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assessment utilizing dermal
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Sophie Nambot,13,14 Bertrand Isidor,13,14 John Grigg,15 Tina Gonzalez,16 Sondhya Ghedia,16

Rhett G. Marchant,17,18 Adam Bournazos,17,19 Wui-Kwan Wong,17,19,20 Richard I. Webster,20

Frances J. Evesson,17,18,19 Kristi J. Jones,17,19,21 PERSYST Investigator Team,23 Sandra T. Cooper,17,18,19

Ryan Lister,3,4 Jozef Gecz,1,5,22,* and Lachlan A. Jolly1,2,*

Summary

Understanding the impact of splicing and nonsense variants on RNA is crucial for the resolution of variant classification as well as their

suitability for precision medicine interventions. This is primarily enabled through RNA studies involving transcriptomics followed by

targeted assays using RNA isolated from clinically accessible tissues (CATs) such as blood or skin of affected individuals. Insufficient dis-

ease gene expression in CATs does however pose a major barrier to RNA based investigations, which we show is relevant to 1,436 Men-

delian disease genes.We term these ‘‘silent’’ Mendelian genes (SMGs), the largest portion (36%) of which are associatedwith neurological

disorders. We developed two approaches to induce SMG expression in human dermal fibroblasts (HDFs) to overcome this limitation,

including CRISPR-activation-based gene transactivation and fibroblast-to-neuron transdifferentiation. Initial transactivation screens

involving 40 SMGs stimulated our development of a highly multiplexed transactivation system culminating in the 6- to 90,000-fold

induction of expression of 20/20 (100%) SMGs tested in HDFs. Transdifferentiation of HDFs directly to neurons led to expression of

193/516 (37.4%) of SMGs implicated in neurological disease. The magnitude and isoform diversity of SMG expression following either

transactivation or transdifferentiation was comparable to clinically relevant tissues. We apply transdifferentiation and/or gene transac-

tivation combined with short- and long-read RNA sequencing to investigate the impact that variants in USH2A, SCN1A, DMD, and PAK3

have on RNA using HDFs derived from affected individuals. Transactivation and transdifferentiation represent rapid, scalable functional

genomic solutions to investigate variants impacting SMGs in the patient cell and genomic context.

Introduction

The expanding catalog of Mendelian disease genes is

accompanied by exponential growth in the number of var-

iants of uncertain significance (VUSs), which remain chal-

lenging to resolve and continue to accumulate.1 While

aggregation of genomic data from healthy and affected in-

dividuals may resolve a portion of VUSs through sequence

reanalysis, many current and future VUSs will remain

orphan findings, requiring additional evidence to resolve

their effect. The American College of Medical Genetics

and Genomics and the Association for Molecular Pathol-

ogy (ACMG-AMP) provide guidelines for the interpretation

of DNA variant pathogenicity and state that a well-estab-

lished functional assay demonstrating the deleterious

impact of the variant on gene activity is considered strong

evidence for pathogenicity.2,3 Studies conducted in the

context of an affected individual’s genetic background

are recommended due to the possible influence of variant

effect modifiers. These include variants in cis or trans
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that impact expression or splice quantitative trait loci,4

contribute to genetic risk or susceptibility,5 or that influ-

ence important mechanisms such as nonsense mediated

mRNA decay (NMD),6 genetic compensation,7 allele-

biased expression,8 and X inactivation9 among others. As

such, patient blood or skin samples/cell lines are often

desired for these investigations to enable direct and un-

equivocal assessment of variant impacts. For DNA variants

predicted to alter RNA processing, functional studies that

determine empirically and exactly how RNA splicing pat-

terns are altered and/or whether aberrant transcript(s) are

susceptible to NMD, is often vital for clinical interpreta-

tion.10–12 Such studies are critical as variants suspected to

alter RNA splicing or abundance can be difficult to inter-

pret from DNA sequence alone and are also frequent. Var-

iants that affect pre-mRNA splicing account for at least

13% of disease-causing variants and are likely underesti-

mated due to the ascertainment bias toward coding vari-

ants,10,13 while variants predicted to result in a premature

termination codon (PTC) and potentially eliciting down-

stream NMD represent an estimated 30% of all disease-

causing variants.14 Establishing splice altering or a PTC

variant effect is important for at least two major reasons.

Firstly, it is crucial for accurate classification of these vari-

ants as pathogenic or benign, and secondly, it is essential

to understand the actual variant effect on RNA and hence

its precise assessment for current or future therapies (e.g.,

anti-sense oligonucleotide or nonsense suppression ap-

proaches).15–17 Consequently, even variants classified as

pathogenic based on DNA sequence alone benefit from

functional studies to address variant mechanism in view

of personalized genomic medicine.15

Splice altering variants can lead to diverse molecular out-

comes including cryptic splicing, exon skipping, intron in-

clusion, leaky splicing, or the introduction of pseudo-

exons.18 It is accepted that variants in the canonical 51

or 52 splice sites are pathogenic if found in genes where

loss of function is an established disease mechanism.3

Non-canonical splice variants affecting extended donor

and acceptor sites as well as distal intronic and exonic

pre-mRNA features are far more challenging to interpret

and there is a growing bottleneck in their resolution.18–22

Predictive algorithms are evolving for the prioritization

of splicing variants, including the latest generation of ma-

chine learningmethods such as SpliceAI andmore recently

SpliceVault.23–28 Yet most non-canonical splice altering

variants remain classified as VUSs because predictive evi-

dence remains insufficient alone to re-classify them as

pathogenic in clinical settings.2,3 In contrast, nonsense

or frameshift variants are frequently assessed as loss-of-

function and, as such, pathogenic based on DNA sequence

alone, with NMD of such mRNAs assumed, albeit infre-

quently assessed experimentally. While such loss of func-

tion mechanismmay also be supported by clinical or other

evidence, in other cases it is less clear, and the role of NMD

should be questioned given the many reported examples

where mRNAs containing NMD-compliant PTCs fully or

partially escape NMD, leading to unexpected mechanisms

of disease.29–37

The ACMG guidelines state that functional investigation

of variants through RNA analysis can garner strong evi-

dence if assays are well established, reproducible, robust,

and conducted in the context of the affected individual’s

biological environment and genetic background.2,3,11

Functional RNA investigations are shown to result in the

reclassification of 75% of putative splicing variants,11

while RNA-sequencing (RNA-seq)-based expression outlier

analysis also increases diagnostic yield significantly.38–41

RNA-seq has now emerged as the first-tier approach to

resolve mRNA altering variants,12,39,42,43 an approach

that also addresses the variants mechanism of action, as

it reveals the full spectrum of aberrant splicing outcomes,

and involvement of NMD, and therefore may inform treat-

ment options, i.e., ‘‘variant treatability.’’15–17 Despite these

benefits, long-standing challenges remain if the variant

requiring RNA-based assessment is in a gene that is not suf-

ficiently expressed in clinically accessible tissues (CATs) of

blood and skin: how can RNA be functionally assessed if

the expression of the corresponding gene or gene isoform

is silent in CATs? Access to a biopsy from the clinically rele-

vant tissue (CRTs) may be an option (e.g., muscle biopsy),

but the risks are often too high (e.g., when considering

CRTs like brain or liver) or collection of CRTs is not practi-

cally possible (e.g., fetal tissue from an adult individual or

specific rare tissues). RNA analysis using high cycle and/or

nested PCR or ultradeep RNA-seq (>billion reads/sample)

are options for some lowly expressed genes but might be

inherently biased in view of the PCR amplicon(s) design

or the mRNA isoform diversity inherent to the CAT.11,44

Other approaches include engineering of exogenous

cDNAs or mini-gene expression constructs45,46 or intro-

duction of variants (e.g., by CRISPR-Cas9) into the ge-

nomes of generic models, often cancerous cell lines, ex-

pressing the gene of interest.47 These techniques are,

however, ‘‘variant centric,’’ involving extensive redesign

of reagents on a per variant basis. Other relevant consider-

ations and limitations of such assays can also include tar-

geting only single or even partial gene isoforms, impact

of episomal expression artifacts, and variant assessment

in non-patient cell and genome context. Creation of

patient induced pluripotent stem cells (iPSCs) followed

by tissue-specific differentiation48 is another solution but

requires proficiency in iPSC techniques and carries a

large resource burden per variant. Collectively, while ap-

proaches with established utility exist to overcome the

issue of lack of disease gene expression in CATs, they are

non-trivial in terms of resources and expertise as well

as their scalability for higher-throughput applications.

Consequently, there is a major gap in our ability to assess

variants impacting RNA in the context of an individual’s

own genome in genes and isoforms that are not expressed

in CATs. In this study, we address this challenge by

developing broadly applicable gene transactivation

and cell transdifferentiation approaches for variant effect

2 The American Journal of Human Genetics 111, 1–27, August 8, 2024

Please cite this article in press as: Nicolas-Martinez et al., RNA variant assessment using transactivation and transdifferentiation, The Amer-
ican Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.06.018



assessment using human dermal fibroblasts (HDFs). We

couple these techniques with short- and long-read RNA-

seq to investigate and resolve the mechanism of action of

variants in Mendelian disease genes that are not otherwise

sufficiently expressed in CATs.

Subjects, material, and methods

Subjects

This study was approved by the Women’s and Children’s

Health Network Human Research Ethics Committee,

South Australia, Australia (HRE00188) and the Sydney

Children’s Hospitals Network Human Research Ethics

Committee (protocol 2019/ETH11736), and French Insti-

tutional Review Boards (Nantes, Dijon and Montpellier).

All subject information and materials were provided

following informed guardian consent. The individual

with the SCN1A variant was recruited via the Epilepsy

Research Centre, Department of Medicine, The University

of Melbourne, Austin Health, Heidelberg, VIC, 3084,

Australia. The individual with the USH2A variants was re-

cruited via Specialty of Ophthalmology, Save Sight Insti-

tute, Faculty of Medicine and Health, The University of

Sydney, Sydney, NSW, 2000, Australia. The individual

with the DMD variant was recruited via the Kids Neurosci-

ence Centre, Kids Research, Children’s Hospital at West-

mead, Westmead, NSW, 2145, Australia. Two out of three

individuals with PAK3 variants were recruited using French

National Genetics Network on Intellectual Disability and

the DEFIDIAG infrastructure. Themolecular PAK3 analyses

were performed through genetic diagnosis protocols using

trio genome sequencing. The third individual with a PAK3

variant was identified as part of a diagnostic process, using

exome sequencing. One identified variant was submitted

on the ClinVar database with the following accession

number: SCV001736950.1 (g.110437602G>T [GenBank:

NC_000023.10] [c.1066G>T (GenBank: NM_002578.5);

p.Glu356Ter (GenBank: NP_002569.1)]).

Recombinant DNA engineering

All plasmids were prepared using Endotoxin Free Maxi

Prep Kits as per the manufacturer’s instructions (Qiagen,

Hilden, Germany). For gene transactivation, the vector

p.dCas9-ST-BFP was obtained from Addgene (#60903;

Watertown, MA, USA). The P2A-Blue Fluorescent Protein

(BFP) cassette was substituted for the P2A-mCherry

cassette using NotI and XbaI restriction sites to generate

p.dCas9-ST-mCherry (used for transient transductions).

The P2A-mCherry cassette in p.dCas9-ST-mCherry vector

was replaced with P2A-mCherry-T2A-Blasticidin Resis-

tance cassette using NotI and XhoI restriction sites to create

the p.dCas9-ST-mCherry-BSD vector (used for generating

stable cell lines). The p.P65-HSF1 vector was kindly gifted

by Ryan Lister (The University of Western Australia, Perth,

Australia). The guide RNA (gRNA) cassettes containing a

multiplex of four gRNAs targeting each gene were synthe-

sized and packaged into pUC57 backbones commercially

(GenScript, Nanjing, China) and then inserted into the

p.P65-HSF1 vector using EcoRI and KpnI restriction sites.

