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ABSTRACT OF THE DISSERTATION
Neuronal Reprogramming to Study Human Brain Aging and Disease
by
Joseph Roger Herdy Il
Doctor of Philosophy in Neurosciences
University of California San Diego 2023
Professor Fred H. Gage, Co-Chair

Professor Gene Yeo, Co-Chair

The individual unit of computation in the human brain is the neuron. To advance our
understanding of the human brain, we need to generate relevant cellular models of human
neurons in vitro. Direct conversion of human somatic fibroblasts into induced neurons (iNs) allows
for the generation of functional neurons while bypassing any stem cell intermediary stages.
Although iN technology has an enormous potential for modeling age-related diseases, as well as
therapeutic approaches, the technology faces limitations due to variable conversion efficiencies
and a lack of thorough understanding of the signaling pathways directing iN conversion. Here, |
introduce a new all-in-one inducible lentiviral system that simplifies fibroblast transgenesis for the
two pioneer transcription factors, Ngn2 and Ascl1, and a small molecule cocktail that markedly
improves iN yields and sheds new insight into the mechanisms influencing direct iN conversion.
Next, | will apply the iN protocol on a cohort of Alzheimer’s disease (AD) and healthy age matched

control donor samples to model age-related molecular phenotypes in AD neurons. | previously
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found that AD brains have significantly higher proportions of neurons that express senescence
markers, and their distribution indicates bystander effects. AD patient-derived iNs exhibit strong
transcriptomic, epigenetic, and molecular biomarker signatures that illuminate a specific human
neuronal senescence-like state. AD iN single-cell transcriptomics revealed that senescent
neurons face oncogenic challenges, and metabolic dysfunction, and they display a
proinflammatory signature. Integrative profiling of the inflammatory secretome of AD iNs and
patient cerebral spinal fluid revealed a neuronal senescence-associated-secretory-phenotype,
that can trigger astrogliosis in human astrocytes. Finally, | show that targeting senescence-like

neurons with senotherapeutics could be a novel strategy for preventing or treating AD.
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INTRODUCTION

To improve our understanding of the human brain we need access to its cellular
components. Human neural cells are challenging to access due to the invasive nature necessary
to acquire them, and consequently our understanding of human brain cellular biology has lagged
behind animal models where these tissues can be readily derived. An alternative strategy is to
manipulate the fate of a more easily accessible cell to the cell type of interest. During
development, naive embryonic cells undergo patterned differentiation to give rise to defined
somatic cell types that perform specialized functions and are locked into a developmental fate.
Under normal circumstances, cells maintain this fate for the remainder of the life of the organism,
and a loss of fate is typically associated with pathologies like cancer. The manipulation of cellular
fate and setting a cell back in developmental time was demonstrated in 1962 by Gurdon when
differentiated epithelial cells were transplanted from tadpoles into enucleated frog eggs
(GURDON 1962). Although the efficiency was low, some of these transferred nuclei were able to
give rise to normal tadpoles demonstrating that their nuclei contained all the genetic information
necessary for the formation of all other cell types in a normal feeding tadpole. However, the
signaling factors present in the oocytes that were necessary for mediating this reprogramming
were unknown for many decades.

The next breakthrough came in 2006 when Takahashi and Yamanaka demonstrated that
oocyte based reprogramming could be recapitulated in mice by the overexpression of four defined
transcription factors (Oct4, Sox2, KlIf4, and c-Myc) which together produced pluripotent stem cells
that resembled inner mass embryonic cells and could give rise to all three germ layers and
therefore every somatic cell in adult mammals (Takahashi and Yamanaka 2006). These induced
pluripotent stem cells (iPSCs) have since become a field of study in their own right, and have led
to thousands of publications as investigators have developed protocols for differentiating iPSCs
into the cell types of interest. Importantly, iPSC technology works in human cells, and a relatively

non-invasive skin biopsy provides a human cellular source that can be used to reprogram to



iPSCs and then differentiated into the target cell type, vastly improving our understanding of
human cell biology.

One of the fields that has benefitted the most from iPSC-based reprogramming is human
cellular neuroscience, as neural progenitor cells (NPCs) and their progeny can be readily
generated from human iPSCs. iPSC differentiations have been used to produce a vast array of
human neuronal cell types and have led to major discoveries in molecular neuroscience
(Dolmetsch and Geschwind 2011). Neuronal reprogramming paradigms have aided in the
development of the cellular disease modeling field, where cohorts of patients with genetic or
sporadic neuropsychiatric disorders and healthy controls can be collected, their cells differentiated
into neurons, and tested to determine the molecular basis of disease in these patients. This
strategy has contributed to our understanding of many human diseases, including epilepsy,
autism, and schizophrenia (Liu et al. 2012; Kiskinis et al. 2014; Yoon et al. 2014). As our
understanding of genetic markers of human neuronal subtypes improves and the complexity of
iPSC reprogramming models advances, we will have the capacity to produce more physiologically
relevant tissues and circuits to study more complex brain systems to understand their function
and intervene in cases of damage or disease.

Although iPSC-based paradigms have been instrumental in human cellular neuroscience,
there are some limitations to the technology. Among these limitations is the erasure of the
molecular age of the donor (Mertens et al. 2015b). During cellular reprogramming, iPSCs transit
an embryo-like state, which is a highly selective process associated with complete epigenetic
remodeling and immense cell proliferation. Consequently, iPSCs and their derivatives have been
found to be largely rejuvenated (Horvath 2013). However, many human neurodegenerative
diseases occur only in the elderly, and aging is by far the major risk factor for diseases like
Alzheimer’s and Parkinson’s. Therefore, retaining the human aging component in afflicted cell
types is essential for disease modeling and testing therapies.

To circumvent the age limitations of iPSCs, we have taken advantage of a more recent



reprogramming paradigm of direct transdifferentiation. Transdifferentiation involves the
overexpression of transcription factors for the target cell type of interest to directly convert
differentiated cells from one cell type to another without transitioning through a stem cell
intermediary. With two pro-neuronal transcription factors and a small molecule cocktail of SMAD
inhibitors, BMP inhibitors, and other enhancers human fibroblasts can be directly converted into
mature neurons which faithfully maintain the age of their donor (Thomas Vierbuchen and Austin
Ostermeier and Zhiping 2010; Mertens et al. 2015a). This technique has been used to identify
age related phenotypes in human neurons and has advanced our understanding of Alzheimer’s
disease, ALS, and other neuronal aging phenotypes (Traxler et al. 2022; Meng-Lu Liu and Tong
Zang and Chun-Li 2016; Christine 2016). However, one important limitation of this technique is
the lower overall efficiency of the transdifferentiation process from fibroblasts compared to iPSCs.

To address these technical limitations, in the first chapter of this dissertation, | present a
streamlined protocol for iN generation. | developed an all-in-one lentiviral system for the efficient
delivery of NGN2 and ASCL1 for iN differentiation. | collected timeline RNAseq of iN conversion
to identify pathways upregulated during iN differentiation and tested small molecules to increase
the iN yield and boost the numbers of cells that can successfully convert to neurons. The results
of this chapter constitute a state-of-the-art iN transdifferentiation protocol that can be used to
generate aged-equivalent human neurons for molecular evaluation.

As noted above, the capacity to produce aged human neurons is of great importance for
understanding neurodegenerative diseases, as aging is by far the largest risk factor for developing
a myriad of neurodegenerative disorders. The most common age-related neurodegenerative
disorder is Alzheimer’s Disease (AD). Despite decades of research and billions of dollars of
spending AD remains a condition with no viable pharmaceutical intervention. Indeed, in recent
years there have been high profile failures in clinical trials and controversies over drugs coming
to market without a demonstrated capacity to reduce or slow dementia in AD patients. Why has

the AD field struggled while treatments of other aging diseases have greatly advanced over the



same period? One reason is the difficult nature of studying the aged human brain. Unlike
conditions like cancer where the affected tissues can be biopsied and studied in the lab, only
indirect measurements can be obtained from the aged human brain without an invasive surgery.
Further, there are still fundamental gaps in our understanding of the pathogenesis of AD. AD is a
largely sporadic disease, with familial early onset forms accounting for only 5% of all cases, yet
many cellular and animal models rely on these rare mutations to induce disease-relevant
phenotypes and, consequently, narrow the window of discovery for molecular mechanisms of the
disease to a minority of cases. However, using iN technology, we now have the capability to
compare age equivalent human neurons from sporadic or familial AD and healthy age-matched
control patients to elucidate age-specific molecular mechanisms of disease in human cells.

In the second chapter, | use our improved iN protocol on a cohort of AD and healthy age
matched control neurons to identify molecular phenotypes of AD in aged human neurons. Therein,
| discovered a small population of neurons that enter into cellular senescence that were also
present in the human brain. iNs from AD patients expressed more senescence related genes,
had a senescence permission epigenome, and endogenously presented many molecular markers
of senescence. Senescent neurons have impaired synaptic function and neuroinflammatory
properties and could be an early source of inflammation in the pathogenesis of AD. Finally, | show
that these cells can be targeted with senescence eliminating drugs, indicating that removal of

senescent neurons could be a therapeutic avenue for AD.
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CHAPTER 1: Chemical modulation of transcriptionally enriched signaling pathways to optimize
the conversion of fibroblasts into neurons.
Abstract

Direct conversion of human somatic fibroblasts into induced neurons (iNs) allows for the
generation of functional neurons while bypassing any stem cell intermediary stages. Although iN
technology has an enormous potential for modeling age-related diseases, as well as therapeutic
approaches, the technology faces limitations due to variable conversion efficiencies and a lack of
thorough understanding of the signaling pathways directing iN conversion. Here, we introduce a
new all-in-one inducible lentiviral system that simplifies fibroblast transgenesis for the two pioneer
transcription factors, Ngn2 and Ascl1, and markedly improves iN yields. Further, our timeline
RNA-Seq data across the course of conversion has identified signaling pathways that become
transcriptionally enriched during iN conversion. Small molecular modulators were identified for
four signaling pathways that reliably increase the yield of iNs. Taken together, these advances
provide an improved toolkit for iN technology and new insight into the mechanisms influencing
direct iN conversion.
Introduction

Human somatic cells such as skin fibroblasts can be directly converted into cultures of
functional induced neurons (iNs) by the overexpression of pro-neuronal transcription factors
(Zhiping 2011b; Stuart 2011). As opposed to induced pluripotent stem cell (iPSC) reprogramming
and differentiation, direct iN conversion bypasses the pluripotent stage as well as any other stem
cell-like stages and preserves epigenetic information of their donor’s age, making it a particularly
valuable tool to study aging and aging-related disorders(Jerome Mertens and Apua 2015; Victor
et al. 2018; Yu Tang and Meng-Lu Liu and Tong Zang and Chun-Li 2017). iN technology has also
shown promise in vivo as a strategy to replace damaged cells following brain injury by direct
conversion of non-neuronal cell types into neurons directly within the nervous system(Marisa
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and Christophe Heinrich and Sergio Gascén and Muhammad 2012; Christophe Heinrich and
Robert Blum and Sergio Gascén and Giacomo Masserdotti and Pratibha Tripathi and Rodrigo
Sanchez and Steffen Tiedt and Timm Schroeder and Magdalena Gétz and Benedikt 2010). Using
combinations of pro-neuronal and region-/subtype-specific transcription factors, a variety of
neuronal subtypes has been produced via direct conversion(Massimiliano Caiazzo and Maria
Teresa DellAnno and Elena Dvoretskova and Dejan Lazarevic and Stefano Taverna and
Damiana Leo and Tatyana 2011; Esther 2011; Matheus 2014; Vadodaria et al. 2016; Rachel
Tsunemoto and Sohyon Lee and Attila Szlics and Pavel Chubukov and Irina Sokolova and Joel
2018).

Because iN conversion lacks a proliferating stem cell intermediate, the iN numbers
obtained are largely dependent on conversion efficiency; therefore, great efforts have been
undertaken to improve iN process yields. The identification and the combination of Ngn2 with
Ascl1 as two pro-neuronal pioneer transcription factors that can induce neuronal identity in non-
neuronal cells have been key features in the advancement of this technology(Philipp Koch and
Oliver, Brustle 2012; Meng-Lu Liu and Tong Zang and Yuhua Zou and Joshua 2013; Jerome
Mertens and Apua 2015; Orly 2013; Derek 2016). The efficient delivery of Ngn2/Ascl1 into
fibroblasts, and their robust, controllable transgene expression, left room for improvement and,
because variations in the transduction and conversion efficiencies from different donors are
common limitations, we have developed a new all-in-one lentiviral system for inducible
Ngn2/Ascl1 expression called UNA.

Chemical modulation of several cellular signaling pathways has been shown to improve
iN conversion and thus enable iN technology as a legitimate alternative to iPSC differentiation.
Inhibition of TGF-b/SMAD signaling via blockade of AKT kinases, inhibition of GSK-3b signaling
(Philipp Koch and Oliver, Bristle 2012), adenylyl cyclase activation (Philipp Koch and Oliver,
Bristle 2012; Meng-Lu Liu and Tong Zang and Yuhua Zou and Joshua 2013; Sergio Gascon and

Elisa Murenu and Giacomo Masserdotti and Felipe Ortega and Gianluca 2016), inhibition of REST



(Giacomo Masserdotti and Sébastien Gillotin and Bernd Sutor and Daniela Drechsel and Martin
Irmler and Helle 2015; Jiang and Zhigiang Cai and Hui Sun and Kang Zhang and Yi Zhang and
Ju Chen and Xiang-Dong, Fu 2013), induction of canonical Bcl-2 signaling, and inhibition of lipid
oxidation pathways via ferroptosis inhibition (Marisa Karow and Rodrigo Sanchez and Christian
Schichor and Giacomo Masserdotti and Felipe Ortega and Christophe Heinrich and Sergio
Gascon and Muhammad 2012) have all been shown to greatly promote iN conversion. However,
because these known signaling pathway modulators have either been adopted from iPSC
differentiation (Stuart 2009)(Chambers et al. 2009) or are the result of educated guessing or
simply of trial-and-error experiments, no systematic efforts have been made to utilize broad and
unbiased datasets to identify the pathways and corresponding modulators that orchestrate iN
conversion. We sought to optimize the iN conversion media composition with small molecular
pathway modulators to reach efficient iN conversion even in suboptimal human fibroblast lines.
To that end, we have performed timeline RNAseq transcriptome analysis over the time course of
direct iN conversion and have discovered four pathways that are instrumental in iN conversion.
Based on these pathways, we identified four small molecules that could be combined into an
improved iN conversion medium, ZPAK, which reliably boosted iN conversion of young and old
fibroblasts into epigenetically age-equivalent iNs.

Materials and Methods

Direct Conversion of Human Fibroblasts into iNs

Primary human dermal fibroblasts from donors between 0 and 88 years of age were obtained
from the Coriell Institute Cell Repository, the University Hospital in Erlangen and Shiley-Marcos
Alzhiemer’s Disease Research Center (Supplemental Table T1.1). Protocols were previously
approved by the Salk Institute Institutional Review Board and informed consent was obtained
from all subjects. Fibroblasts were cultured in DMEM containing 15% tetracycline-free fetal bovine
serum and 0.1% NEAA (Thermo Fisher Scientific), transduced with lentiviral particles for EtO and

XTP-Ngn2:2A:Ascl1 (E+N2A), or the combined tetOn system cassette consisting of the rtTAAdv.



