing.
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