The gRNA pooled library was synthesized and cloned

into pJR100 (Addgene: #187240) by Vector Builder (Chi-

cago, IL, USA). For nuclease assays, the p.Cas9 vector was

obtained from Addgene (#48138) and gRNAs against

AGAP1, GRM7, and PAK3 cloned in as previously

described.49 Briefly, the forward and reverse 20 bp gRNA

oligonucleotides for the three genes were synthesized

commercially (GenScript) with additional nucleotide over-

hang sequences (forward oligo: 50-caccNN.NN-3’; reverse

oligo: 50-aaacNN . NN-30). Oligonucleotide pairs were

phosphorylated using T4 Polynucleotide Kinase (New

England BioLabs) and annealed together using 10X T4

Ligation Buffer (New England BioLabs) following heat cy-

cle: 5 min at 95�C and a ramp down to 25 �C at 5�C per

min. The oligo duplexes were then ligated into the

p.Cas9 backbone via the BbsI cloning site. The correct

insertion of the guides was confirmed via Sanger

sequencing (Australian Genome Research Facility) using

the hU6 forward primer (Table S1). For HDF transdiffer-

entiation, the p.TNA vector (i.e., pLVX-UbC-rtTA-

Ngn2:2A:Ascl1) was obtained from Addgene (#127289).

Generating lentiviral particles

Lentiviral particles were generated by Functional Geno-

mics South Australia (FGSA, University of Adelaide, Ade-

laide, Australia) using methods as previously described.50

Briefly, human embryonic kidney 293T cells (#CRL-3216)

were co-transfected with three plasmids: (1) the transfer

vectors (either p.dCas9-ST, p.TNA, or p.P65-HSF1-gRNA

vectors), (2) a packaging vector (psPAx2; Addgene

#12260), and (3) a viral envelope vector (pMD2.G, Addg-

ene: #12269), using Lipofectamine LTX and OPTI-MEM re-

agents as per the manufacturer’s protocol (Thermo Fisher

Scientific, Waltham, MA, USA). Viral supernatants were

collected at 24 h and 48 h time points post-transfection,

passed through 0.45 mm filters, and concentrated by

ultracentrifugation. Viral titers were determined by flow

cytometry as previously described,51 typically producing

1 3 104 – 1 3 106 infective units/mL. Lentiviral particles

were aliquoted and stored at �80�C.

Cell culture

HEK293T cells and hTERT-immortalized foreskin fibroblast

BJ-5ta (#CRL-4001) are from the American Type Culture

Collection (Manassas, VA, USA). Control HDFs obtained

from healthy individuals are from either Coriell Institute

(lines GM02936 and GM05659; Camden, NJ, USA) or

derived in house.52 HEK293TandHDFs were grown in Dul-

becco’s modified Eagle medium (DMEM; Thermo Fisher

Scientific) supplemented with 10% fetal bovine serum

(FBS, CellSera, Rutherford, NSW, Australia) and 50 U/ml

PenStrep (Thermo Fisher Scientific). BJ-5ta was cultured

in growth media comprised of a 4:1 mixture of DMEM

and Medium 199 (Thermo Fisher Scientific) supplemented
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with 10% FBS and 50 U/ml PenStrep. Cell cultures were

kept in a humidified incubator maintained at 5% CO2

and 37�C. To deliver vector transgenes into HEK293T cells,

Lipofectamine 3000 (Thermo Fisher Scientific) was used

following the manufacturers 6-well format protocol. To

deliver transgenes into HDFs and BJ-5ta, growth media

specific for their cell type were used, but the FBS content

was increased to 15% and further supplemented with

1% MEM Non-Essential Amino Acids (NEAA, Thermo

Fisher Scientific) and 4 mg/mL Polybrene (Sigma-Aldrich,

St. Louis, MO, USA). To inhibit NMD in HDFs, cells were

incubated in growthmedia with 200 mg/mL cycloheximide

(CHX) (Sigma-Aldrich) for 4 h or 24 h before collection. To

generate cell lines stably expressing dCas9-ST-mCherry-

BSD and P65-HSF1-GFP-NeoR, cells were selected via flow

cytometry. Briefly, cells were prepared by triturating in

Dulbecco’s phosphate-buffered saline (DPBS; Thermo

Fisher Scientific) supplemented with 2% FBS and 1%

PenStrep at a density of 13107 cells/mL and immediately

sorted for mCherry- and GFP-positive cells using BD

FACSFusion Cell Sorter (BD Biosciences) and collected in

a fresh growth medium supplemented with 20% FBS and

1% PenStrep. To select gRNA-BFP-expressing cells for sin-

gle-cell RNA-seq, cells were sorted by flow cytometry using

the BD FACSymphony S6 Cell Sorter (BD Biosciences). The

sorting buffer used was DPBS containing 5% FBS and

0.5mM EDTA, while collection buffer used was 1% BSA

in DPBS. Untransduced cells and cells expressing GFP,

BFP, and/or mCherry were used to adjust the voltage and

set the gates.

iNeurons were derived as previously described with

modifications.53 Transduction of HDFs with lentivirus

delivering the p.TNA vector transgene was conducted at

multiplicity of infection (MOI) 20 in HDF media contain-

ing Polybrene (4 mg/mL). Transduced fibroblasts were

selected with 1 mg/mL of puromycin. Six-well plates or

35 mm dishes plates were coated in rhLaminin-521 solu-

tion (0.5 mg/cm2; Thermo Fisher Scientific) in DPBS and

left overnight at 37�C. The following day, wells were

washed thrice with DPBS. HDFs were seeded in coated

plates at a density of 2.8 3 105 cells/cm2. The media was

aspirated 24 h later, cells were washed once with DPBS,

and neuronal conversion (NC) media was added. NC me-

dia were made fresh before use and consisted of a 1:1 ratio

of Neurobasal A and DMEM/F12 supplemented with (1%

v/v) Pen-Strep, B27 and N2, and 1 mg/ml Laminin-521

(all from Thermo Fisher Scientific); 100 mg/ml db-cAMP

and 2 mg/ml doxycycline (from Sigma Aldridge); and

100 ng/ml Noggin, 0.5 mM LDN-193189, 0.5 mM A83-1,

3 mM CHIR-99021, 5 mM Forskolin, and 10 mM SB-

431542 (all from Stem Cell Technologies, Vancouver, BC,

Canada). NC media were either replenished every second

day in an initial experiment but optimized to give rise to

an alternative replenishment regime: media were changed

every day in the first week, every second day in the second

week, and half media changes every second day in the

third week of culture. Extended culturing of iNeurons

past 21 days was performed using maturation media con-

sisting of BrainPhys (Stem Cell Technologies) supple-

mented with 1% (v/v) Pen-Strep, B27 and N2, 1 mg/ml

Laminin-521, 100 mg/ml db-cAMP (Sigma Aldridge), and

20 ng/ml of both GDNF and BDNF (R&D Systems, Minne-

apolis, MN, USA). Half media changes occurred every sec-

ond day. Where indicated, iNeurons were treated with

100 mg/mL CHX for 24 h.

RNA isolation, cDNA synthesis, and PCR

RNA extraction from HEK293T, HDF, and BJ-5ta was per-

formed using RNeasy Plus Mini Kit (Qiagen) and RNase-

free DNase Set (Qiagen) based on the supplier’s spin-

column protocol. RNA extraction from iNeurons was

performed using TRIzol (Thermo Fisher Scientific) as per

manufactures protocol, with further processing using the

RNeasy Plus Mini Kit and RNase-free DNase Set. RNA con-

centrations were determined using either Qubit RNA BR or

HS Assay Kit (Thermo Fisher Scientific) as per the manufac-

turer’s instructions. cDNA from RNA was generated using

SuperScript IV Reverse Transcriptase (Invitrogen) and

Random Hexamers (Invitrogen) carried out based on man-

ufacturer’s protocol. Briefly, 500 ng–2 mg of RNA was used

for the cDNA synthesis reaction mixture, which was incu-

bated at 23�C for 10 min to anneal the primers, then at

50�C for 60 min for the cDNA synthesis, and at 80�C for

10 min to inactivate the process. The resulting cDNA was

diluted in deionized H2O at a 1:3 ratio prior to use in

subsequent reactions. Real-time quantitative polymerase

chain reaction (real-time qPCR) was performed using

either the Power SYBR Green PCR Master Mix (Applied

Biosystems) or the TaqMan Fast Advanced Mastermix

(Applied Biosystems) with b-Actin (ACTB) as the house-

keeping gene. The primers and Taqman probes (Thermo

Fisher Scientific) used are listed in Table S1. The reactions

were performed using standard cycling parameters on

Step One Plus Real-Time PCR system (Applied Biosystems),

and data were collected using StepOne Software v2.3

(Applied Biosystems). For the nuclease assay, PCR was per-

formed on genomic DNA flanking the gRNA target sites us-

ing Taq DNA Polymerase (Roche) combined with FailSafe

PCR 2X PreMix Buffer J (Lucigen) performed according to

the manufacturer’s recommended cycling temperatures

with annealing temperature set at 60�C. For patient

cDNAs, PCR was performed with primers flanking the

variant using Phusion High-Fidelity DNA Polymerase

(Thermo Fisher Scientific) combined with the 5X Phusion

GC Buffer, and 15% DMSO performed based on the sup-

plier’s standard cycling temperatures with annealing tem-

perature set at 60�C. Primers are listed in Table S1.

Short-read RNA-seq

Library construction for short-read RNA-seq (srRNA-seq)

was performed by the South Australian Genomic Centre

(SAGC, Adelaide, Australia). In brief, the quality of RNA

was first assessed based on the RNA integrity number eval-

uated using the 2100 Bioanalyzer system (Agilent, Santa
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Clara, USA) as per the manufacturer’s instructions. Li-

braries were generated using the Universal Plus RNA-Seq

Library Kit (Tecan, Mannedorf, Switzerland) using Poly(A)

selection (for transactivation samples) or rRNA depletion

(iNeuron samples) as permanufacturer’s instructions. Con-

version to MGI library was performed using the MGIEasy

Universal Library Conversion Kit (MGI, Shenzhen, China).

The MGI-compatible libraries were pooled in equimolar

concentration and sequenced on the DNBSEQ-G400

Flow Cell Large (MGI, Shenzhen, China) to a minimum

of 8 3 107 paired-end 150 bp reads. Each sample was

sequenced to a depth of �80 3 106 150 bp paired-end

reads. FASTQ files were aligned and mapped to the human

genome assembly GRCh38/hg38 with HISAT2, StringTie,

and Ballgown.54 Salmon55 was used to generate read

counts. Differential gene expression was performed using

edgeR56 with biomaRt57 used to assign ENsembl IDs to

gene symbols. Log fold change and adjusted p values

were generated for comparisons between day 0 and other

time point comparisons for iNeurons. To obtain junction

read counts, a custom file was generated, including anno-

tations for all transcripts of interested from Gencode,

and junction reads were extracted using Rsubread

Bioconductor package (for mapping, quantification and

variant analysis of sequencing data) and seqinr (to retrieve

and analyze biological sequences) using featureCounts,

juncCounts.58

Oxford nanopore amplicon sequencing

Library preparation of amplicons was carried out using

the native barcoding amplicons protocol (version

NBA_9093_v109_revC_12Nov2019) and sequenced on a

MinION Mk1B. Super accuracy base calling was performed

with MinKNOW (version 23.07.12, Guppy version 7.1.4).