[Clonech] driven by the UbC promoter, Ngn2:2A:Ascl1 under control of the TREtight promoter
[Clontech], and a puromycin-resistance gene driven by the PGK promoter (UNA, Fig.1A) and
expanded in the presence of G418 (200 ug/ml; Thermo Fisher Scientific) and puromycin (1 ug/ml;
Sigma Aldrich), or puromycin only, respectively, as ‘iN-ready’ fibroblast cell lines. Following at
least three passages after viral transduction, ‘iIN-ready’ fibroblasts were trypsinized and pooled
into high densities (30.000 — 50.000 cells per cm2 ; appx. a 2:1 — 3:1 split from a confluent culture)
and, after 24h, the medium was changed to neuron conversion (NC) or NC+ZPAK medium based
on DMEM:F12/Neurobasal (1:1) for three weeks. NC contains the following supplements: N2
supplement, B27 supplement (both 1x; Thermo Fisher Scientific), doxycycline (2 pg/ml, Sigma
Aldrich), Laminin (1 pg/ml, Thermo Fisher Scientific Scientific), dibutyryl cyclic-AMP (500 pg/ml,
Sigma Aldrich), human recombinant Noggin (150 ng/ml; Preprotech), LDN-193189 (5 uM; Fisher
Scientific Co) and A83-1 (5 uM; Santa Cruz Biotechnology Inc.), CHIR99021 (3 uM, LC
Laboratories), Forskolin (5 uM, LC Laboratories) and SB-431542 (10 uM; Cayman Chemicals).
ZPAK contains the following supplements: Pyrintegrin (1 uM; Tocris), ZM336372 (.175 uM;
Cayman), AZ960 (0.1 pM; Cayman), and KC7F2 (7.5 uM; Fischer Scientific). Medium was
changed every third day. For further maturation up to six weeks, iNs were switched to BrainPhys
(STEMCELL Technologies)-based neural maturation media (NM) containing N2, B27, GDNF,
BDNF (both 20 ng/ml, R&D), dibutyryl cyclicAMP (500 pg/ml, Sigma Aldrich), doxycycline (2
pg/ml, Sigma-Aldrich) and laminin (1 pg/ml, Thermo Fisher Scientific). For maturation on
astrocytes for morphological analysis and calcium imaging, iNs were carefully trypsinized during
week 4 and replated on a feeder layer of mouse astrocytes and cultured in NM media containing
1% KOSR (Thermo Fisher Scientific).

Whole Transcriptome mRNA Sequencing and Methylation Array

Total bulk RNA was extracted from fibroblasts and converting iNs at all collected time points using
Trizol LS reagent (Thermo Fischer). RNA integrity (RIN) numbers were assessed using the

Agilent TapeStation before library preparation. RNA-Seq libraries were prepared using the
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TruSeq Stranded mRNA Sample Prep Kit according to the manufacturer’s instructions (lllumina).
Libraries were sequenced single-end 50 bp using the lllumina HiSeq 2500 platform. Read
trimming was performed using TrimGalore, read mapping was performed using STAR, raw counts
were generated using HTseq variance stabilizing transformation normalization (vst) and
differential expression analysis was performed in DEseq2. Pathway and network analysis was
performed using Ingenuity Pathway Analysis (Qiagen) from FPKM normalized HTseq generated
gene counts under the time course analysis module. Pathways with a Z-Score = 3 (99%
confidence interval) were considered for further study.

Total genomic DNA was extracted from bulk fibroblasts and flow cytometry sorted PSA-NCAM+
21 day iNs as described below with the DNeasy Blood and Tissue Kit (Qiagen). DNA methylation
assays were performed on the MethylationEPIC BeadChip as per the standard manufacturer’s
protocol (lllumina). Raw intensity idat files were processed and analyzed using the R packages
ChAMP (Morris 2014) or Rnbeads (Assenov et al. 2014); arrays were normalized using the BMIQ
procedure (Teschendorff et al. 2013).

Flow Cytometry Assessment of PSA-NCAM, ECAD/NCAD, Cell Proliferation, and Mitochondrial
Membrane Polarization

For PSA-NCAM analysis, iNs were detached using TrypLE and stained for PSA-NCAM directly
conjugated to PE (Miltenyl Biotec; 1:50) for 1h at 4 °C in sorting buffer (250 mM myo-inositol and
5 mg/ml polyvinyl alcohol, PVA, in PBS) containing 1% KOSR. Cells were washed and
resuspended in sorting buffer containing EDTA and DNAse and filtered using a 40 um cell
strainer. For co-staining with NCAD and ECAD, cells were detached and prepared as above and
stained for N-CAD:APC (Miltenyl Biotec, CD325, 1:20) and E-CAD:PE (Miltenyl Biotec, CD324,
1:11). To determine the effect of AZ960 on proliferation of fibroblast cell lines, the cellular divisions
were quantified with the CellTrace CFSE proliferation assay (Thermo Fisher). 1.2 x 106 fibroblasts
at full density on a single well of a six-well plate (9 cm2) were split into two 60-mm plates (21 cm2)

and proliferated in DMEM containing 15% tetracycline-free fetal bovine serum and 0.1% NEAA

11



(Life Technologies), 2.5 uM of CellTrace CFSE proliferation dye (Invitrogen), and 0.1 yM AZ960
for 48h. Mitochondrial membrane potential was analyzed using the MitoProbe JC-1 assay kit
(Thermo Fisher, M34152). In all cases analysis was conducted on the FACS Canto Il platform.
Image collection and analysis

Cells were transferred to tissue culture-treated ibidi p-slides for imaging. Cells were fixed with 4%
PFA for 20 min at room temperature and washed 3 x 15 minutes with TBS, followed by a 1h block
with TBS + 4% bovine serum albumin and 0.1% Triton X-100 (TBS++). Primary antibodies (Anti-
NeuN, 1:200, EMD Millipore; Anti-BllI-tubulin, 1:3000, Covance; Phalloidin CruzFluor 488
Conjugate, 1:1000, SCBT) were applied overnight at 4°C. After washing as described above,
samples were incubated in 1:250 donkey anti-mouse, chicken, or rabbit secondary antibody for
2h at room temperature. Nuclear staining was done with DAPI (1/10,000; Sigma-Aldrich). After
washing, slides were mounted in PVA-DAPCO (Sigma Aldrich). Confocal images were taken on
Zeiss LSM780 or Zeiss AiryScan series confocal microscope. All data for one experiment were
acquired from cells cultured and processed in parallel on the same microscope with the exact
same setting reused. For analysis, 2-um confocal sections through the nuclear layer were
acquired from three confocal z stacks. Neurolucida software was used for manual tracing of entire
neuronal processes, and data were analyzed using NeuroExplorer (MicroBrightField Inc). All
tracings were performed in a blinded manner. For phalloidin staining, automatic thresholding in
ImagedJ was used to binarize the images and green fluorescence intensity was calculated minus
background intensity. At least 50 different cells were analyzed in each experiment, and the mean
+/- SEM optical density (OD) was then calculated.

Calcium Imaging

iNs converted in NC or NC+ZPAK were transduced with lentiviral particles for CAG-GCAMP5G
and LV-hSyn-dsRed at 21 days of conversion and replated on astrocytes for maturation as
described above. Calcium imaging were performed four weeks after plating on astrocytes.

Imaging was performed in BrainPhys media (Stemcell Technologies) on a Yokogawa Cell
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Voyager 1000 Spinning Disk Confocal Microscope. We only analyzed 10 cells per field that were
hSyn-dsRed+ and exhibited neuron identity. Calcium responses were calculated as the change
in fluorescence intensity (AF) over the initial fluorescence intensity (F-FO)/FO,in which F is the
fluorescence at a given time point and FO was calculated as the average of the first five inactive
fluorescence measurements at the start of imaging. A non-response area for each recording was
measured for background subtraction, and imaging bleach was corrected for using the ImageJ
plugin Fiji (NIH, Bethesda, MD). The threshold for a positive calcium event was defined as local
maxima when fluorescence response within a soma exceeded a value greater than three standard
deviations above the mean.

SYBR qPCR

Bulk mRNA was extracted as described above, and 1 ug of RNA was then reverse transcribed
using the Superscript lll Reverse Transcriptase kit (Thermo Fisher). Quantitative differences in
gene expression were determined by real-time gPCR using SYBR Green Master Mix (Bio-Rad)
and a spectrofluorometric thermal cycler (CFX384, Bio-Rad). Values are presented as the ratio
of target MRNA to GAPDH expression obtained for each time point and treatment. Primer
sequences used are the following:

MNX1: GATGCCCGACTTCAACTCCC, GCCGCGACAGGTACTTGTT

MAP2: CTCAGCACCGCTAACAGAGG, CATTGGCGCTTCGGACAAG
CCND2:TTTGCCATGTACCCACCGTC, AGGGCATCACAAGTGAGCG
MYOG:GGGGAAAACTACCTGCCTGTC, AGGCGCTCGATGTACTGGAT
MEF2C:CTGGTGTAACACATCGACCTC, GATTGCCATACCCGTTCCCT
NCAM1:GTCCTGCTCCTGGTGGTTGT, TGACCGCAATGCACATGAA
NCAM2:GACGTGCCATCCAGTCCCTA, ATGGGAGTCCGGTTTGTTGA
CAMK2A:AACCTTGGCTCCAGCATGAA, AAGGGAGACAGGAGGCCTTG

GAPDH:TGCACCACCAACTGCTTAGC, GGCATGGACTGTGGTCATGAG

Western blot analysis
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Cell lysates were prepared in Lysis buffer A (20 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 2
mM EGTA, 50 mM B -glycerophosphate, 50 mM NaF, 1 mM sodium vanadate, 2 mM dithiothreitol,
proteinase inhibitor cocktail (Roche) and 1% Triton X-100 and subjected to Western blot
according to the standard procedures. The primary antibody used was rabbit mAb STAT3
(1:1000, Cell Signaling, 79D7, #4904).
Statistical Analysis
Statistical values for RNA-Seq and CpG methylation data were corrected for false discovery rates
(FDR) using the Benjamini-Hochberg method implemented in R. Statistical tests of quantitative
data were calculated using GraphPad Prism 7 software, with the method indicated for each figure.
Significance evaluation are marked as *p<0.05; **p<0.01; ***p<0.005 and ****p<0.001.
Results
An optimized all-in-one viral system simplifies fibroblast transduction and increases conversion
efficiency.

Lentiviral delivery of pro-neuronal transcription factors is the most widely used technique
for direct iN conversion due to its outstanding efficiency and relative ease to use (Louise 2015).
Successful strategies involve the use of constitutive or inducible expression of either only a single
pioneer factor, such as Ngn2 or Ascl1 (Meng-Lu Liu and Tong Zang and Yuhua Zou and Joshua
2013; Derek 2016), a combination of a pioneer factor with secondary factors (Zhiping 2011a;
Thomas Vierbuchen and Austin Ostermeier and Zhiping 2010), a combination of a pioneer factor
with subtype-specifying transcription factors (Massimiliano Caiazzo and Maria Teresa Dell’Anno
and Elena Dvoretskova and Dejan Lazarevic and Stefano Taverna and Damiana Leo and Tatyana
2011; Meng-Lu Liu and Tong Zang and Chun-Li 2016; Vadodaria, et al. 2016; Rachel Tsunemoto
and Sohyon Lee and Attila Sz(ics and Pavel Chubukov and Irina Sokolova and Joel 2018), or the
use of two coupled pioneer factors (Philipp Koch and Oliver, Bristle 2012; Jerome Mertens and
Apua 2015). Typically, these factors are distributed across several lentiviral vectors; however,

given that lentiviral transduction is not 100% efficient and because an individual fibroblast must
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be transduced with two or more viruses to survive chemical selection and successfully reprogram,
this strategy left room for improvement. To eliminate the need for co-infection, we combined the
tetOn system cassette consisting of the rtTAAdv. [Clonech] driven by the UbC promoter, the iN
cassette consisting of Ngn2:2A:Ascl1 under control of the TREtight promoter [Clontech], and a
puromycin-resistance gene driven by the PGK promoter to yield the UNA construct (Fig1.1A, Sup
Fig S1.4). To test the efficiency of UNA compared to our conventional two-vector system
(EtO+N2A), we selected fibroblasts from three individual donors that had not yielded optimal iN
conversion efficiencies in the past (Fig1.1B and Suppl. Table T1.1). Dermal fibroblasts were
transduced with similar titers of either EtO+N2A or UNA, selected by puromycin or
puromycin/G418, respectively, and converted to iNs using our previously described conversion
medium (NC) containing noggin as well as the small molecules CHIR-99021 (GSK38 inhibitor),
SB-431542, LDN-193189, A-83-01 (ALK inhibitors), forskolin, and db-cAMP (cAMP increase)
(Mertens et al. 2015; Philipp Koch and Oliver, Bristle 2012). Following three weeks of conversion,
cells were live-stained for the neural surface marker PSA-NCAM, which stains reprogrammed iNs
but not fibroblasts (Fig1.1C). Flow cytometry revealed that UNA-derived iNs exhibited significantly
more PSA-NCAM-positive cells than E+N2A, boosting efficiencies by up to 90-100% for the two
suboptimal fibroblast lines, but also increasing efficiencies of the lines that already converted well
by 30+8% (Fig1.1D-E). In addition, immunocytochemical co-staining for the neuronal markers
Rlll-tubulin and NeuN revealed that UNA iNs were on average twice as likely to be positive for
NeuN or BllI-tubulin (Fig1.1F-H). Based on these experiments, we reasoned that the use of the
single all-in-one lentiviral vector UNA was notably easier and less prone to experimental error, as
well as significantly more efficient in generating larger numbers of mature iNs compared to a

multiple vector strategy.
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Figure 1.1. An optimized all-in-one viral system simplifies fibroblast transduction
and increases conversion efficiency. A. Schematic of all-in-one lentiviral system for

inducible overexpression of N2A for iN conversion. B. Cell lines of varying conversion

efficiencies used for comparison C. Immunocytochemical analysis of iNs following three

weeks of conversion, stained with BllI-tubulin, PSA-NCAM, and DAPI. The scale bar
represents 20 um. D. Flow cytometry histogram plots of PSA-NCAM:PE-stained iNs

following 3 weeks of conversion with UNA (blue) or E:N2A (Orange) lentiviral systems. E.
Comparison of % PSA-NCAM:PE+ cells from three 3 lines (L2,L5,L7) reprogrammed with
E+N2A or UNA (3 biological and 2 technical replicates). F. Immunocytochemical analysis

of E:N2A or UNA iNs following three 3 weeks of conversion, stained with BllI-tubulin,

NeuN, and DAPI. Scale bar represents 100 ym. G-H Quantification of
immunocytochemical staining in F. (3 biological and 2 technical replicates).
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Time based RNAseq identifies signaling pathways directing iN conversion.

As pathways influential in controlling the direct conversion process continue to be found,
we decided to investigate the transcriptional dynamics during reprogramming to identify the
pathways that orchestrate iN conversion. We gathered RNAseq data from bulk fibroblasts as well
as cells undergoing conversion for 1, 2, 3, 6, 18, and 24 days (Line 10, Fig1.2A). Using the
Ingenuity Pathway Analysis software tool (IPA; Qiagen Inc.), we identified more than 500
pathways called to be significantly transcriptionally enriched or depleted (-2 > Z-Score > 2) as
conversion proceeded (Suppl. Table T1.2); of these, we selected 10 of the most enriched
pathways for further experimental testing (Suppl. Table T1.3). Based on the regulated genes and
overlap of the called pathways, we selected one small molecule activator and one inhibitor for
each of the 10 pathways, with the strategy of initiating diametrically opposing regulation of a given
pathway. Each of the 20 compounds had been previously reported to be effective in tissue culture
(Suppl. Table T1.3). Preference was given to molecules that targeted an intersection of two or
more called pathways rather than specifically targeting the canonical signaling cascade of one
pathway. When screening for PSA-NCAM-positive cells by flow cytometry following 21 days in
NC plus the respective compound, four compounds were found to significantly (P <.05) increase
the frequency of PSA-NCAM-positive iNs (Fig1.2C-E and Suppl. Fig. S1.1 and Suppl. Table T1.3).
Interestingly, the compound that acted in the opposite direction decreased iN conversion
efficiency (Fig1.2C-D and Suppl. Fig. S1.1 and Suppl. Table T1.3). These four conversion booster
compounds were Pyrintegrin (PY; Integrin activator), AZ960 (AZ; Jak2 inhibitor), ZM336372, (ZM,;
Raf-1 activator), and KC7F2 (KC; HIF1a inhibitor) (Fig1.2C). The iNs derived in NC plus any of
these four compounds resulted in a significant (P <.01) increase in the number of NeuN- and RllI-
tubulin-positive cells compared to those derived in NC medium alone (Fig1.2F-H, Suppl. Fig
S1.5). Importantly, the combination of all four compounds (ZPAK) resulted in an even higher iN
yield than any of the compounds individually (Suppl. Fig S1.10). This combination of all four

molecules with the NC medium will henceforth be referred to as ZPAK.
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Figure 1.2. Time-based RNAseq identifies signaling pathways influential during iN
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L10 B. Activation Z-Score of the indicated signaling pathway as called by IPA Comparison
Analysis during neuronal reprogramming. Z-Scores represent a statistical measure of the
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ZPAK induces a defined neuronal transcription that more closely relates to the adult brain
transcriptome than NC alone.