Sequences were mapped to human reference genome

(GRCh38, GenBank: GCA_000001405.15) using minimap

(version 2.17) with the default setting for spliced nanopore

sequence data59 and visualized using the Integrative

Genomic Viewer (IGV).

scRNA-seq

Stable cell lines HEK293T-dCas9-ST-PH Clone 7 and BJ-5ta-

dCas9-ST-PH Clone A were transduced with the pooled

gRNA library targeting 40 genes (160 gRNAs in total) at a

low MOI of 3 and 10, respectively, to achieve a transduc-

tion efficiency of �30%. Day 4 post-transduction, cells

were sorted for BFP by flow cytometry. A total of 20,000

cells were targeted for each stable cell line resulting

in �125 cells analyzed per gRNA. Single-cell RNA-seq

(scRNA-seq) libraries were prepared using Chromium

Next GEM Single-Cell 30 Reagents Kits v3.1 (103 Geno-

mics) following the manufacturer’s protocols. Briefly, sin-

gle-cell suspensions of 10,000 cells per lane (2 lanes per

cell line) were loaded on Chromium Chip G to generate

single-cell Gel Beads in Emusion (GEMs). cDNA amplifica-

tion was performed with 11 cycles. Sample indexing was

performed with 9 cycles for both the 30 gene expression li-

brary and the gRNA library construction using Dual Index

Plate TT, Set A (PN-3000431) and Dual Index Plate NT,

Set A (PN-3000483), respectively. Prior to the sequencing

of 30 gene expression libraries, the 40 target genes and

200 control genes (selected based on having third

quartile [Q3] gene expression values and low variance in

different HDFs) were enriched using a Twist custom panel

(Table S2) following the Twist Target Enrichment Standard

Hybridization v1 protocol (Twist Bioscience). Amplifica-

tion of the indexed targets post-hybridization was carried

out with 12 cycles using KAPA 23 HiFi PCR Mix (Roche)

and purified using 1.23 solid-phase reversible immobiliza-

tion beads. Library size distribution and abundance were

assessed with D5000 ScreenTape (Agilent), and accurate

molarity concentrations were measured by qPCR using

Illumina a p5 (50-AATGATACGGCGACCACCGA-30) and

p7 (50-AAGCAGAAGACGGCATACGAGAT-30) PCR primer

cocktail and library standards (1, 2, 5, 10, and 20 nM) on

a CFX384 Real-Time PCR (Bio-Rad). Libraries were

sequenced on a NovaSeq 6000 (Illumina) using an SP Re-

agent 100-Cycle Kit (Illumina) in a paired-end format,

resulting in a total of >60 M reads for each pulldown-

enriched cDNA library and >24 M reads for each gRNA

library. Sequencing data were processed with cellranger

(v7.1.0). The count matrix for scRNA-seq and the count

matrix for the gRNA presence was integrated and processed

with Seurat (v4.3.0) in R (v4.2.3). Cells without detectable

gRNA expression served as negative controls in the

analysis (n ¼ 200). Detailed analysis and code are available

at https://github.com/ryanlister/RNA-variant-assessment-

Nicolas-et-al-2024-.git.

Assay for transposase-accessible chromatin with high-

throughput sequencing (ATAC-seq)

ATAC-seq was performed on three control HDF lines

together with BJ-5ta and HEK293T lines as per the Omni-

ATAC-seq protocol with slight modifications.60 Briefly,

cells were grown to 80% confluence. �500,000 cells were

resuspended and permeabilized on ice for 3 min in 50 mL

ice-cold ATAC resuspension buffer (ATAC-RSB; 10 mm

Tris-HCL pH 7.4, 10mm NaCl, 3mm MgCl2) containing

0.1% NP40 (Sigma Aldrich), 0.1% Tween 20 (Sigma Al-

drich), and 0.01% Digitonin (Promega, Maddison, WI,

USA). Following permeabilization, samples were resus-

pended in 1mL ice-cold ATAC-RSB containing 0.1% Tween

20 and pelleted at 4�C at 500 g for 5 min. Cells and nuclei

were resuspended in 100 mL of ice-cold ATAC-RSB before

being counted prior to transposition. 50,000 cells were

subjected to tagmention in 13 Tagmentation Buffer (1 m

Tris-HCl pH 7.6, 1 m MgCl2, 10% Dimethyl Formamide,

0.1% Tween 20 [Sigma], and 0.01% Digitonin [Promega])

using 2.5 mL Tn5 loaded transposase (in-house made Tn5,

25 mg/mL final) in 50 mL final volume for 30 min at

37�C. Reaction was stopped and purified using a Bioline

PCR Clean-up kit (Meridian Bioscience, Cincinnati, OH,

USA) and eluted in 25 mL of H2O. Indexing PCR was per-

formed in 50 mL reaction using NEBNext High Fidelity
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Figure 1. Silent Mendelian genes have restricted tissue expression and are prominently involved in neurological disorders
(A) 1,436 Mendelian genes are silent. Analysis of 4,878 Mendelian disease genes (Nijmegen DG Panel 3.2.0) using minimum required
sequencing depth (MRSD) identified 1,436 genes that are not sufficiently expressed in whole blood, LCLs, or HDFs for the purpose of
conducting robust analysis of mRNA splicing using srRNA-seq. These genes are termed silent Mendelian genes (SMGs).
(B) Large numbers of VUS are found in SMGs. From the catalog of VUSs in ClinVar, 22.2% of all are found in SMGs, of which �30% are
predicted to impact RNA processing (RP; 6.66% of all ClinVar VUSs).
(C) SMGs display highly restricted tissue-specific expression. Heatmap showing the level of mRNA expression (TPM) of each of the 1,436
SMGs across 54 different tissues taken from 948 donors (data obtained from GTEx Version 8).

(legend continued on next page)
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PCR master mix (New England Biolabs, Ipswich, MA, USA)

with the following conditions: 72�C for 5 min, 98�C for

30 s, 8 cycles of 98�C for 10 s, 63�C for 30 s, 72�C for

1min, and hold at 12�C. Final clean-up of product was per-

formed using 1.03 Ampure XP beads (Beckman Coulter,

Brea, CA, USA) and visualized on the Agilent D5000 TapeS-

tation. ATAC-seq data were adapter and quality trimmed

with fastp61 using standard settings followed by mapping

with bowtie262 against the human reference genome

hg38 in parallel with gnu-parallel.63 Reads mapped to the

mitochondrial genome and to the ENCODE Exclusion

List Regions (ENCFF001TDO) were removed.64 Duplicate

reads were identified and removed by samtools markdup65

prior to peak calling withMACS2 (–nomodel –extsize 150 –

shift-75–gsizehs–keep-dupall).66 ATAC-seq peaks were

intersected with þ/� 2 kb of promoter annotations with

bedtools intersect.67 Counts in promoter peaks were aggre-

gated with bedtools multicov followed by library size and

peak width normalization.

Immunofluorescence and microscopy

Cells were fixed with 4%paraformaldehyde diluted in DPBS

for 20 min at room temperature. Cells were processed

for immunofluorescent staining as previously described.68

Primary antibodies and their dilutions include MAP2

(AB15452, 1:1000), NEUN (MAB377, 1:200), PSA-NCAM

(MAB5324, 1:1000), TAU1 (MAB3420, 1:1000), and TUBB3

(T2200, 1:300), all from Sigma Aldridge, and NESTIN

(ab92391, 1:250) and SYN1 (ab254349, 1:500), both from

Abcam (Cambridge, UK). Quantification of immunostained

iNeurons was performed as previously described.69 Fluores-

cence was viewed using either the Zeiss AxioImager M2, or

Zeiss Vert.A1 microscopes (Carl Zeiss, Jena, Germany). Im-

ageswere capturedusingAxiocamMrmcameras andAxiovi-

sion v4.9.1 software (Carl Zeiss).

Data resources and analysis

The 4,878 Mendelian disease genes were extracted from

the Nijmegen Disease Gene Panel 3.2.0 (Radboud Univer-

sity Medical Centre, Nijmegen, Netherlands). The 3,000

neurological disease genes were derived from comb-

ining genes listed in PannelApp Australia’s ‘‘Intellectual

disability syndromic and non-syndromic’’ panel (Version

0.5619) and ‘‘Progressive Neurological Conditions’’ panel

(Version 14.216). Other disease gene lists are referenced

from PanelApp Australia (versions provided in relevant fig-

ures). The number of variants associated with genes was

extracted from either ClinVar Miner70 (accessed December

12, 2023) or Human Genome Mutation Database71

(HGMD Professional; accessed December 1, 2024). The

minimum required sequencing depth (MRSD) test72 was

performed using the recommended default parameters:

splice junction read coverage ¼ 8, proportion of splice

junctions covered ¼ 75%, confidence level ¼ 95%. Gene

ontology analyses were performed using ShinyGO v0.77

with results ranked based on fold enrichment and false dis-

covery rate corrected p values.73 Genome visualization was

performed using IGV and UCSC Genome Browser. Tissue

expression data were extracted from either the Genotype

Tissue Expression8 (GTEx) database (version 8) or Human

Protein Atlas (HPA).74 Cap analysis of gene expression

data used to identify transcriptional start sites (TSSs) were

obtained from the FANTOM 5 project.75 Comparison of

splicing of expressed neurological genes (n ¼ 2,484)

between CATs and CRTs was performed using MAJIQ-

CAT.76 All data were statistically analyzed and displayed

using either Microsoft Excel, GraphPad Prism 10, or EdgeR.

Error bars and statistical analyses are described within

figure legends.

Results

Defining the silent Mendelian genes

To assess the scale of the known disease genes with

insufficient expression in CATs, we analyzed the 4,878

Mendelian disease genes (Nijmegen DG Panel 3.2.0) using

the minimum required sequencing depth (MSRD) algo-

rithm.72 This model calculates the srRNA-seq depth

required for sufficient read coverage across splice junctions

to robustly assess alternative splicing events using RNA

obtained from different CATs (e.g., whole blood, lympho-

blastoid cell lines [LCLs] and HDFs). We adopted the rec-

ommended MSRD parameter settings for our study (see

subjects, material, and methods), albeit more stringent pa-

rameters would elevate MRSDs and further accentuate out-

omes.72 This analysis revealed that 1,436 (�30%) of these

Mendelian disease genes are not sufficiently expressed in

any of these CATs to conduct robust analysis of splicing

using srRNA-seq at any sequencing depth72 (Figure 1A;

Table S3). We term these 1,436 genes the ‘‘silent Mendelian

genes’’ (SMGs), noting a muscle biopsy sample could be

used to obtain sufficient mRNA to assess a further 166 of

them, although these are not routinely collected72

(Figure S1; Table S3). Of the 1,436 SMGs, 1,364 of them

(95%) have an assigned VUSs in ClinVar, which total

283,353 SMG VUSs and equate to 22.2% of all VUSs in

ClinVar70 (Figure 1B). The proportion of these SMG VUSs

that affect RNA processing is unknown, but previous

studies predicted this to be �30%.14 This is supported

by queries to the HGMD wherein 38.3% of known patho-

genic variants are predicted to impact RNA processing

(including splice altering, nonsense, and frameshifting

(D–G) Phenotypes, disease categories, and biological processes associated with SMGs. (D) Most frequently associated human phenotype
ontology (HPO) terms. (E) Top-ranked gene ontology (GO) biological processes (analyzed via ShinyGO 0.77 using whole-genome back-
ground, ranked by Fold enrichment and false discovery rate [FDR]).
(F–G) Disease types ranked based on (F) their contribution to the number of SMGs or (G) on the proportion of known associated genes
that are silent. Disease gene lists referenced from PanelApp Australia (accessed December 12, 2023).
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Figure 2. SMGs are conducive to gene transactivation
(A) The dCas9-ST-PH-gRNA gene transactivation system. Co-expression of three transgenes results in the assembled transactivation com-
plex on a gene promoter consisting of (1) the enzymatically dCas9 fused to a SunTag array (10 copies of GCN4 epitopes; dCas9-ST), (2)
the hybrid p65 and HSF1 (heat shock factor 1) transcriptional transactivation domains (TADs) fused to a single-chain variable fragment
(scFv) that recognizes the GCN4 epitope, and (3) the short gRNA, which directs the dCas9-ST-PH complex to the target gene promoter.
The dCas9-ST can recruit up to ten copies of the hybrid transactivator P65-HSF1.
(B) HEK293T and HDF clonal cell lines stably expressing dCas9-ST-PH. Representative images of HEK293TdCas9�ST-PH and HDFdCas9�ST-PH

cell lines showing stable co-expression of transgenes encoding dCas9-ST (as reported by mCherry encoded in cis) and P65-HSF1 (as re-
ported by EGFP encoded in cis).
(C–E) Transactivation screen using single-cell transcriptomics. A pooled gRNA expression plasmid library (160 gRNAs; 4 gRNAs per gene,
targeting 40 SMGs) was delivered by lentivirus to the stable HEK293TdCas9�ST-PH and HDFdCas9�ST-PH using a lowmultiplicity of infection
to deliver�1 gRNA vector per cell.>20,000 cells per cell line were subjected to single-cell Perturb-seq using the 103Genomics platform.

(legend continued on next page)
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small insertions and deletion variants). Applying the con-

servative estimate that 30% of variants impact RNA pro-

cessing suggests that �85,000 VUSs (or �6.66% of all

ClinVar VUSs) may be found in SMGs for which functional

RNA studies would be beneficial but challenging to

perform due to lack of expression in CATs (Figure 1B).

Most of the SMGs display highly restricted, tissue-specific

expression based on analysis of GTEx data (Figure 1C).

Themost frequent human phenotype ontology terms asso-

ciated with SMGs are intellectual disability (HP: 0001249),

seizures (HP: 0001250), global developmental delay (HP:

0001263), and infantile onset (HP: 0003593) (Figure 1D;

Table S4). Gene ontology reveals SMGs are enriched for

ion and membrane transport genes involved in muscular

and nervous system functions (Figures 1E and S1;

Tables S5–S7). The largest proportion of SMGs are involved

in disorders of the nervous system (Figure 1F), while

greater than 40% of known dystonia, cardiac, and retinal

disorder genes are silent (Figure 1G). These data define

the silent Mendeliome and highlight its relevance to a

large proportion of current VUSs associated with a range

of disorders that manifest in specific organ systems, partic-

ularly the nervous system.

Gene transactivation induces the expression of SMGs

To overcome the insufficient expression of SMGs for func-

tional gene variant investigation, we initially employed

gene transactivation technologies. We repurposed and

further developed a third generation CRISPR activation

(CRISPRa) system, known as deactivated Cas9 (dCas9)-

Suntag.77,78 Our challenge was to engineer cell lines

derived from individuals with gene variants in SMGs to

co-express three transgenes encoding (1) an enzymatically

dCas9 protein fused to a Suntag motif (10 copies of the

GCN4 epitope; dCas9-ST), (2) the p65-HSF hybrid tran-

scriptional activator fused to a single-chain variable frag-

ment antibody that binds the Suntag GCN4 epitopes,

and (3) gRNAs designed to direct the dCas9-ST and p65-

HSF complex to the promoter of the desired silent genes.

Ultimately, co-expression of these components (collec-

tively called dCas9-ST-PH-gRNA) recruits multiple copies

of the p65-HSF transcriptional activator to the promoter

of a targeted SMG to induce gene expression (Figure 2A).

The highly programmable nature of dCas9 enables target-

ing of theoretically any promoter of choice by simple alter-

ation of the gRNA sequences.

We selected 40 SMGs (Table S8) to screen the efficacy of

gene transactivation using the dCas9-ST-PH-gRNA design.

These 40 SMGswere chosen based on a need for VUS assess-

ment in our laboratory or otherwise known high de-novo

variant burden in developmental disorders79 and collec-

tively have >20,000 VUSs associated with them in

ClinVar70 (Figure S2). To empower effective gRNAs design,

we performed ATAC-seq on three different control HDF

cell lines (and an HEK293T cell line) to identify open chro-

matin regions most suitable for gRNA placement and sup-

plemented this information with other publicly accessible

datasets (FANTOM5,75 ENCODE,64GTEx,8dbSNP80),which

collectively informed us on gene isoform selection, TSSs,

histone marks of active promoter regions, and regions of

common genome variation (Figure S3).We combined these

resourceswith thegRNAdesign tool E-CRISP81 todesignand

choose four gRNAs for each of the 40 SMGs (160 gRNAs in

total) (Figure S3; Table S9).We validated the ability of a sub-

set of 12 gRNAs targeting AGAP1 (MIM: 608651), PAK3

(MIM: 300142), and GRM7 (MIM: 604101) to recruit Cas9

to their promoters using a Cas9 nuclease assay49

(Figure S4). We then engineered both HEK293T and HDF

(BJ5a) stable clonal cell lines that express dCas9-ST-PH

(all components of the transactivation system except the

gRNA, HEK293TdCas9�ST-PH, and HDFdCas9�ST-PH cells,

respectively) (Figures 2B and S5). In this design, the

HEK293Ts represented an easy-to-manipulate surrogate

fibroblast cell type, while HDFs represent a CAT-derived

cell type andourultimate target. Delivery of previouslypub-

lished gRNAs targeted to IL1RN82 (MIM: 147679) activated

its expression as expected (Figure S5). Next, the 160 gRNAs

targeted to the 40 selected SMGs were cloned as a pooled li-

brary into a gRNA expression vector compatible with the

Perturb-seq gRNA screening approach83,84 (Figure S6;

Table S10). In this approach, the pooled library of gRNAs

was delivered at low dosage to the HEK293TdCas9�ST-PH and

HDFdCas9�ST-PH cell lines such that each cell in the respective

cultures received on average no more than a single gRNA

type. The cell population was then subjected to single-cell

RNA-seq (scRNA-seq) wherein the gRNA expressed in each

cell was identified, and the expression of the gene targeted

by the gRNA was measured in the same cell.83,84 Cells

without any detectable gRNA expression serve as negative

controls (n ¼ 200). The gRNA pool was delivered by lenti-

virus at a low MOI to both HEK293TdCas9�ST-PH and

HDFdCas9�ST-PH cells and purified by puromycin selection

followed by fluorescent activated cell sorting (FACS). Iso-

lated cells were subjected to scRNA-seq via the Peturb-seq

103Genomicspipeline.83,84We foundsignificantupregula-

tion of 9/40 genes in HEK293TdCas9�ST-PH cells and 8/40

genes in HDFdCas9�ST-PH cells for which at least one of the

four gRNAs transactivated its target gene (Figures 2C and

(C) Cells expressing>6molecules of a given gRNAs species were analyzed for expression of their target gene. *p< 0.05 (adjusted for mul-
tiple comparisons). (D) In general, the number of gRNAs per cell is positively associated with target gene expression and negatively asso-
ciated with cell number analyzed. Data are pooled from all four gRNAs per gene. Dark blue lines are the number of cells, light blue lines
are transcripts per million (TPM), and x axis is gRNA expression. (E) Expression levels of the 40 targeted SMGs in single cells. Each dot
represents the expression of the target gene in a single cell analyzed.
(F) Transactivation screen using bulk-cell transcriptomics. The pooled gRNA expression plasmid library was transfected to the stable
HEK293TdCas9�ST-PH or transduced into HDFdCas9�ST-PH cells at high efficiency. Isolated RNA was subjected to srRNA-seq. Bar graph
showing the transactivation of 40 SMGs (n ¼ 4 biological replicates; *p < 0.05, Genewise statistical test).
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Figure 3. Robust Transactivation of SMGs in HDFs
(A) Comparison of transactivation levels of IL1RN and PCDH19 using single gRNAs versus a multiplex of four gRNAs. Relative gene
expression analyzed via real-time qPCR with values normalized to ACTB and expressed relative to the negative control (dCas9-ST-PH-
no gRNA). Error bars respresent standard deviation.
(B) The dCas9-ST-PH-gRNA complex was engineered across two lentiviral transgenes with fluorescent reporters.
(C) Optimized transient delivery of dCas9-ST-PH-gRNA complex to HDFs. Highly efficient lentiviral co-delivery of dCas9-ST and P65-
HSF1-gRNA transgenes in three control HDFs. Representative images showing co-expression of p.dCas9-ST transgene (mCherry) and
p.p65-HSF-gRNA (eGFP) 72 h after transduction.
(D) Co-expression of dCas9-ST-PH complex and 4 gRNAs successfully transactivates expression of many SMGs in HDFs. Bar graph
showing the individual transactivation levels of 20 SMGs and IL1RN mediated by co-expression of dCas9-ST-PH complex and four
gRNAs. Expression levels (TPM) generated from srRNA-seq (red) and relative gene expression generated from real-time qPCR (blue)
with values normalized to ACTB and expressed relative to negative control (dCas9-ST-PH with no gRNA). Error bars respresent standard
deviation. Red dotted line corresponds to TPM ¼ 5.
(E) SMGs can be robustly activated acrossmultiple experiments andHDFs. Bar graph showing the transactivation ofDMD, PAK3, SCN1A,
and USH2A mediated by dCas9-ST-PH-gRNA in multiple different HDF lines. The bar graph data presents the mean and standard devi-
ation from the biological replicates, with each dot plot representing a different cell line. Data presented are expression levels (TPM)
generated from srRNA-seq (red bars) and relative gene expression generated from real-time qPCR with values normalized to ACTB
and expressed relative to the negative control (dCas9-ST-PH with no gRNA; blue bars).
(F) Transactivated SMGs expression levels are comparable to endogenous expression levels in CRTs. Violin plots show endogenous
expression of a subset of SNGs in the adult cerebral cortex. The blue dots show the expression of the same genes transactivated in
HDFs. Data presented are expression levels (TPM) calculated independently for cortex data accessed from GTEx (Version 8) and trans-
activated HDF data generated from srRNA-seq, respectively.

(legend continued on next page)
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S7). This included four genes thatwere significantly transac-

tivated in both cell lines (AGAP1, CDKL5 [MIM: 300203],

MEF2C [MIM: 600662], and ROBO3 [MIM: 608630]), and

other genes that were cell-type specific (e.g., COL2A1

[MIM: 120140] in HEK293TdCas9�ST-PH cells and SETBP1

[MIM: 611060] in HDFdCas9�ST-PH cells) (Figures 2C and

S7). Further interrogation revealed that for many targeted

genes, the abundance of the gRNAs expressed in the cell

was directly related to the level of target gene expression

and indirectly related to the number of cells contributing

to the analysis (Figures 2D and S8). These relationships in

genes not reaching significance suggest (1) they are likely

amenable to transactivation in response to higher gRNA

expression per cell, and (2) the lack of significant transacti-

vation was reflective of an insufficient number of cells

analyzed (on average 125 cells per gRNA per cell type;

>20,000 cells per cell type in total).We therefore aggregated

the gRNA-wise analysis into a gene-wise analysis by identi-

fying individual cells expressing one of the 40 target genes,

and quantifying the level of expression, independent of

gRNA thresholds. These data reveal that for all genes

analyzed, at least some cells had elevated SMG expression,

although such cells were still rare (<100 cells) for 16/40

and 25/40 of genes analyzed in HEK293TdCas9�ST-PH and

HDFdCas9�ST-PH cells, respectively. Subsequent collapsing of

the single-cell data into a pseudo-bulk cell RNA-seq analysis

provided further support that most genes show at least

some degree of transactivation, more potently observed

in HEK293TdCas9�ST-PH compared to HDFdCas9�ST-PH cells

(Figures 2E and S9). Given these data, we reasoned that de-

livery of higher dosage of gRNAs to cells would more

potently induce gene expression in the cell popula-

tions and facilitate assessment of gene transactivation

usingbulk srRNA-seq. Thevector librarywas therefore deliv-

ered to cells using high efficiency transfection (for

HEK293TdCas9�ST-PH cells) or high efficiency transduction

(for HDFdCas9�ST-PH cells). Subsequent srRNA-seq revealed

significantly increased expression of 29/40 genes in

HEK293Tcells, and 14/40 genes inHDFs (Figure 2F). Collec-

tively these data reveal thatmost of the 40 SMGs testedwere

amenable to some level of transactivation inHEK293Tcells,

with a less potent effect in HDFs. The efficacy and magni-

tude of transactivation was variable between gRNAs, genes,

and cell types and, in general, was favored by high gRNA

expression.