To investigate the changes induced on the transcriptional level by the ZPAK cocktail, we
again performed time series RNAseq from fibroblasts from three donors that were converted to
iNs in NC or NC+ZPAK for 5, 10, 15, and 20 days (Fig1.3A; three biological replicates from four
time points, 24 samples total). Comparing FPKM normalized gene counts for the conversion
process for both conditions, we detected that the transcriptomes induced by NC or NC+ZPAK
were highly correlated, with a Pearson correlation coefficient of 2.85 for all sampled time points
(Fig1.3C), indicating broad transcriptional similarities between the iN process in NC and
NC+ZPAK. Comparing the top 100 upregulated and top 100 downregulated genes for the
conversion process for both conditions, we detected an 80% and 93% overlap, respectively
(Fig1.3B). Consistently, glutamatergic neuron-specific genes Unc-13 homolog A (UNC13A),
AMPA receptor auxiliary protein 2 (CNIH2), NMDA1 (GRIN1), GluK5 (GRIK5), GluK2 (GRIK2)
and vGLUT1 (SLC17A7), and the GABAergic neuron-specific genes phospholipase C like 2
(PLCL2), dopamine receptor D2 (DRD2), cannabinoid receptor 1 (CNR1) and glutamate
decarboxylase 1 (GAD1) were found to be generally expressed at similar levels in NC and
NC+ZPAK at 20 days of conversion (Fig1.3D, Suppl. Fig S1.9). Markers of dopaminergic,
serotonergic, and cholinergic lineages were not consistent in expression and were not commonly
observed in D20 iNs (Fig1.3D, Suppl. Fig S1.7). We next performed differential expression
analysis between all NC and NC+ZPAK time points, revealing 143 genes that were significantly
differentially expressed (Suppl. Table T1.4, padj <.05). Hierarchical clustering demonstrated a
clear separation of NC and NC+ZPAK groups except for two NK samples at the earliest point of
conversion (Fig1.3E). These significant transcriptional differences point to a more defined
neuronal transcriptome initiated in NC+ZPAK compared to NC. Interestingly, we observed
consistently increased expression of neuron-specific genes NCAM1/2 (Neural Cell Adhesion),

MNX1 (Neural Homeobox), MAP2 (Neural Microtubule Protein), and CAMK2 (Central Nervous
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System Kinase) in NC+ZPAK but lower expression levels of cyclins such as CCND2 (Cyclin D2)
as well as the myogenic factors MEF2 (Myocyte Enhancer Factor) and MYOG (Myogenin), which
are known to limit fibroblast to neuronal reprogramming, in NC+ZPAK (Fig1.3F, Suppl. Fig $1.8,
Suppl. Fig S1.11).

Next, gene ontology (GO) enrichment analysis revealed that genes upregulated in NC
(log2FC>1) were only enriched for three neuronal GO terms - GO:0034220 lon transmembrane
transport, GO:0006811 ion transport, and GO:0099537 Trans-synaptic signaling - whereas GO
terms enriched in genes upregulated in NC+ZPAK included many GO terms categorized for
neural development (GO:0021953 Central Nervous System Neuron Differentiation,
GO0:0007272/0008366 Ensheathement of Neurons/Axons, GO:0021700 Developmental
Maturation), synapse development (GO:0007416 Synapse Assembly, GO:0050808 Synapse
Organization, G0:0007268 Chemical Synaptic Transmission), neural activity (GO:0001964
Startle Response), and membrane potential maintenance (G0:0006811,0098660,0006811
Regulation of lon Transport, Inorganic lon Transport, lon Transport)(Fig1.3G, Suppl. Fig
S1.9)(Fran Supek and Matko Bo$njak and Nives Skunca and Tomislav 2011). When comparing
the average and median expression of the genes in these GO terms, we observed consistent
upregulation in NC+ZPAK (Suppl. Fig S1.9). These data indicate that NC+ZPAK yields iNs with
a more defined and probably more human brain-like transcriptional profile. To assess neuronal
enrichment in a threshold-free manner, and to quantify overlap of expression with adult brain, we
employed the rank-rank hypergeometric overlap (RRHO) test(Seema 2010). Briefly, this method
generates a map of the transcriptional overlap between any two systems by comparing two
ranked lists of differentially expressed genes. We applied this method to compare the overlap of
NC versus NC-ZPAK to fibroblast versus adult brain (Allen Institute) to evaluate the extent to
which either condition more closely resembled adult brain gene expression. Using RRHO, we
observed a pronounced bias in the overlap of NC-ZPAK with adult brain, indicating that, relative

to NC, NC-ZPAK iNs were indeed more similar to brain expression patterns (Fig1.3H). To make
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a direct comparison of the functional maturity of NC to NC+ZPAK iNs, we performed calcium
imaging of NC and NC+ZPAK iNs, revealing that NC+ZPAK iNs have more spontaneous calcium
transients than iNs cultured in NC alone (Suppl. Fig S1.6). As calcium transients have been
established as a reliable readout of neural activity in vitro, this direct comparison between NC and
NC+ZPAK iNs provides further evidence that ZPAK is producing a more mature and defined
neuronal state (Spitzer 2011). Taken together, these data indicate that NC-ZPAK iNs possess a
transcriptional profile more closely resembling that of mature neurons and that the original
fibroblast transcriptional program, as well as other non-neuronal directions, were substantially
reduced or absent.

To gain a better understanding of how each of the four pathway modulators improves iN
conversion, we sought to obtain a more detailed understanding of the individual processes

influenced by ZM, PY, AZ, and KC.
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Figure 1.3. ZPAK induces a more defined neuronal transcription that more closely
relates to the adult brain transcriptome. A. Schematic for timeline RNA isolation during
neuronal reprogramming of L2, L5, & L7 at fibroblast and 5, 10, 15, and 20 days of conversion
B. Heatmap of FPKM normalized counts of the top 100 correlating (+) and top 100 inverse
correlating (-) genes (FPKM = 1) for day 5, 10, 15 and 20 of neuronal reprogramming with NC
or NC+ZPAK. Orange = low expression, blue = high expression C. Correlate R values of
FPKM normalized counts from 25,610 genes during neuronal reprogramming with NC or
NC+ZPAK cocktail. D. Heatmap showing relative expression of the glutamatergic neuron-
specific genes Unc-13 homolog A (UNC13A), AMPA receptor auxiliary protein 2
(CNIH2),NMDA1 (GRIN1), GluK5 (GRIKS), GluK2 (GRIK2) and vGLUT1 (SLC17A7),
GABAergic neuron-specific genes phospholipase C like 2 (PLCL2), dopamine receptor D2
(DRD2), cannabinoid receptor 1 (CNR1) and glutamate decarboxylase 1 (GAD1),
Serotonergic neuron-specific genes ETS transcription factor (FEV), serotonin transporter 1
(SLC6A4), and tryptophan hydroxylase (TPH1), Dopaminergic neuron-specific genes tyrosine
hydroxylase (TH), dopamine transporter 1 (SLC6A3), forkhead box A2 (FOXA2), potassium
voltage-gated channel subfamily J member 6 (KCNJ6), nuclear receptor subfamily 4 group A
member 2(NR4A2), and LIM homeobox transcription factor 1 beta (LMX1B), and cholinergic
neuron-specific genes vesicular acetylcholine transporter (SLC18A3), and choline O-
acetyltransferase (ChAT); normalized by row. E. Heatmap of 143 significantly (p-adj < 0.05)
differentially expressed genes between NC and NC+ZPAK at 5, 10, 15 and 20 days of
reprogramming (n = 3). F. FPKM normalized counts of five representative neuron specification
genes - Neural Cell Adhesion Molecule 2 (NCAM2), Neural Cell Adhesion Molecule 1
(NCAM1), Motor Neuron and Pancreas Homeobox 1 (MNX1), Microtubule-associated Protein
2 (MAP2), Calcium/Calmodulin Dependent Protein Kinase Il (CAMK2) - and three
representative fibroblast-to-iN limiting genes - Cyclin D2 (CCND2), Myogenin (MYOG), and
Myocyte enhancer factor-2 (MEF2) - over time during fibroblast-to-iN conversion with NC
(orange) or NC+ZPAK (blue). G. Gene ontology (GO) enrichment analysis of genes
upregulated in NC or NC+ZPAK (log2FC>1). Results are shown as REVIGO (Supek et al.,
2011) scatterplots in which similar GO terms are grouped in arbitrary two-dimensional space
based on semantic similarity. Each circle indicates a specific GO term and circle sizes are
indicative of how many genes are included in each term, where larger circles indicate greater
numbers of genes that are included in that GO term. Colors indicate the level of significance of
enrichment of the GO term by log1o p-value. H. Rank-rank hypergeometric overlap (RRHO)
map (Plaisier et al. 2010) comparing the gene expression differences between NC and
NC+ZPAK to expression differences between matched fibroblasts and adult human brain
(Allen Brainspan). Each pixel represents overlap between NC or NC+ZPAK to fibroblast or
adult brain transcriptome, color-coded according to the —log1op value of a hypergeometric test
(step size = 100). On the map, the extent of shared genes upregulated in NC+ZPAK and adult
brain is displayed in the top right corner, whereas the shared genes upregulated in NC and
fibroblasts are displayed in the bottom left corner (see schematic in Supp Fig S2).

22



A days B e

/ s 0 § I 1;5 /22 / _}{é@%\ !

= # V
N 4 > RNAisolation &

O

NC + PAKZ v
Fibroblasts RNAseq iNs
neuronaltrgnscriptome
analysis
. NC
Fib NC |
ZPAK D20 D | ” +ZPAK

Pearson
Correlation
1.00

ZPAK D15

ZPAK D10

Chol Seroton Dopamingergic

ZPAK D5

owe

prens

ic Glutamatergic

F

Y 0.
S 5 == NC+ZPAK
g o < 1.5 S 06 s
& & g £ -=- NC
o 8 = 1.0 = 0.4 w
g - o
S \\__- z 2 %o '\-’/
] g 05 £ 024 01
00— X
5 10 15 20 T e na I hn
Days Days Days Days
0.064 5 0.154 15
H S s
4 X =
@ 0.047 T, f E 0.104 £ 10
g 0.02: g2 8 é
.02 0.054 5
> w
K g S~ z g
0.¢ T T T 1 T T T 1 0. T T T 1 0
5 10 15 20 5 10 15 20 5 10 15 20 0 5 10 15 20
G Days Days Days Days
GO term enrichment of genes
upregulated in NC+ZPAK upregulated in NC H
Ensheathment

of Neurons Startle

NC+ZPAK

Axon A —=— Response — B
Ensheathment t/ 5
~ ) 2
Developmental _ ) o
Maturation § ‘/,’/\\;: - lon - ‘E
CNS Neuron _~ @ Z . ¥ Transmembrane g
Differentiation £ 1 /. Regulation of Transport z
53 ) =N
£ / lon Transport, A\ S
Synapse / B \/\t’\" @ 2
Assembly / [} ‘_.3
/ | LB y L] )
Synapse .: z
rganization ‘ " .
Organizatio / Fibroblasts Adult Brain
Chemical Synaptic / | ol Semantic Space X / |
Transmission norganic lon Trans-synaptic
lon Transport Transport Signay”ngp lon Transport

23



Inhibition of JAK2 removes fibroblasts from the cell cycle and promotes mesenchymal-to-
epithelial transition (MET).

Removal of fibroblasts from the cell cycle has been reported to improve neuronal
reprogramming (Houbo Jiang and Zhimin Xu and Ping Zhong and Yong Ren and Gaoyang Liang
and Haley 2015; Meng-Lu Liu and Tong Zang and Yuhua Zou and Joshua 2013). Based on the
enrichment of the IGF-1 signaling and the specific transcriptional footprint called by the IPA
software, we selected the JAK2 inhibitor AZ as a promising and well-characterized inhibitor,
because IGF1/IGF1R is known to enhance cell cycle entry of fibroblasts (DiCicco-Bloom 2009;
Sean 2016) and signals through the JAK2 substrate STAT3 (Ailian Xiong and Zhengduo Yang
and Yicheng Shen and Jia Zhou and Qiang 2014; Kitamura 1999; Ying Zhang and Rik 1999)
(Fig1.4A). We therefore asked whether AZ removed fibroblasts from the cell cycle to enable direct
conversion. As expected, Western blot analysis for STAT3 revealed that converting fibroblasts
cultured in NC showed a decrease in STAT3 within the first six days of conversion, and the
addition of AZ strongly promoted this decrease (Fig1.4B). Using carboxyfluorescein succinimidyl
ester (CFSE) to examine cell divisions by flow cytometry, we consistently detected that fibroblasts
cultured with 0.1 uM AZ or ZPAK went through significantly fewer divisions than fibroblasts
cultured in control medium (Fig1.4C,D). Importantly, flow cytometry for DAPI staining did not
detect elevated toxicity in AZ-treated cells. Change in the cell phenotype from multipolar
mesenchymal cells to polarized epithelial cells is an important developmental process known as
the mesenchymal-epithelial transition (MET) (Christine 2007). MET machinery plays an important
role during direct conversion of fibroblasts to neurons (Feng and Fuhui Wang and Xiao Zhang
and Yiping Guo and Duanging Pei and Hui, Zheng 2017), and p-STAT3 dimers directly promote
epithelial-to-mesenchymal transition (EMT)-related gene expression (Michael 2014).
Perturbations in STAT3 signaling have been linked to MET (Chuan-hai Zhang and Feng-Lin Guo
and Ge-Liang Xu and Wei-Dong Jia and Yong-Sheng 2014; Laloraya 2014). Therefore, we

monitored the E-Cadherin to N-Cadherin switch during iN conversion in NC and in NC+AZ (and
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2004; Samy Lamouille and Jian Xu and Rik 2014) and found that AZ induced a more rapid switch
towards E-Cadherin (Fig1.4D), a switch that is a classic hallmark of MET (Elena Scarpa and Andra
2015; Xiaoju Zhang and Guangzhi Liu and Yi Kang and Zhaogang Dong and Qiyu Qian and Xitao
2013).

Activation of Integrin and Rho signaling promotes neuronal complexity.

The morphological changes a fibroblast has to undergo to transform into a neuron are
substantial, and we have observed a pronounced increase in neuronal complexity in ZPAK
compared to NC (Fig1.2B). To determine which ZPAK molecules primarily facilitate these
structural modifications, we used RBlll-tubulin-based tracing and scoring to assess the neuronal
complexities of iN cultures derived in NC containing either PY, ZM, AZ, or KC; we found that both
PY and ZM produced significantly increased complexity scores (Fig1.4E-F). Interestingly, PY was
shown previously to promote integrin 1 stability and signaling of human pluripotent stem cells
(Yue Xu and Xiuwen Zhu and Heung Sik Hahm and Wanguo Wei and Ergeng Hao and Alberto
Hayek and Sheng 2010), and we reasoned that PY also enhanced integrin-dependent attachment
to extracellular matrices of iNs, thereby promoting neurite outgrowth and interactions (Fig1.4G).
Based on the fact that ZM is a Raf-1 activator, we reasoned that the structural complexity increase
in NC+ZM was associated with increased F-actin activity (Fig1.4G). Thus, we stained fibroblasts
cultured with ZM or PY for 48 hours with fluorescent phalloidin, which revealed a marked increase
in phalloidin signal by ZM and also a significant increase by PY (Fig1.4H-I). These results are
consistent with the reported roles of Raf-1 activation and actin polymerizations in organizing
cytoskeletal shape and neuronal morphology (Karin Ehrenreiter and Daniela Piazzolla and
Vanishree Velamoor and lzabela Sobczak and 2005; Yi-Ping 2012; Miquel Bosch and Jorge
Castro and Takeo Saneyoshi and Hitomi Matsuno and Mriganka Sur and Yasunori 2014), and
they suggest that ZM and PY promote morphological rearrangements that occur during direct
neuronal reprogramming by different but overlapping means.