A highly multiplexed robust transactivation system for

HDFs

Of the cell types derived from CATs, HDFs are the best at

recapitulating the splicing patterns of genes observed in

CRTs.76,85 This was supported by our own interrogation

of non-silent neurological disorder genes (Figure S10).

We therefore focused on further modifying the transacti-

vation system and its delivery to HDFs for the end purpose

of analyzing the impact of gene variants in SMGs using

CATs from many different individuals. Given that the sin-

gle-cell and bulk gRNA screens suggested modest and var-

iable potency of single gRNAs to induce SMG expression,

we tested if multiplexing the expression of all four gRNA

per gene simultaneously increased efficacy.82 Indeed, mul-

tiplexing gRNA expression targeted to IL1RN and PCDH19

(MIM: 300460) resulted in more potent gene expression

than single guides alone (5823 and 153, respectively)

(Figure 3A). We thus created 4-plex gRNA expression cas-

settes of 20 SMGs together with IL1RN (which served as

a positive control,82 albeit also an SMG86) (Table S10).

We proceeded to optimize the delivery of the vector trans-

genes to cells in a transient manner, making it efficient to

conduct experiments across many different cell lines and

to gain maximal expression of gRNAs and other compo-

nents. First, to reduce the number of vectors required for

transactivation (and hence increase delivery to cells), we

cloned the multiplex gRNA cassettes into the plasmids ex-

pressing p65-HSF1 (Figures 3B and S11). Co-expression

with the second vector encoding dCas9-ST in cells recon-

stitutes the highly multiplexed system (collectively

called dCas9-ST-PH-gRNA) in which up to 40 p65-HSF

transcriptional activators are recruited to each promoter

(Figure S11). The transactivation of each gene was tested

one at a time, initially in HEK293Tcells by co-transfection.

The mRNA expression of all genes was tested by real-time

qPCR and found to be elevated, ranging from 3 to 17,000

times higher than controls (expression of dCAS9-ST-PH

without gRNAs) (Figure S11). Transactivation levels of

IL1RN were sufficient to detect protein by western blot

(Figure S11). We redesigned and tested alternative gRNAs

for two genes that displayedmodest transactivation levels,

which improved transactivation for DMD (18 times

higher; MIM: 300377), but not MYT1L (1.3 times higher;

MIM: 613084) (Figure S11). All vectors were then packaged

into lentiviral particles to facilitate co-delivery to HDFs.

We optimized a protocol for transient lentiviral co-trans-

duction of vectors to express dCAS9-SPH-PAK3-gRNA in

HDFs using readouts of both live-cell transgene expression

and endpoint transactivation of PAK3 mRNA expression

(Figures 3C and S12). Next, the optimized three-day tran-

sient transduction protocol was applied to test the ability

of dCAS9-ST-PH-gRNA system to transactivate the expres-

sion of the selected 20 SMGs in HDFs one gene at a time

(Table S10). The mRNA expression levels of the 20 SMGs

were analyzed using both real-time qPCR and srRNA-seq.

All genes tested were found to be transactivated, with

(G) Transactivated genes in HDFs express diverse isoforms. Comparison isoforms expressed in CRTs (extracted from GTEx Version 8)
with transactivated HDFs (srRNA-seq).
(H) Complex and rare splicing events are observed using transactivation. Sashimi plot displaying complex splicing patterns of PAK3 in
iPSC-derived neurons recapitulated following transactivation in HDFs. Only events with read depth greater than 150 are shown. Insert
highlights rare isoform containing exon 6 and 7. All reads that map to exon 6 are shown.
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increased mRNA expression levels ranging from 6 to

90,000 times greater than negative controls (no gRNA)

by real-time qPCR (Figure 3D). This increase in relative

expression aligned well with mRNA quantification using

srRNA-seq, which ranged from 1 to >3,300 transcripts

per million (TPM) (Figure 3D). We aimed to gauge how

many of the 20 transactivated genes achieved expression

levels conducive to downstream srRNA-seq-based assess-

ment of splicing. We found that the median number of

exon junction spanning reads (i.e., reads critical to map

splicing events) for each transactivated SMGs ranged be-

tween 4 and >14,000 per gene (Figure S13; Table S11). In

alignment with the MRSD parameter used to define

SMGs (see subjects, material, and methods), 17/20 (85%)

transactivated genes achieved >7 read counts across

>75% of junctions thus illustrating compliance with

srRNA-seq-based analysis of splicing under this definition

(Figure S13; Table S11). We also found that the median

junction read depth of each transactivated SMG was

highly correlated with its TPM (Pearson’s correlation r ¼
0.97, p ¼ 3.672e-13) (Figure S13). Thus, while utilizing

TPM as a proxy for compliance with srRNA-seq-based

splicing analysis has caveats,72 these data provide support

and enable alignment with other RNA diagnostic bench-

marking studies utilizing TPM thresholds. For example,

genes with TPM >5 are suggested to be compliant for

srRNA-seq-based assessment of splicing,11 which was

achieved for 18/20 (90%) of transactivated SMGs tested

(Figure 3D). The remaining 2/20 had TPM >0.5, suggest-

ing downstream studies would require either real-time

PCR-based methods or deeper sequencing. We next

repeated transactivation experiments several times for a

set of SMGs (DMD, PAK3, SCN1A [MIM: 182389], and

USH2A [MIM: 608400]) to reveal robust inter-experi-

mental transactivation across multiple different HDF cell

lines (Figure 3E). For the subset of neurological disorder

genes tested, the expression levels (TPM) in transactivated

HDFs were generally aligned with the median expression

observed in the CRT of adult cortex (with exceptions)

(Figure 3F). In one example, the expression of PCDH19

(MIM: 300460), a gene involved in developmental

epileptic encephalopathy (MIM: 300088), was 10 times

higher in transactivated HDF than that observed in the

brain cortex as reported in GTEx8 (Figure 3F). An advan-

tage of gene transactivation is that it potentially permits

the investigation of variant impact across multiple gene

isoforms (all isoforms driven from a given promoter).

Indeed, we detected a diversity of gene isoforms following

gene transactivation in HDFs, including those promi-

nently expressed in the CRT (Figures 3G and S14). For

example, the diversity of SLC6A1 (MIM: 137165),

PCDH19, MEGF10 (MIM: 612435), and COL2A1 isoforms

detected in transactivated HDFs closely resemble that of

their CRT. We investigated PAK3 isoform diversity in

further detail given that it has over 25 different annotated

isoforms. We compared PAK3 splicing in transactivated

HDFs and human iPSC-derived neurons using Oxford

Nanopore long-read sequencing of amplicons generated

by PCR of PAK3 cDNA. Gene transactivation captured

the major PAK3 isoforms expressed in neurons, as well

as extremely rare isoforms encoding exons 6 and 7

(Figure 3H). Collectively, these data reveal that combining

multiplexed gRNA expression together with an already

highly multiplexed dCas9-ST-PH system for transient

gene transactivation is a robust way to obtain mRNA of

SMGs fromHDFs that can recapitulate the abundance, iso-

form diversity and local splicing events of the CRT. Of the

20 SMG that were transactivated, the majority (90%)

achieved levels considered conducive to srRNA-seq-based

assessment of splicing based on TPM.

Investigating variants in SMGs using transactivation

To demonstrate the utility of transactivation of SMGs we

investigated the impact of variants suspected to be the

cause of Mendelian disease and predicted to impact

RNA processing. We obtained HDFs derived from the

affected individuals and applied our transient transactiva-

tion protocol (Figure S12D). First, we investigated a VUS

in USH2A in which recessive loss-of-function variants

cause Usher syndrome (MIM: 276901), featuring moder-

ate to profound hearing loss from birth and childhood

onset retinitis pigmentosa leading to loss of vision.

USH2A is only expressed in the eye, liver, and testis

(Figures 4A and S15). Specifically, we investigated a VUS

( c.2992A>G [GenBank: NM_206933.4] [p.Arg998Gly)

found in trans with a known pathogenic variant

(c.3407G>A [p.Ser1136Asn]) (Figure 4B). The missense

VUS was predicted to be benign by several algorithms;

however, the single base pair change altered the

penultimate base of exon 14 conceivably impacting

splicing despite weak in silico predictions (SpliceAI26)

(Figure S15). We transactivated USH2A in three control

HDFs and the HDF derived from the affected individual

and treated the cells with or without CHX for 4 h, a trans-

lational blocker that therefore inhibits NMD. RNA was

then subjected to srRNA-seq. While in controls, the reads

supported canonical splicing of exons 13 to 14, and 14 to

15 in the variant sample reads were found to skip exon 14

(Figure S15). A targeted PCR coupled with long-read

Oxford Nanopore sequencing and allelic phasing (based

on the c.2992A>G and c.3407G>A variants in trans)

confirmed that 98% of all reads from the VUS allele

(and 18.6% of all reads) skipped exon 14 (Figures 4B

and S15). Skipping exon 14 deletes 184 bp of the tran-

script (c.2810_2993del) and creates a protein coding

frameshift that results in a premature termination codon

in exon 15, p.Gly937Aspfs*13. This truncates the major

isoform open reading frame by 82% and is predicted

non-functional as it lacks the majority of key protein do-

mains. The c.2810_2993del PTC-containing transcript

was also found to be slightly enriched after the 4 h CHX

treatment aligned with potential regulation by NMD,

albeit warranting further examination with longer CHX

treatments (e.g., 24 h as used below). Collectively, these
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Figure 4. Investigation of RNA variants in SMGs using transactivation of HDFs
(A) Illustration of USH2A mRNA expression (red) in human adult tissues as reported by the Human Protein Atlas (HPA).
(B) Diagramdepicts theUSH2A variant under investigation. Sashimi plots reportUSH2AmRNA splicing. Data derived fromOxfordNano-
pore long read sequencing of RT-PCR amplicons (exons 13–16) produced using RNA isolated following transactivation ofUSH2A in HDFs
derived from healthy control and affected individuals in the presence and absence of cycloheximide (CHX). Arrows in the sashimi plots
specify the reads coming from the alleles with pathogenic variant and allele with VUS as segregated by allelic phasing.
(C) Illustration of SCN1A mRNA expression (red) in human adult tissues (HPA).
(D) Diagram depicts the SCN1A variant under investigation. Sashimi plots report SCN1A mRNA splicing. Data derived from Oxford
Nanopore long-read sequencing RT-PCR amplicons (exons 13–17) produced from RNA isolated following transactivation of SCN1A in
HDFs derived from healthy control and affected individuals in the presence and absence of CHX. Arrows on the sashimi plot indicates
the position of the pathogenic variant.
(E) Illustration of DMD mRNA expression (red) in human adult tissues (HPA).
(F) Diagram depicts the DMD variant under investigation. Graphs represent relative read depth of reported across DMD exons 2–5 as
determined using long read sequencing of RT-PCR amplicons produced from RNA isolated following transactivation of DMD in HDFs
derived from healthy control and affected individuals in the presence and absence of CHX. Note read depth is 1.8 times greater
(�double) in exons 3– and 4 only in samples from the affected individual and is not influenced by CHX.
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data reveal deleterious impacts of the VUS on the USH2A

allele.

Next, we investigated the mechanisms of action of a

known pathogenic variant in SCN1A, haploinsufficiency

of which causes a developmental epileptic encephalopathy

called Dravet syndrome (MIM: 607208). SCN1A is only ex-

pressed in the brain, lung, and fallopian tube (Figures 4C

and S16). The affected individual carried a nonsense variant

in exon 13 (c.1958T>A [GenBank: NM_001165963.4]

[p.Leu653*]) with the assumedmechanism of haploinsuffi-

ciency (Figure 4D). However, the individual had a very se-

vere presentation of Dravet syndrome ultimately resulting

in sudden unexpected death during epilepsy. Intriguingly,

Splice AI26 predicted that the variant strengthens a splice

donor one base downstream (donor gain delta score ¼
0.72) (Figure S16). We transactivated SCN1A in three con-

trol HDFs and the HDF derived from the affected individ-

ual, treated the cells with or without CHX for 24 h, and per-

formed srRNA-seq to investigate. In controls, canonical

splicing of exon 13 to 14 of the main isoform was found

in all cell lines (Figure S16). The variant indeed caused

use of an internal exon 13 splice donor (54 bp upstream

of the canonical splice donor of the main transcript), and

although still encoding the nonsense codon, the mRNA

species was apparently expressed at considerable levels,

suggesting at least partial escape from NMD (Figure S16).

The aberrant splicing event was confirmed using a targeted

PCR coupled with long-read Oxford Nanopore sequencing

(Figures 4D and S16). In this PCR-based assay, 25.7% of

reads were found mis-spliced in the absence of CHX

aligned with a partial escape from NMD as noted above.

However, the addition of CHX did increase the proportion

of mis-spliced reads to 43.9%, suggesting escape is indeed

partial rather than complete (Figures 4D and S15). We

further observed the partial escape phenomena using

long-read sequencing of two additional, independent PCR

amplicons (Figure S16). Whether mis-spliced reads

escaping NMD culminate in the translation of the pre-

dicted 653 amino acid N-terminal SCN1A peptide remains

to be determined but may help explain the severe nature of

the individual’s phenotype.

We also investigated a variant in DMD, an X chromo-

some gene for which loss of function gives rise to the

male neuromuscular disorders Duchene or Becker

muscular dystrophy (MIM: 310200 and 300376). DMD is

expressed in several tissues, but the expression levels of dis-

ease-relevant isoforms are insufficient for analysis in CATs

(a muscle biopsy is typically needed) (Figures 4E and S17).

The individual was a four-year-old male presenting with

mild hypertrophy of the gastrocnemius and biceps, early

motor delay, and limb girdle weakness with elevated serum

creatine kinase levels (25,000 U/L, reference levels

<180 U/L). Diagnostic massively parallel sequencing and

multiplex ligation-dependent probe amplification identi-

fied a duplication of exons 3 and 4 that is predicted to be

in-frame (c.(93 þ 1_94-1)_(264 þ 1_265-1)dup [GenBank:

NM_004006.2]), but how the mRNA is actually spliced re-

mained undetermined, and as such, the variant was classi-

fied as a VUS (Figure 4F). We transactivated DMD in three

control HDFs and the HDF derived from the affected indi-

vidual, treated the cells with or without CHX, and per-

formed srRNA-seq. In controls, canonical splicing through

exons 2–5 was found in all control cell lines; however,

reads from the variant cell line were suspiciously absent

in this region (Figure S17). We investigated further using

targeted real-time PCR spanning the duplicated exons

and found an increased size of the PCR product from the

affected individual consistent with duplication of exons

3 and 4 in themRNA (Figure S17). Long-read Oxford Nano-

pore sequencing of the PCR products was performed and

sequences mapped to the reference transcript GenBank:

NM_004006.2. Reads were successfully mapped in control

samples as expected, while in the sample from the affected

individual, reads mapping to exon 4 contained down-

stream sequences that did not align to intron 4 or exon 5

(Figure S17). We queried the misaligned sequences using

the BLAST-Like Alignment Tool, which aligned them to

DMD exons 3 and 4 thus revealing duplications of exons

3 and 4 in the mRNA. (Figure S17). We then remapped

the reads using LAST, an approach that also utilizes a

BLAST-like algorithm to enable reassignment of the mis-

aligned segments of sequence to exons 3 and 4 and deter-

mined exon-level read counts to quantify the number of

exons in the mRNA.87 As expected, reads mapping to

exons 3 and 4 were in the same proportion to exons 1,

2, and 5 in controls while they were almost double (1.8

times greater) in samples from the affected individual.

(Figure 4F). Collectively, these data confirm the presence

of novel mRNAs encoding the tandem duplication

of exons 3 and 4, which we validated using RNA

isolated from a muscle biopsy of the affected individual

(Figure S18). The duplication event is in-frame and inserts

57 amino acids that disrupt the actin-binding domain of

dystrophin and is predicted to be highly deleterious to its

function. In aggregate, these variant investigations in

USH2A, SCN1A, and DMD enabled by transactivation of

HDFs derived from affected individuals support the use

of transactivation for the purpose of functionally investi-

gating variants suspected of altering RNA processing

in SMGs.

Transdifferentiation of HDFs directly to neurons induces

expression of silent neurological genes

While SMGs are relevant to a range of disorders manifest-

ing in different organ systems, there is a prominent asso-

ciation of SMGs with disorders of the nervous system

(Figures 1 and S1). We cross referenced the list of SMGs

with a combined list of 3,000 neurological disorder genes

(combining Intellectual Disability and Progressive Neuro-

logical Disease Gene Pannels, Pannel App Australia) to

define a list of 516 silent neurological genes (SNGs),

equating to more than a third of SMGs (Figure 5A;

Table S12). Gene ontology analysis revealed that SNGs

are enriched in synaptic functions and ion transport
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Figure 5. Transdifferentiation of HDFs directly into iNeurons
(A) 516 neurological disorder genes are silent. A comparison between silent mendelian genes (SMGs) and a list of 3,000 neurological
disorders reveals an overlap of 516 genes. These genes, herein referred to as silent neurological genes (SNGs), are not expressed at suf-
ficient levels in CATs of blood, LCLs, or HDFs to enable analysis of mRNA splicing using srRNA-seq.
(B) Schematic of the vector transgene featuring a Tet-On inducible promoter driving overexpression of NEUROG2 and ASCL1 (abbrevi-
ated as TNA). In the TNA transgene, the human ubiquitin C (hUbC) promoter drives the expression of Tet-ON encoding the reverse tetra-
cycline-controlled transactivator (rtTA). rtTA binds the TRE-tight promoter when in the presence of doxycycline thus inducing NGN2
and ASCL1 expression. The phosphoglycerate kinase promoter (PGK) drives the constitutive expression of a puromycin-resistance
cassette. The TNA transgene can be packaged into lentivirus.
(C and D) Fibroblasts transduced with TNA overexpressNERUOG2 and ASCL1 in response to doxycycline treatment. RT-qPCR performed
on RNA isolated from 3 control HDF lines transduced with TNA and treated with or without 2 mg/mL doxycycline (dox) for 1, 2, and
5 days (C) ASCL1 expression and (D) NEUROG2 expression. Error bars respresent standard deviation.
(E) iNeurons display overt neuronal morphology and express a set of neuronal marker proteins. Immunofluorescent imaging of day 22
control iNeurons: PSA-NCAM (green), TUBB3 (red), NeuN (green), SYN1 (red), DAPI (blue). Scale bars, 50 mm.
(F) Principal component analysis (PCA) of srRNA-seq. RNA was collected at day 0, 10, 20, and 26 of transdifferentiation. Experiment
done in quadruplicate. Note that �70% of the transcriptional variance occurs by day 10 of transdifferentiation.
(G) The srRNA-seq analysis reveals that iNeurons express cohorts of neuronal cell and synapse marker genes. Expression is reported as
TPM (log10).

(legend continued on next page)
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(Figure S19; Tables S13–S15). We reasoned that conversion

of HDFs to a neuronal cell identity may induce the endog-

enous expression of many of the SNGs, providing a single

approach to induce the expression of many SNGs. While

the conversion of HDFs to neurons via an iPSC state is a

potential avenue, we considered the current associated

resource burden (time, cost, expertise) prohibitive for

larger scale diagnostics. We thus investigated the

approach of cell transdifferentiation, which facilitates

the conversion of HDFs directly into a neuronal-cell-like

identity (known as induced neurons, iNeurons), bypass-

ing the need for an iPSC intermediate.88 As such, trans-

differentiation is rapid, taking <1 month to generate

iNeurons from HDFs. Transdifferentiation of HDFs into

iNeurons is driven by the overexpression of a combination

of pioneer master pro-neural transcription factors (for

example, POUF3F2 [MIM: 600494], NEUROG2 [MIM:

606624], ASCL1 [MIM: 100790], MYT1L, and others) and

culture in media containing compounds known to drive

the differentiation of pluripotent stem cells into neuronal

cell fate (e.g., inhibitors of the transfroming growth factor

b/bone morphogenetic protein signaling pathway).88 We

adopted a transdifferentiation approach utilizing the Tet-

On (doxycycline) inducible expression of NEUROG2 and

ASCL1 (herein referred as TNA) encoded on a single lenti-

viral vector (Figure 5B).53 We transduced three control

HDF lines and selected for cells harboring the TNA trans-

gene with puromycin (Figure S20). Addition of doxycy-

cline induced expression of NEUROG2 and ASCL1 in all

lines as expected (Figures 5C and 5D). Initial transdifferen-

tiation of HDF to iNeurons generated cells that displayed

overt neuronal cell morphology and expressed a cohort

of neuronal cell marker genes/proteins (MAP2, TUBB3,

NEUN, NESTIN, TAU1, and SYN1) (Figure S20). We noted

depletion of media nutrients (data not shown), and so we

modified the protocol for lower density culture with

increased media replenishment, the latter of which re-

sulted in elevated expression of neuronal cell marker

genes (Figure S20). We also extended the culture of iNeur-

ons beyond the third week using a maturation media

containing a cocktail of neurotrophic factors, including

brain-derived neurotrophic factor and glial-derived

neurotrophic factor.53 In summary, we generated

iNeurons from HDFs as confirmed by their overt neuronal

cell morphology and expression of several neuronal cell

marker genes (Figures 5E and S20). To more extensively

characterize the HDF-derived iNeurons, we conducted

srRNA-seq using RNA collected from before (day 0), during

(day 10), and following transdifferentiation (day 20)

and maturation (day 26) of iNeurons in quadruplicate

(Table S16). Principal component analysis revealed

distinct transcriptional profiles of all timepoints with

�70% of variance occurring during the first 10 days of

transdifferentiation (Figure 5F). Analysis of neural cell

marker gene expression confirmed induction of a host of

neuronal cell and synapse genes (Figure 5G), and the tran-

scriptome of iNeurons was found to correlate well with

that of iPSC-derived cortical excitatory neurons (Pearson’s

correlation r ¼ 0.805, p < 0.0001) (Figure 5H). Compared

to HDFs, �4,938 genes were upregulated, and �4,243

genes were down regulated in common across all iNeuron

conversion time points (false discovery rate <0.05, log2
fold change > or <1.5) (Figures 5I and 5J). Gene ontology

analysis of upregulated genes of day 26 iNeurons revealed

enrichment of terms relating to neuronal cell develop-

ment and synaptic functions (Figures 5K and S21;