Inhibition of HIF1a signaling promotes oxidative phosphorylation in iNs.
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Consistent with our timeline transcriptome data, the transcription factor HIF1a has been
reported to be one of the top downregulated factors during direct neuronal conversion from a
variety of originating cell types (Mohammad Reza Omrani and Moein Yaqubi and Abdulshakour
2018). Increased oxidative phosphorylation is a hallmark of neuronal identity, and glycolysis has
been reported to limit neural reprogramming in many protocols (Xinde Zheng and Leah Boyer and
Mingji Jin and Jerome Mertens and Yongsung Kim and Li Ma and Li Ma and Michael Hamm and
Fred 2016; Sergio Gascén and Elisa Murenu and Giacomo Masserdotti and Felipe Ortega and
Gianluca 2016; Mak 2016). As HIF 1a is a major inhibitor of oxidative phosphorylation (OXPHOS)
and a mediator of glycolysis, we hypothesized that KC, a HIF1a inhibitor, improved iN conversion
by facilitating OXPHOS (Fig1.4J). Using the JC1 dye, a cationic dye that accumulates in
energized mitochondria with high membrane potentials(Chen 1991), we found that cultures at
one, two and three weeks of conversion had higher mitochondrial membrane potentials in the
presence of KC at all time points and significantly higher mitochondrial membrane potentials by
week three (Fig1.4K, Suppl. Fig $S1.3). These data are consistent with a HIF 1a blockade initiated

by KC promoting the metabolic switch towards OXPHOS that is necessary for iN conversion.
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Figure 1.4. Cellular mechanisms influenced by ZPAK-mediated reprogramming. A.
Schematic diagram of AZ targeting confluence of IGF1R and JAK2 signaling pathways. B.
Western blot analysis of protein levels of STAT3 assessed at one, three, and six days in L6
fibroblast media containing PY, ZM, AZ or control media. C. CFSE stained L1, L5, and L8
fibroblasts cultured with control, AZ-containing medium, or ZPAK-containing medium for 48
hours after plating at 50% confluency. Boxes indicate percentages of cells that have
undergone at least one cellular division. D. Quantification of % dividing cell reduction in ZPAK
from C. Results are shown as mean + SD. n = 3, ** P < 0.01. Significance values were
calculated by t-test. E. Two color flow cytometry analysis of E-cadherin (E-Cad) and N-
cadherin (N-Cad) expression in L10 and L6 fibroblast-to-iN conversion in NC or NC+AZ.
Increasing ratios of E-Cad/N-Cad are indicative of the mesenchymal-to-epithelial switch. F.
Representative Neurolucida reconstruction of L1 reprogrammed for 21 days in NC or
NC+ZPAK medium. Scale bar 100 um G. Neurolucida complexity scores of iNs derived from
NC or NC + ZPAK components. Complexity scores were normalized to cell number by
counterstaining with DAPI to count cell bodies. Results are shownas mean £ SD.n=3,*P <
0.05. H. Schematic diagram of PY and ZM interaction with cytoskeletal dynamics. I. L1
fibroblasts cultured for 48h with ZM, PY, or CTL medium labeled for F-Actin with FITC
Phallodidin and nuclei with DAPI. Scale bar 20 um. J. Integrated signal density of FITC
phalloidin stain from H. Signal density was normalized to cell numbers by DAPI. Results are
shown as mean + SEM. n = 3, *** P < 0.001. K. Schematic diagram of KC targeting HIF1a to
inhibit glycolysis and promote oxidative phosphorylation (OXPHOS). L. Mitochondria in L10,
L4, & L2 iNs cultured for 21 days in NC or NC+KC stained with JC-1 and measured for
membrane depolarization by flow cytometry. Increased ratios of aggregate (PE) to diffuse
(FITC) JC-1 are indicative of increased mitochondrial membrane potential. Results are shown
as mean = SD. n = 3. Significance values were calculated by t-test.
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Epigenetic signatures of donor age are preserved in ZPAK-derived iNs.

One unique characteristic of direct iN conversion compared to iPSC reprogramming and
subsequent neuronal differentiation is the retention of the cellular marks of aging (Jerome Mertens
and Apua 2015; Yu Tang and Meng-Lu Liu and Tong Zang and Chun-Li 2017; Victor, et al. 2018;
Meng-Lu Liu and Tong Zang and Chun-Li 2016). As our additional ZPAK pathway modulators
might impact the cellular age of the derived iNs, we sought to verify that ZPAK did not affect the
epigenetic age of derived iNs based on age-dependent DNA methylation (Meaghan 2015). Similar
to other global aging features, age-dependent DNA methylation of CpGs has been shown to be
preserved in iNs (Huh et al. 2016) and reverts to a predicted prenatal age even in iPSCs from
donors older then 90 years of age (Valentina Lo Sardo and William Ferguson and Galina 2016).
We quantified CpG methylation for 850,000 sites for two young (0 and 1 years), two middle age
(both 29 years), and two old (71 and 87 years) purified iN cultures in NC+ZPAK, as well as one
young (1 year) and one old (87 years) unconverted fibroblast culture. Based on the top 5,000
differentially methylated regions identified using ChAMP (Tiffany 2014) we observed a clear
difference between young and old donors, with middle-age donors showing an intermediate age-
dependent CpG methylation pattern (Fig1.5A). Most importantly, the methylation patterns of the
young and old NC+ZPAK iNs were largely unchanged compared to their parental fibroblasts
(Fig1.5A). To apportion the majority of the variation, principal component analysis (PCA) based
on all 850,000 CpGs consistently clearly separated the samples with respect to their age as the
strongest component (Fig1.5B). Taken together, these results indicate that age-dependent DNA
methylation patterns are maintained during ZPAK-assisted iN conversion and that NC+PAKZ is
suitable to efficiently generate human neuronal models that recapitulate age-associated

epigenetic changes.
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Figure 1.5. Epigenetic signatures of donor age are preserved in ZPAK-derived iNs. A.
Heat map showing the top 5,000 significantly (padj < 0.05) differentially methylated CpGs
between iNs generated by NC+ZPAK from two young (0, 1 years), two middle age (29 years),
and two old (71, 87 years) donors, and one young and one old untreated fibroblast (0, 87
years, respectively). Each line represents a single probe. High methylation levels are shown in
yellow, low methylation is shown in blue. Methylation of one young and one old paired,
unconverted fibroblast is shown next to its iN counterpart. B. Principal Component Analysis
(PCA) of the methylation profiles of two young iNs, one young fibroblast, two middle age iNs,
two old iNs, and one old fibroblast cell line. All iNs were reprogrammed with NC+ZPAK
medium. Plot shows principal component 1 and principal component 2 for each sample.
Samples closer to each other in principal component space are similar in their methylation
profiles.
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Discussion

Significant gaps remain in our understanding of the mechanisms influencing neuronal
specification during direct reprogramming. Consequently, iN yields from current protocols are
often paltry, necessitating large numbers of converting cells to get sufficient successfully
reprogrammed iNs for experimental analysis. Further, improvements to these protocols are
largely based on trial and error, with few predictive tools available. In this study, we leveraged
RNAseq data to uncover several key molecular events that can be targeted with small molecules
to improve iN yield. These modifications, combined with our streamlined lentiviral system, provide
a state-of-the-art improvement in current iN direct reprogramming protocols and shed insight into
mechanisms driving neuronal specification during reprogramming.

Efficiently overcoming competing cellular programs has long been a challenge in the
somatic reprogramming field. Here, we report that ZPAK causes a more thorough elimination of
competing fibroblast programs on the transcriptional level than classic medium, as represented
by both upregulation of neuron-specific genes and, importantly, downregulation of myogenic and
fibroblast-specific genes known to limit neuronal specification during late reprogramming. These
transcriptional changes are accompanied by other important phenotypes associated with
neuronal fate, including removal of cells from the cell cycle, increased mitochondrial membrane
potential, increased GCAMP activity, and enhanced mesenchymal to epithelial plasticity. There
has also been an increased recognition of the important role of cytoskeleton remodeling during
somatic cell reprogramming (Kumi Sakurai and Indrani Talukdar and Veena 2014; Jun Guo and
Yuexiu Wang and Frederick Sachs and Fanjie 2014). Neurons have elaborate cytoskeleton
structures that are highly specialized and critical for proper function. As the morphological
changes from a fibroblast to a neuron are substantial, we were interested to discover that two of
our compound modifications, ZM and PY, were associated with increased neuronal morphological
complexity in addition to increasing iN yield. This phenotype was accompanied by an increase in

F-Actin activity, a potent component of cellular plasticity. Cytoskeleton remodeling is associated

31



with sheer stress, and the actin cytoskeleton can sense and respond to these stresses with
apoptotic signals. Therefore, we propose that the inclusion of ZM and PY in direct neuronal
reprogramming could promote cytoskeleton reorganization and spare converting fibroblasts from
mechanical stress-induced apoptosis. Our findings illustrate the important contribution actin
structure makes during reprogramming and suggests that increased cellular structural plasticity
could be a fruitful strategy for improving neuronal lineage commitment during reprogramming.

Classic direct conversion protocols, which we and others have used to differentiate
fibroblasts to mature human neurons, are highly inefficient and fail to successfully reprogram the
majority of input cells. Additionally, a significant heterogeneity exists in the reprogrammed pool,
with many cells existing in a state that is not quite fibroblast, not quite neuron. Although many
relevant phenotypes have been found between patient and control neuronal cultures
reprogrammed in currently used media, we predict that new phenotypes might be revealed from
studying neurons in conditions that more thoroughly commit fibroblasts to neuronal fate
specification and, in turn, might lead to the discovery of more effective treatments for neurological
disorders. Further, as iNs have shown promise in cell replacement therapies, we propose that
using culture conditions that completely commit fibroblasts to the neuronal lineage will result in
an increased therapeutic potential of iNs for possible neuronal replacement. Importantly, ZPAK
improves iN yields even at very late fibroblast passages that could be required to produce
therapeutic numbers of cells (Suppl. Fig S1.12). Although 100% efficiency in establishing
neuronal specification remains elusive, the development of new neuronal reprogramming
techniques, such as UNA and ZPAK media, takes us one step closer to this goal.

Chapter 1, in full, is a reprint of the material as it appears in: Joseph Herdy, Simon Schafer,
Yongsung Kim, Zoya Ansari, Dina Zangwill, Manching Ku, Apua Paquola, Hyungjun Lee, Jerome
Mertens, Fred H Gage (2019) Chemical modulation of transcriptionally enriched signaling

pathways to optimize the conversion of fibroblasts into neurons elife 8:e41356
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https://doi.org/10.7554/eLife.41356. The dissertation author was the primary investigator and

author of this paper.
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Supplemental Table T1.1: Human fibroblasts used in this study.

Age (yr)

65

65
29
29
71
88
84

ID

L1
L2
1 L3
L4
L5
L6
L7
L8
L9

Full Name

14096

AG08498
8150
ERF1
AG04054

3158LG
3383

1 L10 AGO08498

Supplemental Table T1.3: Expanded small molecule information.

BJ CRL-2522

UKERfO3H-X-

Sex

L TL LKL

Fibroblast

Fibroblast
Source

RNAseq/
MethyICHIP

Passage

ADRC

NA

Coriell p13
Coriell pl6
ADRC NA
Erlangen pla
Coriell pl2
Erlangen pll

ADRC
ADRC
Coriell

NA
pl7
p9

Chemical (Abbreviation) Pathway Inhibitor/Activator Effect on iN 1C50 (uM) Supplier Reference
Pyrintegrin (PY) Integrin Signaling Activator + 2 Tocris Xu, Yue et al. (2010)
CK666 (CK) Integrin Signaling Inhibitor 4 Sigma Burke, Thomas A., et al. (2014)
PamCSK4 (PM) JAK1, JAK2 and TYK2 Interferon Sig Activator 12 Tocris Manukyan, Maria, et al. (2005)|
Pf3758309 (PF) JAK1, JAK2 and TYK2 Interferon Sig Inhibitor + 0.0187 Cayman Murray, Brion W., et al. (2010)|
SU6656 (SU) Epithelial Adherens Junction Inhibitor - 0.28 Cayman Woodcock, Simon A., (2009)
Angiotensin Il (AN) Epithelial Adherens Junction Activator = 0.0015 Tocris Suzuki, Yusuke, et al. (2003)
KC7F2 (KC) HIF1a Signaling Inhibitor + 15 Tocris Narita, Takuhito, et al. (2009)
ML228 (ML) HIF1a Signaling Activator 15 Tocris Theriault, Jimmy R., (2012)
Demethylasterriquinone B1 (DM) IGF-1 Signaling Activator - 100 Sigma  Webster, Nicholas JG, Kaapjoo Park, and Michael C. Pirrung. (2003)
AZ960 (AZ) IGF-1 Signaling Inhibitor + 0.002  Cayman Gozgit, Joseph M., (2008)
Ehop-016 (EH) Actin Nucleation by ARP-WASP Inhibitor 1.1 Selleckchem Montalvo-Ortiz, Brenda L., et al. (2012),
PI3 Kinase act (PI) Actin Nucleation by ARP-WASP Activator + 0.65 SC Biotech Noh, Min Young, et al. (2013).
IPA3 (IP) Rho-Family GTPase Inhibitor = 2.5 Tocris Murakoshi, Hideji, Hong Wang, and Ryohei Yasuda. (2011)
ZM336372 (ZM) Rho-Family GTPase Activator + 0.07 Tocris Van Gompel, Jamie J., et al. (2005)
pkg inhibitor (PK) Sertoli Junction Signaling Activator 86 Cayman Wexler, Eric M., Patric K. Stanton, and Scott Nawy. (1998)|
U46619 (U4) Sertoli Junction Signaling Inhibitor 0.032 Cayman Reese, Jeff, et al. wall. (2009);
syk inhbitor (SY) Remodeling of Epithelial Adherens Inhibitor = 0.005 Cayman Lai, Justine YQ, et al. (2003)
NSC87877 (NS) Remodeling of Epithelial Adherens Activator - 0.355 Cayman Song, Mina, et al. (2009)
dabigatram (DB) Intrinsic Prothrombin Activation Inhibitor = 0.0045 Cayman Ebner, Thomas, Klaus Wagner, and Wolfgang Wienen. (2010)
Thrombin TRAP6 (TR) Intrinsic Prothrombin Activation Activator 0.8 Tocris Rudroff, Claudia, et al. (1998).
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Supplemental Figure S1.1. Effect of screened small molecules on %PSA-NCAM

yield of iNs. Dashed line represents NC (NK) control. Molecules with a score of O
were lethal during direct conversion.
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Supplemental Figure $1.2. RRHO schematic adapted from RRHO User
Guide (Plaisier et al. 2010)
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Supplemental Figure $1.3. Mitochondria in L10, L4, & L2 iNs cultured for one or two
weeks in NC or NC+KC, stained with JC-1 and measured for membrane depolarization
by flow cytometry. Increased ratios of aggregate (PE) to diffuse (FITC) JC-1 are
indicative of increased mitochondrial membrane potential. Results are shown as mean %
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Supplemental Figure $1.4. Heatmap of FPKM normalized counts of Neurog2 and
Ascl1. Dox-induced expression of Neurog2 and Ascl1 was maintained for all 20 days of
conversion with NC and NC+ZPAK.
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Supplemental Figure S1.5: % yield of PSA-NCAM+ iNs from all 10 lines used in this
study. A. % change of PSA-NCAMH+ cells for all lines converted in NC or NC+ZPAK. B.
Dot plot demonstrating significantly increased PSA-NCAM+ cell yield with NC+ZPAK.
Results are shown as mean + SD. n = 10, ****p<0.00.1. Significance values were
calculated by paired t-test.
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Supplemental Figure $1.6. Calcium imaging reveals increased spontaneous activity in
NC+ZPAK iNs. A. Representative image of iNs cultured with NC or NC+ZPAK and
transduced with lentiviral particles for GCAMP5G or hSyn-dsRed. Ten areas of overlap in
yellow per field with coexpression of hSyn and GCAMP were considered for calcium activity.
B. Histogram of number of calcium transients in four cell lines (L4, L2, L9, L8) converted in
NC or NC+ZPAK. At almost all levels of spontaneous activity, there are more active ZPAK
iNs compared to NC alone. Additionally, the most active neurons we observed were
converted in NC+ZPAK. C. Comparison of the activity of all cells (n=160) quantified in this
experiment shows a significantly increased level of spontaneous activity in NC+ZPAK iNs.
Results are shown as mean + SD. * P < 0.05. Significance values were calculated by t-test.