Tables S17–S19). All together, these further confirm the

transdifferentiation of HDFs to neuronal-like cells. We

therefore proceeded to investigate how many of the

SNGs are expressed in iNeurons. The analysis found that

193/516 SNGs (37.4%) were both differentially upregu-

lated compared to HDFs and expressed at an abundance

of at least one TPM during at least one time point analyzed

(163 are common to all), with median expressions of 7.73,

9.05, and 9.78 TPM at days 10, 20, and 26 respectively

(Figures 6A–6D; Table S20). We again set out to gauge

how many of the 193 SNGs expressed in iNeurons dis-

played expression levels conducive to downstream

srRNA-seq-based assessment of splicing. We first assessed

if the exon junction read counts for SNGs satisfied the

MRSD parameters used to define suitability for RNA-seq-

based assessment of splicing (i.e., genes with a minimum

of eight junction reads across 75% of junctions). For

this, we analyzed a subset of 30 SNGs with diverse TPMs

in iNeurons (<5 TPM, n ¼ 10; >5 and <10 TPM, n ¼ 10;

and >10 TPM, n ¼ 10) (Table S21). We found 27/30 of

the selected SNGs satisfied these criteria (Figure S22;

Table S21). We again found that the median number of

exon junction reads correlated with TPMs across the 30

SNGs (Pearson’s correlation r ¼ 0.89, p ¼ 4.737e-11),

encouraging us to utilize TPMs in reference to RNA diag-

nostic benchmarking studies11 (Figure S22). Of the SNGs

expressed in iNeurons, we found 133/193 (69%) had

TPM > 5, suggesting suitability for srRNA-seq-based

assessment of RNA splicing, with the remainder likely

requiring RT-PCR or deeper sequencing11 (Figure 6A). We

(H) The transcriptional profile of iNeurons correlates with iPSC-derived neurons. The expression of genes (>1 TPM, n ¼ 11,119 genes)
was correlated between iNeurons (day 26, n ¼ 4) and iPSC-derived neurons (day 90 of iPSC neuronal differentiation, n ¼ 1) using Pear-
son’s correlation (r ¼ 0.805, p < 0.0001).
(I and J) Differential gene expression analysis of iNeuron transdifferentiation. The srRNA-seq transdifferentiation data were used to iden-
tify differentially expressed genes between HDFs (day 0) and other time points (day 10, 20, and 26) during transdifferentiation and the
overlapping genes of each comparison identified. (I) Comparison of upregulated genes. (J) Comparison of downregulated genes.
(K) Gene ontology
analysis of genes upregulated in iNeurons at day 26 of transdifferentiation performed using ShinyGO 0.77. The highest-ranking GO
terms are reported as fold enrichment and the FDR (-log10FDR).
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then compared the expression of the 193 iNeuron-ex-

pressed SNGs to the adult frontal cortex (from GTEx) as

the surrogate CRT, with the caveat that this may not be

true for all genes in the cohort. The relative mRNA

expression (TPM) of the 193 SNGs in iNeurons at day 26

of transdifferentiation was positively correlated with

the relative mean expression (TPM) in the adult frontal

cortex (Pearson’s correlation r ¼ 0.377, p ¼ 6.9 3 10�8)

(Figure 6E) and most often fell within the range of expres-

sion observed across different adult cortex samples

(Figures 6F and S23). Furthermore, the diversity of SNGs

expressed isoforms in iNeurons was comparable to the iso-

form diversity observed in the frontal cortex (Figures 6G

and S24). These data support transdifferentiation of

HDFs to iNeurons as a rapid and robust avenue to induce

the expression of 193 SNGs for the purpose of investi-

gating SNG variants using HDFs derived from affected in-

dividuals, with investigation of variants in 133 such SNGs

likely achievable using srRNA-seq.

Investigating variants in SNGs using transdifferentiation

To illustrate the potential of HDF transdifferentiation to

iNeurons in the assessment of gene variants in SNGs, we

investigated the role of NMD in the processing of a set of

Figure 6. Expression of SNGs in iNeurons
(A) 193 SNGs are expressed during the transdifferentiation of HDFs to iNeurons. Querying the list differentially expressed genes iden-
tified in cells undergoing transdifferentiation at days 10, 20, and 26 reveals that 193 of the 516 SNG genes are upregulated in iNeurons
and with expression >1 TPM in at least one time point analyzed, with 133 of these displaying TPM >5.
(B–D) Expression of the 193 SNGs during transdifferentiation of HDFs to iNeurons. (B) Heatmap shows expression of individual genes
reported as TPM (log10). (C) Violin plots show significant upregulation of the cohort of 193 SNGs. Expression is reported as the mean
TPM from across all four replicates for each time point. Statistical analysis was determined by ordinary one-way ANOVA with Tukey’s
multiple comparison test. ****p < 0.0001. (D) Categorization of the 193 genes as having expression within 0–1 TPM, 1–5 TPM, 5–10
TPM, and 10þ TPM, at each time point.
(E) Correlation of expression (TPM) between the 193 iNeuron expressed SNGs at day 26 transdifferentiation andmean expression (TPM)
in the human adult frontal cortex.
(F) Comparison of expression of 100 of the 193 iNeuron-expressed SNGs with range of expression observed in the adult frontal cortex
samples.
(G) Comparison of the isoform diversity between SNGs expressed in iNeurons to that of the adult frontal cortex. Adult frontal cortex
expression data were extracted from the GTEx database Version 8.
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Figure 7. Pathological mechanisms of PAK3 variants resolved using HDF transdifferentiation
(A) Diagram of PAK3 cDNA (GenBank: NM_002578.5) and encoded protein structure. PAK3 nonsense variants are in exons 14 and 16,
which encode the kinase domain and are downstream of the auto-inhibitory domain.
(B) PAK3 expression is predominately limited to the brain and pancreas (red) data from The HPA.
(C) PAK3 expression is upregulated during transdifferentiation. Expression of RAC1 family of activated kinases, PAK1, PAK2, and PAK3,
during transdifferentiation of HDF to iNeurons. Expression data extracted from srRNA-seq (see Figure 5) and expressed as the mean TPM
derived from four replicates per time point.

(legend continued on next page)
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three nonsense variants found in an X chromosome intel-

lectual disability gene, PAK3,89–91 discovered in male indi-

viduals with intellectual disability (MIM: 300558). The

PAK3 variants included (NM_002578.5, NP_002569.1):

c.1066G>T (p.Glu356*), c.1255C>T (p.Arg419*), and

c.1306C>T (p.Arg436*) (Figure 7A). While these variants

are classified as pathogenic based on DNA sequence alone,

themechanism of pathogenicity remains uncertain because

PAK3 is predominantly expressed in brain, pancreas, and

other secretory glands, and as such, its mRNA is unavailable

for study (Figures 7B and S25).92 It is predicted that the

nonsense variant mRNAs are degraded by NMD and hence

act via loss-of-function mechanism. However, the DNA-

based rules governing whether an mRNA is subjected to

NMD remain uncertain with many exceptions docu-

mented.29–37 If these nonsense PAK3mRNAs were to escape

NMD, then the encoded truncated protein would lack its ki-

nase domain and encode a protein consisting only of its

inhibitory domain, with potential to also inhibit PAK3 het-

erodimeric partners such as that encoded by PAK1 (MIM:

602590), a gene for which haploinsufficiency also causes

intellectual disability (MIM: 618158).93 Referencing an

scRNA-seq gene expression atlas of the human brain re-

vealed that PAK3was highly expressed in neuronal cell pop-

ulations (Figure S25). Likewise, we found PAK3 robustly ex-

pressed in iNeurons along with PAK1 and PAK2 (MIM:

605022) (Figure 7C). We therefore investigated the role of

NMD in the processing of nonsense PAK3 mRNAs using

transdifferentiation of HDFs derived from each of the three

affected individuals. The PAK3 variant HDFs, alongside

three male control HDFs were engineered to harbor the

TNA transgene, and all cell lines expressed transgenic

NEUROG2 and ASCL1 in response to doxycycline

(Figures 5C, 5D, 7D, and 7E). Following transdifferentiation,

all cell lines displayed overt neuronal cell morphology

(Figure S26) and expressed a range of neuronal cell marker

genes and/or proteins without significant difference be-

tween PAK3 and controls (MAP2, TUBB3, polysialylated

(PSA)-NCAM, SYN1, DCX, SOX2, and RBFOX3, also known

as NeuN) (Figures 7F and S26). At day 21, parallel cultures

were treated with or without CHX for 24 h to inhibit

NMD and RNA isolated for real-time qPCR analysis of

PAK3 expression. Compared to controls, PAK3 expression

was reduced in all three PAK3 iNeuron samples, which

had PAK3 nonsense variants (Figure 7G). While inhibition

of NMD with CHX resulted in a 2-fold increase in PAK3

expression in controls, it caused a 12– to 16-fold increase

in PAK3 expression in PAK3 variant iNeurons (Figure 7H).

We found analogous results using PAK3 mRNA derived

from gene transactivation in the same HDF samples

(Figures 7I and 7J). These data align with robust degradation

of PAK3 nonsense variant mRNAs by NMD, and as such,

supports a loss-of-function pathogenic mechanism. More

generally, these data provide proof-of-principle support

that iNeurons can be used to investigate the mechanism

of SNG variant effect on mRNA processing.

Discussion

This investigation revealed that one-third of Mendelian

genes are not expressed at sufficient levels to functionally

assess RNA variants in CATs of blood and skin using

srRNA-seq (Figure 1). Of these SMGs, the largest proportion

are SNGs. Patients with VUSs in such genes that require

functional RNA studies to resolve pathogenicity often

never receive a genetic diagnosis because the RNA is unob-

tainable without invasive procedures. Variants in these

genes account for 22.2% of VUSs in ClinVar, currently

equating to 283,353 individuals without a diagnosis, and

continue to accumulate. We repurpose the technologies

of gene transactivation (developed for functional geno-

mics) and transdifferentiation (developed for cell therapy

and disease modeling) approaches into functional RNA

diagnostic capacities suitable for variants in SMGs and

SNGs, respectively. These approaches induce the expres-

sion of SMGs and SNGs at endogenous gene loci in pa-

tient-derived cells using a comparatively small resource in-

vestment. These approaches have several attractive

features for clinical implementation. (1) They are gene-

centric rather than variant centric, meaning all variants

in a gene can be assessed using the same technique.

(D and E) HDFs derived from individuals with the PAK3 variants and transduced with TNA transgene overexpress NERUOG2 and ASCL1
in response to doxycycline treatment for 1, 2, and 5 days. Real-time qPCR assessment of (D) ASCL1mRNA expression and (E) NEUROG2
mRNA expression. Expression is normalized to ACTB expression.
(F) iNeurons transdifferentiated fromHDFs derived from individuals with PAK3 variants display overt neuronal morphology and express
neuronal marker genes. Immunofluorescent imaging of day 22 iNeurons: MAP2 (green), TUBB3 (red), PSA-NCAM (blue), SYN1 (red),
DAPI (white). Scale bars, 50 mm.
(G) PAK3 variant mRNA expression is reduced in iNeurons. Real-time qPCR of PAK3 expression in day 22 control (n ¼ 3) and nonsense
variant iNeurons. Expression normalized to ACTB.
(H) PAK3 variant mRNA is subject to NMD. Real-time qPCR of PAK3 mRNA expression in day 22 control (n ¼ 3) and variant iNeurons
treated with or without cycloheximide (CHX) for 24 h prior to RNA collection.mRNA expression is reported as the fold change in expres-
sion of CHX treated versus non-CHX treated cells. Expression normalized to ACTB.
(I) PAK3 variant mRNA is lowly expressed in transactivated HDFs. PAK3 was transactivated in HDFs derived from n ¼ 3 control individ-
uals and individuals with PAK3 variants. Isolated RNA was subjected to real-time qPCR. Expression is normalized to ACTB.
(J) PAK3 variant mRNA acquired through transactivation is subject to NMD. Real-time qPCR of PAK3 expression transactivated HDFs
treated with or without cycloheximide (CHX) for 24 h prior to collection. Expression is reported as the fold change in expression of
CHX-treated versus non-CHX-treated cells. Expression normalized to ACTB. Statistical analysis was determined by ordinary one-way
ANOVA with Tukey’s multiple comparison test. Significance set as *p < 0.05, ** <0.01, ***p < 0.001, and ****p < 0.0001. All error bars
respresent standard deviation.
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(2) They activate the endogenous genomic loci thereby

permitting study of variant impact on multiple full-length

RNA isoforms complete with all regulatory and structural

features. (3) They enable assessment of variant impact in

the context of the patient’s genetic and cellular back-

ground, which influences splicing, RNA processing,

NMD, translation, X inactivation, dosage compensation,

allelic-specific expression, and beyond. (4) They are highly

adaptable, with transactivation easily tailored to target any

SMG promoter by simple re-engineering of only the gRNA

components and with transdifferentiation providing a sin-

gle tool relevant to many SNGs. (5) They are cost and time

efficient for analysis of many VUSs, with relatively low up-

front costs to design and implement, diminishing costs

with re-use and relatively short workflows of days (for

transactivation) to weeks (for transdifferentiation) when

compared to iPSC, mini-gene, or CRISPR-editing-based al-

ternatives. These features are aligned with ‘‘on-demand’’

diagnostic applications, and with on-going development,

these techniques have the potential for up-scaling as an

‘‘off-the-shelf’’ diagnostic product for routine use. In addi-

tion to the significance of a genetic diagnosis, which

cannot be overstated,94–99 the transactivation and transdif-

ferentiation approaches also unveil ‘‘variant treatability’’

by revealing the mechanisms of pathogenicity—how the

variant RNA is physiologically spliced and processed.

This knowledge is prerequisite for development of new

clinical trials or therapeutics, for example, involving anti-

sense oligonucleotides (ASOs) or nonsense readthrough

therapies.1,15,16

In this study, we developed and utilized gene transacti-

vation to resolve the impact of variants on RNA processing

in DMD, SCN1A, USH2A, and PAK3 and test the efficacy of

gene transactivation across 40 SMGs in HDFs derived from

both affected and healthy individuals (Figures 2–4). This

third generation CRISPRa system is the most highly multi-

plexed of all transactivation systems to date, with superior

transactivation ability shown in benchmarking studies.100

Another study recently reported the use of gene transacti-

vation to study variants in two SMGs,MPZ (MIM: 159440)

and SPAST (604277), using the second generation dCas9-

VP64-p65-Rta (VPR) fusion system, which was first in-vitro

transcribed to RNA and delivered via electroporation to

HDFs.101 These studies converge to highlight the utility

of transactivation for variants assessment in SMGs using

independent approaches. The choice of which system to

adopt by users should include considerations on the re-

quirements of equipment, expertise, facilities, and regula-

tory compliances among others. Both systems utilize

commercially available reagents (see subjects, material,

and methods) and have rapid work flows once reagents

are in hand. Our vector system uses lentiviral delivery of

transgenes and is therefore compatible with both short

transient transactivation studies and creation of stable

cell lines to permit ongoing studies, e.g., looking at variant

impact on protein or cellular functions or testing of thera-

peutics such as ASOs.We exploited this feature tomake sta-

ble transgenic HDFs for the purpose of testing the ability of

160 gRNAs to transactivate across 40 SMGs (Figure 2).

These initial screens involving either scRNA-seq or

srRNA-seq approaches revealed that transactivation can

be gRNA, gene, and cell-type specific. The screening exper-

iments suggested �35%–75% of SMGs were amenable to

transactivation, depending on cell type (HEK293T and

HDFs, respectively). These screens were, by design, tailored

toward testing large numbers of SMGs at the expense of

high levels of gRNA expression. Given these data suggested

that those gene transactivation levels were related to gRNA

expression level, the screens likely returned many false

negative results. This encouraged us to extensively test

the transactivation of SMGs one gene at a time, with

enhanced gRNA expression, achieved by both optimizing

efficient transient lentiviral delivery of the transgenes to

HDFs and co-expressing all four gRNAs per gene simulta-

neously (Figure 3). Of the 20 SMGs we tested, all showed

some level of transactivation in HDFs (and HEK293Ts),

ranging from a 1 to 3,387 TPM, with 90% of SMGs tested

>5 TPM and hence likely amenable for splice variant anal-

ysis using srRNA-seq.11 In most cases, the level of transac-

tivation and isoform diversity was akin to the expression of

the gene in its CRT. We observed preservation of reference

splicing events in transactivated genes, aligned with

previous studies highlighting HDFs as the best performing

surrogate CAT for analysis of splicing of genes from inac-

cessible CRTs.76,85 Indeed, our investigation of the neuro-

logical genes that are expressed in HDFs shows that

�90% of them are spliced in HDFs as they are in the cere-

bral cortex. Inevitably some splicing events exist in genes

that are reliant on tissue-specific splicing factors absent

in HDFs, which transactivated genes will be unable to

model. While such tissue-specific splicing events are rela-

tively rare among all splicing events, it remains an innate

limitation of the approach, and a common limitation to

all current gold-standard RNA-based diagnostics using

CATs as surrogates for CRTs.102,103 We recommend man-

agement of this limitation: for each variant studied, an

investigation should first consider if the splicing event of

interest is conserved between the CAT being used and

the CRT in control samples. If this event is not conserved

in controls, then the assay is not suitable. If the event is

conserved in controls, then this supports that any devia-

tion from the canonical event is meaningful to pursue.

Why some genes were more conducive to transactiva-

tion than others remains an open question. In general,

we observed that most strongly transactivated genes had

open chromatin regions around the promoter (e.g.,

PCDH19), but this relationship was not definitive with

some genes with closed chromatin achieving strong trans-

activation (e.g., PTH [MIM: 168450]) and some genes with

open chromatin displaying weak transactivation (e.g.,

DMD). It has been shown by others, and within our own

data (Figure 2), that different gRNAs can have different po-

tencies and that different combinations of gRNAs when

multiplexed can have divergent synergistic properties.82
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We did not empirically optimize the best gRNA combina-

tions, instead prioritizing a streamlined workflow, which

nonetheless supports that rational selection of the four

gRNAs per gene used in combination with the dCas9-Sun-

tag system works robustly for most genes (Figure 3). This

four-gRNA multiplex regime provides both opportunity

for synergistic activity, and insurance against the ineffi-

cient actions of one (or more) gRNAs selected. For one

gene with weak transactivation, MYT1L, we redesigned

the gRNAs but failed to improve the outcome, while for

another, DMD, redesigned gRNAs improved the outcome.

The design and testing of gRNAs at a genome-wide scale

continues to evolve, and with this comes resources to

better aid gRNA selection.104,105 We also observed that

cell type influences the ability to transactivate genes. For

example, in the single guide screens, COL2A1 transactiva-

tion was specific for HEK293T cells, while SETBP1 (MIM:

611060) transactivation was better in HDFs. Thus, some

genes may benefit from transactivation in alternative

CAT-derived cell lines such as LCLs, T cells, or urothelial

cells for which lentiviral delivery of transgenes has been

demonstrated.50,106 Finally, the transactivation elements

of the dCas9-ST-PH themselves can be modified. Our sys-

tem utilized the p65-HSF hybrid transcriptional activator,

but a given gene may respond better to a different tran-

scriptional activator (e.g., VPR), or epigenetic modifier

(e.g., Tet family of DNA demethylases or histonemodifiers)

or combinations therein.78,107–109 An excellent feature of

the dCas9-ST system is that such elements are easily inter-

changed and can even be combined, as each dCas9-ST

molecule has 10 docking sites for which to recruit any va-

riety of co-expressed activators or epigenetic modifiers

alone or in combination.108,109 Nonetheless, while the

challenging examples draw opportunity for ongoing devel-

opment, the current approach we tested across 40 SMGs,

including 20 SMGs in great depth, works efficiently for

its purpose of generating RNA from SMGs for diagnostic

purposes.

Given that more than a third of SMGs were SNGs,

contributing more than any other disease classification,

we reasoned that HDF transdifferentiation to iNeurons

would be a viable solution to induce expression of a large

proportion of SMGs with a single method. Similar transdif-

ferentiation approaches have been used for the study of

muscle specific genes through MYOD1 (MIM: 159970)-

based transdifferentiation of HDFs to myoblasts.110 Of

note, the application of HDF transdifferentiation to iNeur-

ons for the purpose of resolving RNA variants in SNGs was

also reported during the review of this study and warrants

attention.111 We generated iNeurons that expressed a host

of neuronal cell marker genes and showed transcriptional

correlation to excitatory neurons produced from iPSCs

(Figure 5). The iNeurons expressed 193/1436 (13.4%) of

all SMGs, or 193/516 (37.4%) of the SNGs, at >1 TPM,

with median TPMs ranging from 7.7 to 9.8 TPMs depend-

ing on time point analyzed (Figure 6). Most of these genes

(162) are common to all timepoints. Of the 193 SNGs ex-

pressed in iNeurons, 133 had a TPM >5 at at least one

time point, suggesting sufficient expression to enable the

analysis of a splice variant by srRNA-seq, while the

remainder (TPM between >1 and <5) would likely require

RT-PCR-based analysis or deeper sequencing (i.e., beyond

80 million reads used in this study).11

Given that the PCA analysis of transcriptomes during

iNeuron transdifferentiation also revealed that the largest

variance in the data (70% of all) occurs during the first

10 days, for many genes, a truncated time course

(10 days or even less) may be sufficient to detected robust

SNG expression. This rapid reshaping of the transcriptome

is aligned with the known roles of pioneer transcription

factors ASCL1 and NEUROG2, which sit at the apex of a

neuronal transcription factor hierarchical network to

collectively activate many neuronal genes.112,113 This

method is conducive to ongoing development, whether

relating to increased efficiency of iNeuron conversion

(�40%–60%53), iNeuron purification (e.g., FACS using

cell surface markers PSA-NCAM53) or generating alterna-

tive target cell types (e.g., inhibitory neurons, dopami-

nergic neurons, astrocytes, or oligodendrocytes88,114–117)

that can all contribute to accessing RNA from a larger num-

ber of SNGs from HDFs. In any case, the current optimized

protocol derived in this study serves as a single-method so-

lution to study the mechanism of variants in 193 SNGs (by

srRNA-seq or RT-PCR), with its utility highlighted by the

study of variants in PAK3 (Figure 7). Furthermore, iNeurons

go beyond diagnostic purposes to provide neuronal cell

models of the affected individual. These can be used to

further assess the impacts of such variants, and potentially

treatments, at the level of neuronal cell function, which

has already been shown for a host of other Mendelian

and non-Mendelian neurological disorders.118–121

Collectively, our study demonstrates the utility of both

gene transactivation and cell transdifferentiation to enable

the study of RNA from SMGs and SNGs, respectively. The

combined potential of these approaches may provide access

to RNA from almost any SMG or SNG, with each method

possessing scope for ongoing improvement and develop-

ment. Further studies using these platforms will benchmark

their utility in years to come, including important compar-

isons to RNA extracted from CRTs and other models such as

iPSC differentiation. These initial studies reveal potential

benefits to the many individuals with variants in SMGs

living without a diagnosis and enduring the burdens of a

diagnostic odyssey and/or lack of precision treatments.
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