38



o o =
(@)} (0] o
1 1 I

Fraction+
_C)
N
[]

Supplemental Figure $1.7: Immunocytochemical quantification of neuron subtype markers TH
(Dopamingeric), vGlut1 (Glutamatergic), GABA (GABAergic), ChAT (Cholinergic), and 5-HT
(Serotonergic) in NC and NC+ZPAK iNs.
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Supplemental Figure $1.8. Immunocytochemical analysis of MYH3 expression in L1, L4 and
L8 NC and NC+ZPAK iNs. A. Representative image of MYHS3 staining in NC and NC+ZPAK iNs.
Scale bar represents 100 ym. B. Quantification of MYH3-positive cells per dapi-positive nuclei.
C. Quantification of MYH3-positive cells per Blll-tub-positive cells. Results are shown as mean +
SD. * P <0.05, *** P < 0.001.
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Supplemental Figure $1.9. Gene set expression analysis. Predefined and validated gene sets
from GO and KEGG for neuron function show enrichment in mean and median expression in
NC+ZPAK over NC.
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Supplemental Figure $1.10: Concentration optimization of ZPAK cocktail. A. Flow
cytometry analysis of % PSA-NCAM" L1 cells cultured with NC or NC + Full ZPAK (4 uM PY,
30 uM KC, 0.4 uM AZ, and 0.7 uM ZM), Half ZPAK (2 uM PY, 15 uM KC, 0.2 uM AZ, and
0.35 yM ZM), and Final ZPAK (1 uM PY, 7.5 uM KC, 0.1 uM AZ, and 0.175 uM ZM). B. Flow
cytometry analysis of % PSA-NCAM" L1, L4, and L8 cells cultured with the indicated
concentrations of PY, KC, AZ, ZM, and Final ZPAK. C. Representative image of iNs
produced from Full, Half, and Final ZPAK concentrations and NC alone. D. Quantification of
results from C. Results are shown as mean £ SD. ** P < 0.01. Significance values were
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Supplemental Figure $1.11. Fold change of genes activated or suppressed by ZPAK

assessed by SYBR qPCR in L2
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Supplemental Figure S$1.12. High passage iN conversion in NC and NC+ZPAK. A: %
yield of PSA-CNAM+ iNs from four lines (L1, L4, L10, L8) of late passage (>30)
fibroblasts converted in NC or NC+ZPAK. B: representative brightfield images of early
(p6) and late passage (p33) fibroblasts stained with senescence marker SA-B-Gal.
Results are shown as mean + SD. n =4, * P < 0.05. Significance values were calculated

Chapter 1, in full, is a reprint of the material as it appears in: Joseph Herdy, Simon Schafer,
Yongsung Kim, Zoya Ansari, Dina Zangwill, Manching Ku, Apua Paquola, Hyungjun Lee, Jerome
Mertens, Fred H Gage (2019) Chemical modulation of transcriptionally enriched signaling
pathways to optimize the conversion of fibroblasts into neurons elife 8:e41356
https://doi.org/10.7554/eLife.41356. The dissertation author was the primary investigator and

author of this paper.
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CHAPTER 2: Increased Post-Mitotic Senescence in Aged Human Neurons is a Pathological
Feature of Alzheimer’s Disease.
Abstract

The concept of senescence as a phenomenon limited to proliferating cells has been
challenged by growing evidence of senescence-like features in terminally differentiated cells,
including neurons. The persistence of senescent cells late in life is associated with tissue
dysfunction and increased risk of age-related disease. We found that Alzheimer’s disease (AD)
brains have significantly higher proportions of neurons that express senescence markers, and
their distribution indicates bystander effects. AD patient-derived directly induced neurons (iNs)
exhibit strong transcriptomic, epigenetic, and molecular biomarker signatures that illuminate a
specific human neuronal senescence-like state. AD iN single-cell transcriptomics revealed that
senescent-like neurons face oncogenic challenges, metabolic dysfunction, and display a
proinflammatory signature. Integrative profiling of the inflammatory secretome of AD iNs and
patient cerebral spinal fluid revealed a neuronal senescence-associated-secretory-phenotype,
that could trigger astrogliosis in human astrocytes. Finally, we show that targeting senescence-
like neurons with senotherapeutics could be a novel strategy for preventing or treating AD.
Introduction

The integration of mature, terminally differentiated neurons into elaborated networks is
thought be one of the fundamental principles of neuronally encoded information in the brain.
Across a human lifetime, neurons face immense evolutionary pressure to retain this post-mitotic,
differentiated state indefinitely to preserve information. Life-long terminal differentiation is not
without cost, however, and the inability to rejuvenate cellular components combined with the
longevity of humans leads to the accumulation of numerous defects late in life, including DNA
damage, mitochondrial dysfunction, epigenetic changes, and transcriptional drift (Mattson and

Magnus 2006; Reid et al. 2021). When confronted with these late-life cellular stressors, cells may
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undergo a process known as cellular senescence. Originally described as replicative arrest of
fibroblasts in vitro, senescence has since become accepted as one of the pillars of organismal
aging. Senescent cells increase in abundance during aging, where they contribute to tissue
dysfunction and numerous age-related disorders (McHugh and Gil 2018). Recent studies have
changed the perception of cellular senescence, expanding it from a response to serial passage
to a central role in responding to stress, molecular damage, and oncogene activation. Importantly,
post-mitotic neurons experience many of the same age-related stressors that trigger senescence
in proliferating cells. Indeed, there are a growing number of recent reports of senescence-like
signatures in non-dividing cells, including osteoclasts (Farr et al. 2016), mature adipocytes
(Minamino et al. 2009), neurons (Paramos-de-Carvalho et al. 2021), and others (Sapieha and
Mallette 2018). Like proliferating cells, senescence in neurons is linked to aging and cellular
stress, yet there is an important gap in knowledge regarding the definition and understanding of
the senescence-like state of aged human neurons.

Cellular reprogramming techniques have allowed for the in vitro generation of functional
human neurons from accessible tissues such as blood or skin. Unfortunately, neurons generated
from induced pluripotent stem cell (iPSC) reprogramming have limited applicability to the study of
age-related phenotypes. Passing through the stem cell intermediate phase leads to a youthful
rejuvenation of the epigenome, gene expression, long-lived proteins, mitochondria function, and
telomere length in the resulting neurons (Mertens et al. 2018; Schafer et al. 2019; Huh et al. 2016;
Handel et al. 2016).In contrast, induced neurons (iNs) can be generated by the direct
transdifferentiation of human donor fibroblasts, without passing through a stem cell intermediate
phase. Avoiding the stem cell intermediate phase also bypasses the dramatic epigenetic
rejuvenation that occurs in iPSC reprogramming. As a result, iNs retain the age-related features
of their donor and allow for modeling of human age and disease in vitro (Herdy et al. 2019;

Mertens et al. 2015b; Huh, et al. 2016; Victor et al. 2018). Importantly, age-equivalent iNs retain
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transcriptional, epigenetic, and metabolic profiles of aging (Kim et al. 2018; Mertens, et al. 2015b).
Therefore, the iN system allows us to study endogenous age-related processes in neurons

instead of resorting to using exogenous stressors to accelerate aging.

Despite decades of research, Alzheimer’s Disease (AD) remains a debilitating, progressive, and
ultimately fatal dementia with no disease-modifying treatment options. The vast majority of cases
(>95%) are sporadic, with no known cause aside from advanced age (Van Cauwenberghe, Van
Broeckhoven, and Sleegers 2016). As the population over age 65 grows, the burden of AD is
destined to grow in lockstep. As early as the 1990s several observations were made that
suggested neuronal senescence might be a feature of AD, but the prevailing view that
senescence was restricted to proliferating cells limited the impact of this work (Arendt et al. 1996;
McShea et al. 1997). However, the growing reports of a senescence-like phenotype in neurons in
a variety of aging or injury contexts led to the hypothesis that aged human neurons can enter a
senescence-like state and contribute to AD pathology. Here, we show that AD patient-derived iNs
enter a functionally impaired senescent-like state more frequently than age-matched healthy
control donor-derived iNs. Deep multi-omic profiling revealed that many molecular features are
shared with proliferative senescence and further extends our understanding of the senescence-
like neuronal state as epigenomic and transcriptomic biomarkers of AD iNs, which are consistent
with senescence induction. Strikingly, the culture supernatants of AD iNs mirror the pro-
inflammatory signature of AD patient cerebral spinal fluid (CSF), and this neuronal senescence-
associated-secretory-phenotype (SASP) secretome triggers reactive astrogliosis. Finally, we
show that senescent-like AD iNs can be cleared by the senolytic drug cocktail of Dasatinib and
Quercetin (DQ). Our data support the hypothesis that neurons can enter a senescent-like state

and that these cells have the potential to initiate and contribute to AD-related neuroinflammation.
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Further, our results suggest that targeting senescent cells in the brain could be a novel therapy
for treating AD-related neurodegeneration.
Materials and Methods
Subjects

Subjects were participants at the Shiley-Marcos Alzheimer’s Disease Research Center
(ADRC) at UCSD and provided written informed consent; all procedures were approved by local
human subjects committees. Both AD and control subjects underwent rigorous clinical
assessment as part of the ADRC study, including detailed neuropsychological testing and brain
imaging (MRI), and the subjects selected for biopsies were stratified to show either a clear non-
demented clinical picture or clear phenotype of AD (classified as probable AD until pathological
confirmation). They were followed for at least 2 years after biopsy with no evidence of cognitive
decline (controls) and with evidence of progressive impairment (AD). Punch skin biopsies were
obtained at the Altman Clinical & Translational Research Institute (ACTRI) at UCSD, and
fibroblast derivation was performed by standard procedures in serum-containing media.
Additional familial AD fibroblast lines were described previously(lsrael et al. 2012), and 4 old
control and 3 young control fibroblast lines were obtained from Coriell (Baltimore longitudinal
study of aging) and also described previously(Kim, et al. 2018; Mertens et al. 2015a). Table 2.1
contains post mortem PFC slice information.
Astrocytes

Human cortical, cerebellar, and hippocampal astrocytes were acquired from a commercial
vendor and cultured in astrocyte medium according to the manufacturer's specifications
(ScienCell 1800, 1801). For CM experiments, 48-hour iN conditioned supernatant was pooled
from six AD and six CTL iN lines and spiked in at a 1:3 ratio with untreated astrocyte medium for
48 hours. Protein input between pooled samples was normalized to total protein as measured by

qubit (ThermoFisher). Cells were then fixed for ICC or harvested with Trizol for RNA extraction.
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Fibroblasts and iNs

Primary human dermal fibroblasts from donors between 0 and 88 years of age were
obtained from the Coriell Institute Cell Repository, the University Hospital in Erlangen and Shiley-
Marcos Alzhiemer’s Disease Research Center. Protocols were previously approved by the Salk
Institute Institutional Review Board and informed consent was obtained from all subjects.
Fibroblasts were cultured in DMEM containing 15% tetracycline-free fetal bovine serum and 0.1%
NEAA (Thermo Fisher Scientific) transduced with lentiviral particles for EtO and XTP-
Ngn2:2A:Ascl1 (E+N2A) or the combined tetOn system cassette consisting of the rtTAAdv
[Clonech] driven by the UbC promoter, Ngn2:2A:Ascl1 under control of the TREtight promoter
[Clontech], and a puromycin-resistance gene driven by the PGK promoter (UNA, Sup Fig2A) and
expanded in the presence of G418 (200 ug/ml; Thermo Fisher Scientific) and puromycin (1 ug/ml;
Sigma Aldrich), or puromycin only, respectively, as ‘iN-ready’ fibroblast cell lines. Following at
least 3 passages after viral transduction, ‘iIN-ready’ fibroblasts were trypsinized and pooled into
high densities (30,000 — 50,000 cells per cm? ; appx. a 2:1 — 3:1 split from a confluent culture)
and, after 24h, the medium was changed to neuron conversion (NC) medium based on
DMEM:F12/Neurobasal (1:1) for three weeks. NC contains the following supplements: N2
supplement, B27 supplement (both 1x; Thermo Fisher Scientific), doxycycline (2 pg/ml, Sigma
Aldrich), Laminin (1 pg/ml, Thermo Fisher Scientific Scientific), dibutyryl cyclic-AMP (100 pg/ml,
Sigma Aldrich), human recombinant Noggin (150 ng/ml; Preprotech), LDN-193189 (500 nM,;
Fisher Scientific Co) and A83-1 (500 nM; Santa Cruz Biotechnology Inc.), CHIR99021 (3 uM, LC
Laboratories), Forskolin (5 uM, LC Laboratories) SB-431542 (10 pM; Cayman Chemicals),
pyrintegrin (1 uM; Tocris), ZM336372 (.175 uM; Cayman), AZ960 (0.1 yuM; Cayman), and KC7F2
(7.5 uM; Fischer Scientific). Medium was changed every third day. For further maturation up to
six weeks, iNs were switched to BrainPhys (STEMCELL Technologies)-based neural maturation
media (NM) containing N2, B27, GDNF, BDNF (both 20 ng/ml, R&D), dibutyryl cyclicAMP (100

Mg/ml, Sigma Aldrich), doxycycline (2 ug/ml, Sigma-Aldrich) and laminin (1 ug/ml, Thermo Fisher
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Scientific). For maturation on astrocytes for morphological analysis and calcium imaging, iNs were
carefully trypsinized during week 4 and replated on a feeder layer of mouse astrocytes and
cultured in NM media containing 2% KOSR (Thermo Fisher Scientific).
iPSCs and iPSC-iNs

Human iPSCs were reprogrammed using the four Yamanaka factors transferred using the
Cyto-Tune Sendai reprogramming kit (Invitrogen) or standard retroviral vectors as previously
described(Mertens et al. 2021), and cultured as colonies on Geltrex (Thermo Fisher)-coated
plates in iPS-Brew (Miltenyi Biotec). For iPSC-iN transgene delivery, iPSCs were transferred to a
monolayer PluriPro (Cell Guidance Systems) condition, transduced with lentiviral particles for
pLVX-UbC-rtTA-Ngn2:2A:EGFP (UNG), and expanded in the presence of puromycin (0.5 mg/ml;
Sigma Aldrich) as ‘iPSC-iN-ready’ iPSC-UNG lines as previously described(Schafer, et al. 2019).
To initiate conversion, confluent iPSC-UNG monolayer cultures were transferred into NC media
to achieve neuronal conversion of the cultures within 3 weeks before fixing and staining, or
isolation by flow cytometry for RNA purification.
Flow Cytometry

For isolation of iNs and iPSC-iNs from three-week cultures, cells were detached with
TrypLE (Thermo Fisher) and stained for PSA-NCAM directly conjugated to APC (Miltenyl Biotec,
1x) for 1 hour at 4 C in sorting buffer (250 mM myo-inositol and 5 mg/ml polyvinyl alcohol in PBS)
containing 1% KOSR (Thermo Fisher). Cells were washed and resuspended in sorting buffer
containing EDTA and DNAse and filtered using a 40-um cell strainer. For C1.FDG analysis, cells
were first treated with 100 nM bafilomycin A1 for 1 hour in fresh culture medium at 37 C, 5% CO..
Next, a 2 mM C42FDG solution was added to the cell culture medium for a final concentration of
33 uM and incubated for an additional hour. Cells were then washed twice with PBS and detached
with TrypLE and prepared for FACS as described above.

Immunofluorescence
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Formalin-fixed, paraffin-embedded slices of human pre-frontal cortex tissue were obtained
from the Shiley-Marcos Alzheimer’s Disease Research Center. Slides were deparaffinized and
heat antigen retrieval was performed in 10 mM Sodium Citrate buffer (pH 6.0). Slides were
permeabilized by two 10-minute washes in PBS with 0.4% Triton X-100 (PBS-T) and 1% serum,
followed by a 1-hour block in PBS-T and 5% serum. Primary antibodies (Mouse NeuN MAB377
1:1000, Rabbit p16INK4a EPR1473 1:1000) were diluted with 1% serum in PBS and incubated
at room temperature for 1 hour, followed by an overnight incubation at 4C in a humidified chamber.
Sections were then washed twice in PBS-T for 10 minutes followed by secondary antibody
(Donkey Anti-Mouse IgG Alexa Fluor 488 and Donkey Anti-Rabbit IgG Alexa Fluor 555, both
1:250) incubation for 2 hours at room temperature. Sections were then stained for nuclei with
DAPI (1:10,000 Sigma-Aldrich) and washed twice for 10 minutes with PBS-T. After washing,
slides were mounted and coverslips sealed with nail polish.

Cells were cultured on tissue culture-treated ibidi y-slides for imaging. Cells were fixed with 4%
PFA for 20 minutes at room temperature and washed 3 x 15 minutes with TBS, followed by a 1-
hr block with TBS containing 10% serum and 0.1% Triton X-100. Primary antibodies (H2AFJ
provided by Carl Mann 1:200, p16INK4a Abcam 1:250, Tud Covance 1:3000, NeuN EMD Millipore
1:250, GFAP EMD Millipore 1:1000) were applied overnight at 4C. Following two 10-minute
washes with TBS, nuclei were stained with DAPI (1:10,000 Sigma-Aldrich) and secondary
antibodies (Donkey Anti-Mouse IgG Alexa Fluor 488/555 and Donkey Anti-Rabbit IgG Alexa Fluor
488/555, and Donkey Anti-Chicken IgG Alexa Fluor 488/555, all 1:250) were incubated for 2 hours
at room temperature. After washing, slides were mounted in PVA-DAPCO (Sigma Aldrich).
TUNEL staining was performed with the Click-iT™ Plus TUNEL Assay 594. SA-B-Gal staining
was performed with the Biopioneer cellular senescence detection kit (CS-001). Confocal images
were taken on standard fluorescence microscopes or Zeiss LSM780 confocal microscopes.

Imaged software analyze particles was used for regions of interest (ROI) selection and

quantification of immunofluorescent signals within ROls. Proximity analysis was performed with
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MorphoLibd. All data for one experiment were acquired from cells cultured or tissue processed in
parallel on the same microscope with the exact same setting used.
Whole Genome mRNA-seq and Analysis

Total bulk RNA was extracted from fibroblasts and iPSCs and from flow cytometry-isolated
iNs and iPSC-iNs following three weeks of conversion using Trizol LS reagent (Thermo Fischer),
followed by TURBO DNase digestion (Agilent). RNA integrity was assessed before library
preparation using the TruSeq Stranded mRNA Sample Prep Kit according to the manufacturer’s
instructions (lllumina). Libraries were sequenced paired-end 125 bp using the lllumina HiSeq
2500 platform. Read trimming was performed using TrimGalore, read mapping was performed
using STAR, raw counts were generated using HOMER, and variance stabilizing transformation
normalization (vst) and differential expression analyses were performed in DESeqg2. Statistical
values were corrected for false discovery rates (FDR) using the Benjamini-Hochberg method
implemented in R. Transcripts per million for all samples were generated by RSEM using standard
paired-end or single-end settings as appropriate. CDKN2A, NeuN, and GFAP expression in post-
mortem human brain samples from the Allen Brainspan Atlas
(https://lwww.brainspan.org/static/download.html) and Aging, Dementia, and TBI study
(https://aging.brain-map.org/rnaseqg/search) was based on FPKM and differential expression
analysis of NeuN, GFAP and CDKN2A was performed using DESeq2 with the default test (Wald
test). Analysis of CDKN2A expression across aging was performed with a simple regression
analysis t-test in R. Donor metadata for the Aging, Dementia and TBI study can be found here:
https://aging.brain-map.org/download/index, and metadata for the Allen Brainspan Atlas at

http://help.brain-map.org/display/devhumanbrain/Documentation. Rank Rank Hypergeometric

Overlap (RRHO) was performed using the UCLA online tool.
For single cell RNAseq, following three weeks of conversion bulk cultures were harvested with
TrypLE without sorting and 10,000 cells per patient were loaded in parallel and processed using

the 10x Single Cell 3’ v3 protocol (lllumina). Libraries were prepared following the manufacturer’s
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protocol. Briefly, cells were partitioned into Gel Beads in Emulsion in the GemCode/Chromium
instrument followed by cell lysis and barcoded reverse transcription of mRNA, followed by
amplification, shearing, and 5’ adapter and index attachment. cONA was amplified for 11 cycles,
and the resulting whole transcriptome was measured and quality assessed by Bioanalyzer.
Twenty-five percent of the whole-transcriptome material was processed through v3 library
construction according to the manufacturer's protocol. The resulting libraries were quality
assessed and quantified again by BioAnalyzer. Libraries were then pooled and sequenced on
one lane of a NovaSeq 6000 (S1 100).
Single-Cell Data Analysis

Sequenced samples were initially processed using CellRanger software version 3.0.2 (10x
Genomics) and were aligned to the GRCh38 (hg38) human reference genome. CellRanger digital
expression matrices (DGE) were generated containing the raw unique molecular identified (UMI)
counts for each sample. Count tables were then loaded into R and analyzed using the Seurat
package. All cells with fewer than 300 genes or more than 10,000 genes or mitochondrial reads
> 30% were excluded using Seurat’s subset function. Using these parameters, we were able to
keep 29,515 cells for downstream analysis. For each cell, UMI counts were log normalized and
scaled. Cells were then clustered based on the top 3,000 variable genes identified using the
FindVariableFeatures function. Variable genes were then used to perform principal components
(PC) analysis, and the first 15 PCs were used for both AD and CTL cells. We then identified
clusters using the FindClusters tool and visualized clusters using the uniform manifold
approximation and projection (UMAP) dimensionality reduction. Marker genes for each cluster
were identified using the FindMarkers function using default parameters.
For monocle analysis, cellranger processed UMIs were imported using the load_cellranger_data
function, combined, preprocessed using the preprocess cds function (num dim = 100), and
dimensionality reduced using UMAP with the reduce_dimensions fuction. Cells were then

clustered using cluster_cells (resolution = 1e-5). To assess differentiation of fibroblasts to iNs,
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trajectory analysis was performed using the learn_graph tool. Differential expression analysis
between clusters, disease status, or other metadata was performed using graph_test (knn
neighbor graph) followed by fit models with the relevant formula (eg ~Disease + Patient, etc).
Residues from the differential expression were then obtained with the coefficient_table function.
Genes with a min expression > 0.1 in the iN cluster were used to order cells in pseudotime, and
the root node was selected programmatically by first grouping the cells according to which
trajectory graph node they were nearest to, calculating the fraction of cells at each node from the
earliest time point, and then picking the node that was most heavily occupied by early cells and
returning that node as a root. The function plot genes in_pseudotime was then used to
interrogate how specific genes behaved along pseudotime.
Senescence scoring was done using the AddModuleScore in Seurat, taking the average
expression of senescence genes in R-HSA-2559583 subtracted by the aggregate expression of
a randomly selected set of control feature sets (n=100). All analyzed features were binned based
on averaged expression, and the control features were randomly selected from each bin.
Telomere Length Estimation

DNA for telomere estimation was extracted from bulk fibroblast using the DNEasy Blood
and Tissue kit (Qiagen). Concentrations were measured via qubit and all samples were diluted to
5ng/uL. Telomere length was assessed via a qPCR strategy as described previously
(O’Callaghan 2011). All oligomers used were HPLC purified, and a standard curve was obtained
using an 84mer oligonucleotide containing only the TTAGGG repeat. The gene 36B4 was
selected as a single copy gene standard to control for genome abundance between samples. All
gPCR was performed with SYBR green (Life Technologies) on a BioRad CFX384 thermocycler.
Genome-Wide DNA Methylation Analysis

Genomic DNA was extracted from flow cytometry-isolated iNs or bulk fibroblast cultures
using the DNEasy Blood and Tissue Kit (Qiagen). DNA methylation assays were performed on

the lllumina MethylEPIC BeadChip as per the standard manufacturers protocol. Raw IDAT files
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were processed and analyzed in R using the ChAMP and RnBeads packages and were
normalized using the BMIQ procedure. Beta values were used as methylation residues for
downstream analysis and correlation with RNAseq datasets.
Whole Genome Assay for Transposase-Accessible Chromatin Using Sequencing (ATACseq) and
Analysis

ATAC-Seq was performed as described earlier (Buenrosto 2013). Briefly, 50,000 iNs were
lysed in 50 ul lysis buffer (10 mM Tris-HCI ph 7.5, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL, CA-
630, in water), pelleted and resuspended in 50 pL transposase reaction mix (1x Tagment DNA
buffer, 2.5 yL Tagment DNA enzyme | in water (lllumina)), and incubated at 37°C for 30 min. DNA
was purified with Zymo ChIP DNA concentrator columns (Zymo Research). DNA was then
amplified with PCR mix (1.25 pM Nextera primer 1, 1.25 uM Nextera primer 2-bar code, 0.6x
SYBR Green | (Life Technologies, S7563), 1x NEBNext High-Fidelity 2x PCR MasterMix,
(NEBMO0541) for 7-10 cycles, run on an agarose gel for size selection of fragments (160-500 bp),
and extracted from the gel and paired-end 75 bp sequencing using the Illlumina NextSeq 500
platform. Reads were trimmed using TrimGalore and mapped to the UCSC genome build hg38
using STAR. Peaks were then calculated and annotated using the HOMER software package.
For agnostic genome-wide characterization of the peaks, sequence depth-normalized bigWig files
were used for generating chromatin accessibility profiles using deepTools software. Next,
differential accessibility analysis of all identified ATAC-Seq peaks was performed using differential
peaks function in HOMER, and fold changes and significance of the resulting differential peaks
were plotted as volcano plot using R ggplot2. Genome-wide integration of the ATAC-Seq data
with the RNA-Seq data on a gene-by-gene level was performed based on comparing the fold
changes of differentially accessible peaks (HOMER differential ATAC peaks) with the fold
changes of differentially expressed genes (RNA-Seq expression), using R, and visualization was
performed using R ggplot2 and GraphPad Prism software. GSEA of annotated Promoter-TSS

peaks was performed using STRING, and overlapping with the Riessland et al dataset was
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performed using shared GO terms and enrichment scores present in both datasets. Motif
enrichment analysis was performed in HOMER. Statistical enrichment of motifs was performed
by using all control iNs as background for AD iN peak and subsequent motif calling. The resulting
g-values generated through this method are marked in the figures. Comparisons of peak height
between AD and CTL iNs was performed in deeptools using the plotHeatmap function.
ProteinSimple Analysis

ProteinSimple Jess (biotechne) was used for low-input digital capillary Western blot-like
protein analysis. FACS-purified iNs were plated on Geltrex-coated wells and harvested with PBS.
Pellets were then resuspended in RIPA Lysis and Extraction Buffer (Thermo Fisher) containing
the cOmplete EDTA-free Protease Inhibitor Cocktail and PhosSTOP phosphatase inhibitors
(Sigma Aldrich). Samples were pooled from 9 CTL and AD lines and analyzed using the 12-230
kDa Jess Separation Module. Concentrations of primary antibodies (CDKN2A 1:100) were
adjusted to the technology. All assays were run using the standard default settings provided by
ProteinSimple Inc., with the exception of an increased 60-min incubation time for the primary
antibodies. Data analysis was performed using Compass software (biotechne).
Statistical Analysis

Statistical tests for NGS datasets were performed using built in normalization and
significance correction tools in R, GSEA, STRING, HOMER, DESeq2, and deepTools, Seurat,
Monocle, and RnBeads. Adjusted p values (padj) indicate that values were corrected for multiple
testing using false discovery rates (FDR). Non-omics quantitative data statistics were calculated
using GraphPad Prism software with the method indicated for each figure or methods section; for
control versus AD comparisons, unpaired t tests and ANOVAs were used. Significance
evaluations are marked as *p < 0.05; **p < 0.01; ***p < 0.001; and **** p < .0001 in the figures.
Results
The human pre-frontal cortex of AD patients harbors an increased proportion of senescent

neurons.
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The CDKN2A gene, which encodes the senescence-activating proteins p16INK4a and
p14AREF, is consistently upregulated in senescent cells and is considered to be one of the most
specific genetic markers of senescence(Rayess, Wang, and Srivatsan 2012). Therefore, we
examined CDKNZ2A expression in postmortem brains from 30 AD patients and 99 sex- and age-
matched cognitively normal (NC) controls from the Allen Aging, Dementia, and Traumatic Brain
Injury (TBI) study. We found that CDKN2A mRNA abundance was significantly increased in the
neuron-rich pre-frontal cortex (PCx) of AD patients (Fig2.1A) (Miller et al. 2017); by contrast, no
CDKNZ2A expression changes were detected in the frontal white matter (FWM), which contains
mostly axons and glia (Fig2.1A, SupFig2.1A). CDKN2A expression also trended higher in other
neuron-rich areas of AD patients, and CDKN2A increased in expression during aging in the
human brain (SupFig2.1B-C). Given the field’s evolving understanding of cellular senescence as
a phenomenon whose features can materialize in non-dividing cells late in life (Sapieha and
Mallette 2018), and the reports of neuronal senescence in rodents and humans (Moreno-Blas et
al. 2019; Arendt, et al. 1996), we asked if neurons contribute to increased CDKN2A expression
in the PCx. We obtained PCx brain tissue from a clinically characterized cohort of mid-stage AD
patients (Braak IlI-IV, n=10) and age/sex-matched cognitively normal controls (n=10) and
performed fluorescence immunohistochemistry for p16INK4a (p16) and the mature neuron
marker NeuN (Fig2.1B, Table2.1). Remarkably, we observed a distinct subpopulation of
NeuN/p16 double-positive neurons in all aged brains, and these cells were significantly (about 3-
fold) more abundant in AD brains (Fig2.1B-C). NeuN/p16 double-positive cells represented a
minority of NeuN-positive cells, and the majority of p16-positive cells in the brain were NeuN-
negative (Fig2.1C). The sparse number of p16-positive cells is consistent with the general view
that senescent cells represent a minority within their resident tissue and supports the notion that
senescent neurons are less abundant than senescent glia(Jurk et al. 2012). Further, these rates
are consistent with a recent eigengene approach to estimate the abundance of senescent

neurons in the cortex of AD patients(Dehkordi et al. 2021). Due to bystander effects, senescent
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cells tend to cluster in their resident niche (da Silva et al. 2019), so we examined p16 clustering
by calculating adjacency scores of p16 in reference to NeuN or DAPI loci(Andrey et al. 2010). As
expected, p16 localization showed a clear clustering pattern, with p16 foci significantly closer to
their nearest neighbor than a randomized subsampling of tissue loci (Fig2.1D-E). Notably, p16-
positive cells were significantly more likely to cluster around NeuN-positive cells, indicating that
senescent-like neurons represent a potential source for secreted bystander factors and might act
as a starting point for senescent cell clusters in the aged human brain. This effect appeared to be
neuron-specific, as we detected significantly weaker clustering of p16 near DAPI foci than NeuN
loci (Fig2.1D). Further, clustering tended to be elevated in AD (SupFig2.1D). These data suggest
that neurons expressing p16INK4a are more common in the brains of AD patients and that
senescent-like cells, including neurons, tend to cluster together in a pattern consistent with

bystander senescence initiation.
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Figure 2.1: The human AD brain harbors an increased proportion of senescent
neurons (A) Expression of CDKNZ2A in the brains of Alzheimer’s disease (AD) patients and
cognitively normal (NC) controls in the prefrontal cortex (PCx) and frontal white matter
(FWM) (Wald test DESeq2, n=30 AD; 99 NC). (B) Fluorescence microscopy analysis of p16
expression in postmortem PCx tissue from AD and NC patients, left 20X, right 63X, scale
bar=16 ym. (C) Quantification of p16 expression in NeuN+ cells (left) and DAPI+ nuclei
(right) (n=10 AD; 10 NC, unpaired t-test). (D) Clustering analysis of p16 signal adjacent to
other p16+ loci (top left), DAPI+ loci (top right), NeuN+ loci (bottom left), and NeuN
adjacency compared to DAPI adjacency (bottom right) (n=10 AD; 10 NC, paired t-test). (E)
Example cumulative distribution function for p16 signal near NeuN+ and DAPI+ loci used to
calculate the adjacency AUC in D. * p < .05, ** p < .01, *** p <.0001.
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Senescent transcriptomic and epigenomic patterns in age-equivalent AD iNs

Given the increased abundance of p16-expressing neurons in AD patient brains, we next
sought to examine the extent to which aged iNs from AD patients display senescence-related
features. To functionally assess the molecular features of senescence in human neurons in AD,
we generated iNs from a cohort of AD patients and non-demented controls. Briefly, we obtained
punch biopsies from 16 AD (13 sporadic, 3 familial) patients and 19 non-demented controls (CTL)
for iNs. It has been shown that donor-specific iNs capture age- and disease-specific molecular
pathologies, including transcriptomic, mitochondrial, and epigenetic aging signatures in aging iNs,
(Mertens, et al. 2015b; Kim, et al. 2018; Herdy, et al. 2019) cell fate instability in AD iNs, (Mertens,
et al. 2021) and other phenotypes (Huh, et al. 2016; Victor, et al. 2018; Tang et al. 2018). Our
cohort includes patients aged 57-88 (Fig2.2A), and control donors were further matched
according to age, sex, and ApoE genotypes to mitigate genetic bias. Following direct Ngn2/Ascl1-
mediated iN conversion for 21 days and PSA-NCAM FACS-based purification, we obtained
mature cortical iNs as previously reported (Ladewig et al. 2012; Mertens, et al. 2015b; Mertens,
et al. 2021; Kim, et al. 2018; Vadodaria et al. 2016) (SupFig2.2A), with equivalent efficiency in AD
and CTL lines (SupFig2.2B-C). To explore AD-associated changes in senescence gene
expression in AD iNs, we collected whole transcriptome RNA-Seq data from the iNs (n=35). To
identify changes specific to aged neurons, we also prepared RNA-Seq from three control groups:
i) isogenic iPSC-derived neurons (iPSC-iNs) that appear transcriptionally fetal relative to a human
brain development atlas (n=20), ii) the corresponding unconverted fibroblasts (n=35), and iii)
unconverted iPSC lines from the same cohort (n=20) (Fig2.2A). Differential expression analyses
of AD vs CTL for all four cell types (iNs, iPSC-iNs, fibroblasts, and iPSCs) were ranked separately
according to significance then log2FC for Gene Set Enrichment Analysis (GSEA) of a list of
canonical senescence genes (Reactome R-HSA-2559583). Interestingly, we observed a strong
and significant enrichment of senescence genes exclusively in AD iNs but no significant

enrichment in rejuvenated AD iPSC-derived neurons, fibroblasts, or iPSCs (Fig2.2B-C).
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Importantly, senescence genes are predominantly upregulated in AD iNs and include 33
significantly upregulated genes such as the classic senescence and inflammation markers
CDKN2A, MMP3, CXCL8, CXCL5, CDKN1C, and IL6. Only three were significantly
downregulated (Coppé et al. 2010). Notably, two of these three downregulated senescence genes
also have neuron-specific functions (NMDA receptor-associated RAB5B gene, and the neuronal
morphogenesis IGSF3 gene), which might explain why they are not upregulated (Fig2.2C)
(Mertens, et al. 2021; Chen et al. 2015; Usardi et al. 2017). Senescence genes were also
significantly upregulated in iNs relative to iPSC-iNs for all patients, highlighting the adult-specific
and age-dependent nature of this activation (SupFig2.2D). To validate and better characterize the
relative contribution of senescence genes in human neurons, we integrated our iN transcriptome
data with RNA-Seq data of human embryonic stem cell-derived neurons where senescence was
induced by knockout of SATB1 (Riessland et al. 2019). In addition to a significant loss of SATB1
expression in AD iNs, rank rank hypergeometric order (RRHO) analysis confirmed the hypothesis
that AD iNs are transcriptionally closer to senescent SATB1-knockout neurons than to wild type
(WT) neurons (SupFig2.2E). Next, we examined the overlap in genes that were significantly
differentially expressed between both AD and CTL iNs and SATB1 KO and WT neurons, which
revealed 59 co-upregulated and 44 co-downregulated genes (padj < .05). GO analysis of
upregulated genes identified a significant enrichment of genes related to extracellular matrix
(ECM) reorganization, including metallopeptidases (ADAMTS5), collagenases (COL11A1), and
glypicans (GPC4). Thus, endogenous transcriptional activation of a neuronal senescence gene
expression profile is specific to aged human neurons and enriched in neurons from AD patients.
The neuronal senescence profile is characterized by functional genetic markers of senescence,
including increased CDKN family expression, ECM modification, and inflammatory gene
expression.

In response to aging-related stress, state transition towards senescence is known to be

deeply anchored in epigenomic landscape changes that establish senescence-associated gene
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expression. To assess if the increased expression of senescence genes in AD neurons is founded
in their epigenomes, we examined chromatin accessibility using assay for transposase-accessible
chromatin sequencing (ATAC-Seq) of PSA-NCAM purified iNs (n=10 AD; 11 CTL) and CpG DNA
methylation (DNAm) status using the lllumina MethylEPIC chip (n=8 AD; 8 CTL). Consistent with
their higher gene expression, ATAC-Seq revealed that senescence genes were markedly more
accessible in AD iNs, with an average of 31% more peaks per gene (Fig2.2D). Similarly, average
promoter DNAm in CTL iNs inversely correlated with expression on a gene-by-gene basis and
showed the expected overall negative relationship between promoter methylation and expression
of senescence genes (Fig2.2E). Interestingly, increased methylation of senescence gene
promoters in AD iNs appeared to be insufficient to dampen their expression, and AD samples
counterintuitively displayed an overall positive correlation of promoter methylation to gene
expression (Fig2.2E). At the same time, overall senescence gene promoter methylation was
largely similar in both groups (SupFig2.2F). Thus, as high promoter methylation is typically
associated with decreased expression (Moore, Le, and Fan 2013), these findings indicate a
disruption of gene regulation by promoter methylation in senescence genes of AD iNs. Next, to
specifically assess neuron-specific functions that are rooted in epigenetic and transcriptomic
changes, we filtered for all the genes that showed increased promoter ATAC-Seq accessibility,
lower promoter methylation, and increased RNA-Seq expression exclusively in the AD iNs but not
in fibroblasts from the same patients (n=1225 genes). We then performed GSEA, which revealed
that five of the top 20 enriched pathways were senescence-related terms, including Oxidative
Stress Induced Senescence, DNA Damage Induced Senescence, and the Senescence
Associated Secretory Phenotype (Fig2.2F). Consistently, many gene sets were shared with
ATAC-Seq data from SATB1-knockout neurons, further indicating a compromised neuronal
chromatin landscape (SupFig2.2G) (Riessland, et al. 2019). This notion is supported by analysis
of the replication-independent histone variant H2AFJ, which is preferentially upregulated in

senescent cells (Contrepois et al. 2017). H2AFJ transcripts as well as its associated gene targets
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were significantly upregulated in AD iNs (SupFig2.2H), and immunocytochemistry of H2AFJ
revealed significantly brighter H2AFJ staining in AD iNs (Fig2.2G). We next probed for potential
key upstream effectors in our ATAC-Seq data that had the potential to override DNAm marks and
drive senescent gene expression in AD iNs. We found that regions containing the binding motif
for the transcription factor ETS1 were significantly more open in AD iNs (Fig2.2H), and ETS1 is
known to drive expression of p16INK4a and bind both hypo- and hyper-methylated promoters in
replicative senescence (Ohtani et al. 2001; Hanzelmann et al. 2015). Thus, ETS1 is a tangible
example of a factor that can drive senescence gene expression despite increased promoter
methylation in human neurons (Fig2.2H).

Although we did not observe substantial senescence gene activation in fibroblasts and
used passage-equivalent lines in our experiments, telomere attrition during fibroblast passaging
might contribute to a compromised neuronal chromatin landscape. Therefore, we sought to
determine if iN senescence was independent of telomere attrition by measuring telomere content
by gPCR in PSA-NCAM purified AD and CTL iNs (n=9 AD; 9 CTL) across 22 population doublings
(passages 10-32). No significant difference in the rate of telomere attrition between AD and CTL
was detected in the fibroblasts (Fig2.2l). Likewise, the average absolute telomere content per
genome was unchanged (234 Kb in AD and 228 Kb in control iNs)(Cawthon 2002; O'Callaghan
et al. 2008). Another independent estimation of population doublings by CpG methylation
indicated no significant difference in doublings of iN or parent fibroblast lines (SupFig2.2l) (Koch
and Wagner 2013). Telomere shortening may occur in replication-independent scenarios upon
downregulation of the telomere factor POT1 and shelterin subunit TERF2; however, we observed
no difference in the expression of these two genes in AD and CTL iNs (SupFig2.2J) (Denchi and
de Lange 2007).

Taken together these data indicate that a compromised epigenetic landscape in AD iNs,
including relaxation of chromatin at senescence genes, upregulation of a senescence-related

histone, dysregulation of methylation at senescence promoters, and ETS1 transcription factor

70



binding, all contribute to the increased expression of senescence genes in AD neurons, and this
expression is independent of telomere attrition and not a ‘carryover’ of proliferative senescence

in parent fibroblasts.
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Figure 2.2: Senescence changes in the transcriptome and epigenome of aged AD
neurons. (A) Experimental schema. (B) GSEA of differential expression of AD and CTL in
four cell types - iNs (aged induced neurons n=35), iPSC-iNs (rejuvenated young neurons,
n=20), iPSCs (n=20), and fibroblasts (n=35) - indicates a significant enrichment exclusively
(g-value = .012) in AD iNs. (C) Volcano plot of genes used for GSEA in B in iNs. Genes
above the significance threshold (padj < .05, Log2FC >1) are colored red. (D) Histogram
of peaks averaged from 10 AD and 10 CTL iN samples across senescence genes,
including the transcription start site (TSS) and transcription end site (TES) and 2kb window
(left). Peak counts in senescence genes are significantly higher in AD iNs than in CTLs
(right); each point represents the number of peaks in a single gene in our senescence gene
list (MannWhitney test). (E) Increased promoter methylation is negatively associated with
senescence gene expression in CTL iNs and positively associated with expression in AD
iNs (n=8 AD; 8 CTL). (F) GO analysis of genes with low promoter methylation and high
expression in AD iNs. (G) H2AFJ is expressed significantly higher in AD iNs (right) and
shows significantly brighter staining by ICC (left); scale bar = 16 um. (H) The binding motif
for the transcription factor ETS1 is significantly enriched in open chromatin in AD (Target)
relative to CTL (Background) iNs. (I) There are no significant differences between telomere
erosion in AD and CTL parent fibroblast lines or in total telomere content, as measured by
gPCR. *p <.05, * p <.01.
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AD iNs mirror postmortem neuronal senescence of patient brains and present bona fide in vitro
markers of cellular senescence.

Because an increased fraction of NeuN-positive cells in the AD patient brains expressed
p16, and because the CDKN2A locus was more accessible and CDKN2A mRNAs for the p16
isoform were more abundant in AD iNs, we next sought to examine the p16 protein in our iN model
(SupFig2.3A). Consistently, a capillary Western blot analysis of protein extracted from PSA-
NCAM purified iNs confirmed increased p16 protein levels in AD iNs (Fig2.3A).
Immunocytochemical analysis showed that AD iNs had significantly more p16-positive cells and
a higher fluorescence intensity of p16 staining within the positive fraction (Fig2.3B). Notably, the
three-fold increase in the number of p16-postitive neurons in AD iNs over controls was remarkably
similar to what we observed in postmortem tissue, though the overall abundance of senescent
neurons was larger in vitro than in vivo by four-fold. These results suggest that iNs faithfully
recapitulate the senescence activation observed in NeuN-expressing cells in the AD brain and
that iNs can be used to model spontaneous neuronal senescence in vitro.

We next explored if AD iNs present classic biomarkers of senescence. First, we tested for
the common senescence marker senescence-associated beta galactosidase (BGal)(Moreno-
Blas, et al. 2019; Chow et al. 2019). Consistently, AD iNs were significantly more likely to be BGal-
positive than control iNs (Fig2.3C), and no increased BGal abundance was observed in parallel
fibroblast cultures (SupFig2.3B). Importantly, neuronal senescence appeared to be largely
independent of the number of BGal-positive cells in the fibroblast culture or the donor ages at
biopsy, as neither rate correlated with the fraction of BGal-positive iN cultures (SupFig2.3C). We
also observed no significant differences in senescence marker abundance when comparing sex
as a biological variable in our cohort (SupFig2.3D-E). As a secondary measure of BGal activity,
we used a C12FDG strategy that offers a fluorogenic readout of BGal activity that can be measured
via FACS. We observed clear population separation between C1," and C12” in PSA-NCAM* cells,

and AD iNs had a significantly larger C1, population than CTL lines measured in a subset of our
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cohort (n=8) (Fig2.3D). Because other characteristic features of senescent cells are increased
cytoplasmic and nuclear volumes (McHugh and Gil 2018), we extracted cellular volumes from
forward scatter area (FSC-A) data and measured the nuclear area of purified iNs by DAPI staining.
Indeed, FSC-A values were substantially higher (SupFig2.3F), and ROI-based nuclear areas were
significantly larger in AD iNs compared to controls (Fig2.3E), and AD nuclei tended to be larger
in post-mortem tissue, though not significantly (SupFig2.1E). Two common changes
accompanied by alterations in nuclear size in senescent cells are the loss of Lamin B1 in the
nuclear envelope and formation of senescence associated heterochromatin foci (SAHF). We
examined AD and CTL iN lines for these two markers but did not detect any differences in Lamin
B1 (SupFig2.3G) or the formation of SAHF (Data not shown); these markers may be more
common features of senescence in replicative cells.

We next sought to test if senescence markers were specific to aged neurons or if they
also appeared in young neurons from the same patients. Matched PSA-NCAM purified iPSC-iNs
from three AD patients from our cohort lacked BGal signal and p16 immunoreactivity (Fig2.3F-
G). Consistently, p16 mRNA was not detected in iPSC-iNs by RNA-Seq (Fig2.3H). These data,
together with the low level of senescent gene expression observed in iPSC-iNs (SupFig2.2D),
suggest that senescence activation is more likely to occur in aged neurons and that rejuvenated
fetal-like iPSC-iNs have lower rates of spontaneous senescence under baseline culture conditions

(Fig2.31).
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Figure 2.3: iNs present bona fide markers of cellular senescence. (A) AD iNs have
increased p16 protein measured by chemiluminescence in a capillary Western blot analysis
(n=9 AD; 9 CTL, unpaired t-test). (B) Example confocal images of p16 co-stained with Tuj in
PSA-NCAM-sorted iNs; scale bar = 16 um (left). AD iNs have a significantly increased
population and intensity of p16™ cells (right). (n=9 AD; 8 CTL, unpaired t-test). (C) Example
picture of PSANCAM-sorted iNs stained for SA-B-Gal and co-stained for mature neuron
marker NeuN (left); scale bar = 8 um. Quantification of BGal* rates in AD and CTL iN cultures
(right). (n=17 AD, 16 CTL, unpaired t-test). (D) Example FACS gating to separate C12" from
C12 cells (left). AD iNs have a significantly larger C12" population as indicated by a higher
geometric mean of C12 signal (right). (=4 AD; 4 CTL, unpaired t-test). (E) Example images
of CTL and AD nuclei stained with DAPI (left). AD iNs have increased nuclear area measured
by integrated DAPI signal (right). (n= 10 AD and 10 CTL patients, unpaired t-test). (F) Example
images of p16 and UNG:GFP in iPSC-derived AD iNs; scale bar = 16 um (left). Quantification
of p16 signal intensity in iPSC-derived AD iNs (right). (n=3 iPSC-iN; 3 iN, unpaired t-test). (G)
Example BGal staining in iPSC-iN cultures; scale bar = 8 um (left). Quantification of BGal*
rates in AD iPSC-iNs or fibroblast iNs (right). (n=3 iPSC-iN; 3 iN, unpaired t-test). (H) p16ink4a
is not expressed in iIPSC-iNs. (I) Senescent-like phenotypes manifest only in aged human
neurons, but young rejuvenated iPSC-iNs do not present senescence markers under baseline
conditions. * p <.05, ** p <.01, *** p <.001, **** p < .0001.
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Single-cell transcriptomics reveal a neuronal senescence trajectory that culminates in oncogenic
challenges and metabolic dysfunction in senescent-like neurons.

Similar to the aged brain, iN cultures from AD and CTL donors show a high degree of
heterogeneity with regards to various senescence markers. Thus, some genetic features specific
to the minority of senescent neurons might be masked in our initial bulk transcriptome data from
16 AD patients and 19 CTLs. To capture mosaic transcriptional features that describe the path
from normal to a senescent-like neuron, and to extract the key features of fully senescent neurons,
we performed single-cell transcriptome analysis of non-FACS purified AD and CTL iN cultures
(Fig2.4A). In this one case we opted to perform scRNAseq on unsorted cultures that contain a
mixture of iNs and unconverted fibroblasts, in contrast to all other previous experiments on PSA-
NCAM-purified neurons, to minimize the viability loss caused by flow sorting. We retrieved reliable
libraries from 29,515 cells (n=4 AD, 3 CTL, Table2.2), and we employed a partition-based graph
abstraction strategy to resolve transcriptional topology using Monocle3(Cao et al. 2019). UMAP
dimensionality reduction identified five transcriptionally distinct clusters in our dataset after filtering
for low quality cells (Fig2.4B, SupFig2.4A). As anticipated, we observed undifferentiated and only
partially converted fibroblasts that separated from successfully converted iNs based on UMAP
clustering. These were characterized by low expression of neuronal fate genes and high
expression of fibroblast fate genes (SupFig2.4B). Further, RNA trajectory analysis indicated a
clear differentiation continuum from fibroblast to neuron identity (SupFig2.4C), with one cluster
capturing fully converted iNs. Pseudo-bulk differential expression analysis between the fibroblast
cluster and iN cluster significantly correlated with the transcriptome profiles of bulk fibroblasts
versus iNs (SupFig2.4E), and the fraction of cells allocated to the iN cluster was also consistent
with the percentage of stringent PSA-NCAM-positive neurons typically observed during FACS
purification (SupFig2.4D). AD and CTL iNs differentiated at equal efficiencies, and there was no
significant difference in the correlation of AD or CTL iNs to fibroblast gene expression. Finally, we

assessed the transcriptional neuronal subtype identity within the iN cluster and, consistent with
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bulk data, we found that most iNs expressed glutamatergic or GABAergic markers but virtually no
dopaminergic, cholinergic, or serotonergic cells (SubFig2.4F).

Next, we sought to isolate senescent from non-senescent cells within the iN cluster by
assigning cells a senescent module score. On the pseudo-bulk level, AD iNs had a higher overall
senescence module score than CTLs, but no significant difference was detected in fibroblasts
(Fig2.4C, SupFig2.5A). We separated the top and bottom 15% of module-scored iNs to obtain
sen-high and sen-low bins and performed differential expression analysis (Fig2.4D). Sen-low and
sen-high iNs significantly differed in their expression of CDKN2A, indicating that our scoring
approach was successful (SupFig2.5B). Unbiased differential expression analysis of the sen-low
and sen-high populations revealed 865 genes that were significantly differentially expressed
(qvalue < .05); 644 upregulated and 221 downregulated in sen-high iNs (Fig2.4D, SupFig2.5C).
GSEA of these genes revealed that senescence in neurons is accompanied by decreased
expression of synaptic and neuronal functionality genes, indicating that in human neurons the
senescent state underlies compromised cellular functionality (Fig2.4E). Further, we detected
changes in gene sets for major metabolism pathways in senescent iNs, with a significant loss of
oxidative phosphorylation and TCA electron transport (Fig2.4E). Notably, senescent-like iNs
showed a significant gain in the expression of several functional gene sets, including genes
related to extracellular matrix organization, DNA damage repair pathways, and pro-inflammatory
SASP. Although these are all classic features of cellular senescence in other cell types, the
marked increase in SASP-related mRNA abundance in iNs was surprising. Importantly, this SASP
signature was absent from fibroblasts and occurred specifically in iNs from AD patients
(SupFig2.5F). We hypothesize that neurons themselves might secrete SASP factors, which could
explain the bystander effects observed in post-mortem AD brain tissues, and that senescent
neurons might trigger pro-inflammatory cascades in AD.

To evaluate molecular features specific to senescence in AD neurons, we contrasted AD

from control iNs that binned into sen-low and sen-high groups (SupFig2.5D). Interestingly,
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differential expression analysis detected more transcriptional differences between AD and control
iNs in the sen-high group (n=227 genes) than in the sen-low group (n=62 genes), and 36 genes
were shared between the groups (SupFig2.5D). Next, we examined putative functional protein-
protein interaction networks of genes upregulated in AD iN in sen-high and sen-low groups
separately. Two distinct networks were upregulated in sen-low: i) neuron development (including
terms related to morphogenesis, nephron development, and nervous system development), and
ii) metabolic changes (including nucleoside metabolism, ATP synthesis, and electron transport
chain). In contrast, sen-high AD iNs gained a pro-inflammatory transcriptional network, with a trio
of cytokine- and interleukin-related terms, as well as a significantly expanded network of metabolic
changes (Fig2.4F). This finding indicates that, in non-senescent neurons, AD iNs experience
initial metabolic changes and neuron development challenges that proceed to an expanded
metabolic reprogramming and inflammatory activation after senescence induction. To further
examine the senescence trajectory in aged human neurons, we employed reverse graph
embedding to order single cells along a pseudotime corresponding to increased CDKN2A
expression, allowing us to examine genes that changed across this trajectory and the relative
abundance of patient populations (Fig2.4G). Consistent with their increased senescence score,
AD iNs were overrepresented at late, high CDKN2A pseudotimes (Fig2.4H). In addition to
CDKN2A, CDKN1D and CDKN1C followed this trajectory of increased expression across
pseudotime. Notably CDKN1A was the exception, as its expression fell at late pseudotimes.
Interestingly, CDKN1A is known to be active early in senescence and to decrease during late
senescence when other genes such as CDKN2A become active, suggesting that this pattern is
maintained in senescence in neurons (Stein et al. 1999). Other genes that increased across
senescence pseudotime include potent inflammatory genes, including CXCL5/8, CST5, and IL7
(Fig2.4H, SupFig2.5E).

Finally, we sought to validate these results in an independently generated post-mortem

AD scRNAseq dataset (SupFig2.5G) (Morabito et al. 2021). We extracted 6,369 excitatory
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neurons from this dataset (4,725 AD, n= 11 and 1,644 healthy, n=7), as excitatory neurons are
reported to be the most prone to senescence-related changes in AD. Cells were then arranged in
pseudotime corresponding to increased CDKN2A expression, where we again observed an
overrepresentation of AD neurons at late, high-senescence pseudotimes. Likewise, inflammatory
gene expression, matrix-modifying genes, and co-expression of CDKN family members followed
a similar trajectory in post-mortem neurons as iNs. Differential expression analysis across
senescence pseudotime captured gene networks related to neurodegeneration and loss of
functional synaptic genes, as well as metabolic dysfunction with the loss of CAMP signaling
(SupFig2.5H). The prominent loss of synapse-related genes further suggests that senescent
neurons have impaired function both in vitro and in vivo. Thus, both a scoring and reverse graph
embedding approach identified increased senescence gene expression in AD iNs, suggesting
that early versus late senescence in neurons can be distinguished by initial metabolic and
oncogenic challenges that culminate in a pro-inflammatory response and metabolic

reprogramming in deep senescence.
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populations. (G) UMAP projection of iNs colored by their rank in pseudotime analysis
tracking the expression of CDKN2A. (H) Density plot of patient proportions across
CDKNZ2A pseudotime and gene expression changes across pseudotime.
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AD iN SASP-conditioned media triggers astrogliosis.

A minority of senescent cells can have an outsized impact on tissue homeostasis through
paracrine pro-inflammatory SASP molecules (Coppé, et al. 2010), and reactive astrogliosis is now
widely considered to be one of the defining pathological features of AD(Rodriguez et al. 2009).
Our single-cell RNA-Seq data indicate that deep neuronal senescence is characterized by a pro-
inflammatory SASP-related gene expression signature specifically in AD iNs, and we wondered
if AD iNs were capable of releasing SASP factors into the media, which could trigger astrogliosis.
We obtained CSF from a cohort of 184 patients (n= 102 AD, 82 NC) and separately prepared
conditioned media (CM) from six AD and six CTL PSA-NCAM-purified iN cultures. We measured
inflammation traces using a proximity extension assay based on oligonucleotide-linked antibodies
(Fig2.5A). Remarkably, 21 of the 40 overlapping probes showed the same direction of change
between AD and CTL patient samples from both CSF and iN CM samples, indicating that these
signaling factors were indeed released by neurons in an AD-specific manner (Fig2.5B, Table2.3).
Notably, AD patients’ CSF had increased levels of known SASP proteins, including CXCL5/6/9,
CCL23/11, IL7, and MMP10 (Basisty et al. 2020). CST5, an inflammatory factor recently
described to be active at the earliest stages following traumatic brain injury, was also upregulated
in both CSF and iN samples (Hill et al. 2018). Furthermore, three of the identified upregulated
proteins in AD CSF and AD iNs (MMP10, STAMBP, and EIF4AEBP1) were previously discovered
as AD biomarkers(Whelan et al. 2019). To directly assess if AD iN-derived SASP factors were a
sufficient source to trigger astrocyte reactivity, we exposed healthy ApoE3 homozygous primary
human cortical astrocytes, which expressed the appropriate receptors for our identified
inflammatory targets, to CM from AD and control iN cultures (Fig2.5A, SupFig2.6A-B,E-F).
Interestingly, both AD and control iN CM triggered an increase in GFAP* area, indicating that the
secretome of aged human iNs was sufficient to activate human astrocytes. Importantly, we
observed that the AD iN’s, but not fibroblast or iPSC-iN’s, CM initiated a hyperreactive state in

the astrocytes, which was evident from higher GFAP™ area and significantly brighter GFAP signals
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(SupFig2.6B-D). Although higher GFAP is associated with astrocyte reactivity, it is also expressed
in non-reactive astrocytes. To validate and further assess astrocyte reactivity in response to AD
iN-derived SASP factors, we assessed the transcriptomes of human astrocyte cultures by RNA-
Seq exposed to either control or AD iN CM. Differential expression analysis identified 1,071 genes
upregulated and 981 genes downregulated in astrocytes in response to AD iN CM (padj <.05,
abs[log2FC] > 1)(Fig2.5C). Genes known to characterize reactive astrogliosis were widely
upregulated following exposure to AD CM, including genes related to the cytoskeleton (nestin,
vimentin), metabolism (ALDOC, FABP7), chaperones (CRYAB), secreted proteins (C3,
Serpina3n, IL6), signaling receptors (NTRK2, IL17R), and downregulation of glutamate
transporters (EAAT1/2) (Fig2.5D) (Escartin et al. 2021). Interestingly, the most significantly
downregulated gene was TIMP3, a matrix metalloprotease inhibitor whose targets include
MMP10, one of the factors we identified as significantly increased in AD CSF and secreted by AD
iNs (Visse and Nagase 2003). Next, we mapped our data to single-cell RNA-Seq data from post-
mortem tissue astrocytes extracted from patients with or without AD pathology (Mathys et al.
2019). We found that 177 of the 537 genes that were differentially expressed (padj <.05, log2FC
> 1) in AD astrocytes in vivo were also significantly differentially expressed after exposure to AD
CM, including loss of glutamate transporters and synapse-related genes (SupFig2.6G).
Consistently, RRHO of the log2FC-ranked differentially expressed genes between AD and CTL
iN CM-treated astrocytes compared to postmortem astrocytes with or without AD pathology found
a 1.662-fold increase in control and a 1.625-fold increase in AD gene enrichment in response to
AD CM (Fig2.5F).

Because SASP factors can not only trigger inflammatory cascades but also elicit
bystander senescence in neighboring cells, we were curious if AD iN CM-treated astrocytes would
themselves enter a senescent state. To test this, we compared astrocyte transcriptome profiles
to non-senescent vs irradiation-induced senescent astrocytes (Limbad et al. 2020). Interestingly,

we found that 83% of the genes whose expression significantly changed after exposure to AD
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CM were also significantly differentially expressed in senescent astrocytes. Likewise, RRHO
indicated that AD CM-treated astrocytes appeared transcriptionally closer to senescent astrocytes
than non-senescent controls (1.21- and 1.2-fold enrichment, respectively) (SupFig2.6H).
Together, these results suggest that senescent human neurons can trigger neighboring neurons
as well as astrocytes to enter senescence in response to pro-inflammatory SASP factors that are
specifically secreted by AD iNs. Further, neuronal paracrine effects trigger a disease-related
reactive pro-inflammatory transcriptomic response and senescent astrocytic state that closely
mirror those of reactive astrocytes in the diseased human brain, including cytokine release, loss

of synaptic maintenance, changes in metabolism, and morphological changes (Fig2.5E).
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like neurons triggered a hyperreactive state in human astrocytes. (F) RRHO mapping
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p <.05, ** p<.01, *** p<.001, **** p <.0001.
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Senescence in neurons can be triggered by oncogenes and eliminated with senotherapeutics.

A wide variety of cellular stressors can trigger senescence, but whether these are
sufficient to induce senescence in neurons is largely unexplored. Our previous study found that
AD iNs experience an oncogenic challenge and de-differentiation stress, and oncogenic stress is
one of the most robust methods for senescence induction(Mertens, et al. 2021; Yaswen and
Campisi 2007). Therefore, we tested if overexpression of an oncogene could trigger oncogene-
induced senescence (OIS) in iNs. Following differentiation, iNs were transduced with a lentivirus
for the overexpression of KRasG12V:GFP, an oncogenic form of Ras used widely to trigger
senescence, or a GFP control virus (Fig2.6A) (Collado and Serrano 2010). After a week of
transgene overexpression, cells were fixed and stained for p16 and NeuN to assess activation of
senescence in neurons. Similar to reports in proliferating cells, Ras-induced iNs had significantly
higher amounts of p16-positive cells compared to GFP controls (Fig2.6B). Importantly, this
senescence activation was not accompanied by a loss of neuronal fate, and proportions of NeuN-
positive cells did not differ between Ras- or GFP-treated groups (SupFig2.7A). Further, we did
not observe the formation of SAHF in Ras-induced cells that are characteristic of OIS in
proliferating cells, indicating that a full DNA damage response (DDR) and consequent
establishment of heterochromatin lie downstream of p16 activation as has been
reported(Bartkova et al. 2006). However, it remains possible that longer Ras treatments could
culminate in DDR and SAHF formation in neurons. These results confirm that oncogenic Ras is
sufficient to produce a senescence response in neurons, and that OIS is a robust activator of
senescence in both proliferating and non-proliferating cells.

Clearance of senescent cells in the brain has beneficial effects in mouse models of AD
(Bussian et al. 2018; Musi et al. 2018; Zhang et al. 2019), and genetic elimination of senescent
cells alleviates age-related brain inflammation and cognitive impairment in mice (Ogrodnik et al.
2021). Pharmacological elimination using the senescent targeting drug combination Dasatinib

and Quercetin (D+Q) has provided similar results (Zhang, et al. 2019). Therefore, we tested
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whether PSA-NCAM-sorted AD iNs cultures were more sensitive to D+Q treatment than healthy
iN cultures. Indeed, iN cultures treated with the D+Q cocktail (0.5 — 1.5 uM) for 48 hours showed
significantly higher levels of TUNEL-positive neurons than CTL iNs exposed to the same
treatment (Fig2.6C-D). Although TUNEL-positive cells increased slightly in CTL cultures after
D+Q, the change was much less pronounced than in AD patient lines, and doses of D+Q above
1 uM could produce significant differences in apoptosis between AD and CTL lines. We observed
that an average of 6.2% of cells were removed at the highest tested concentration of D+Q, lower
than the average p16* cells in AD cultures, suggesting that full removal was incomplete and higher
doses of D+Q could be necessary to completely eliminate senescent iNs. However, 1.5 uM of
D+Q was able to lower p16 abundance in AD cultures to levels comparable to CTL cultures
(Fig2.6E). Taken together, these results suggest that senolytic drugs can specifically remove
senescent neurons and restore senescent neuron abundance in AD neurons to that of healthy

controls (Fig2.6F).
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Figure 2.6: Senescence in neurons can be triggered by oncogenes and eliminated
with senotherapeutics. (A) Ras overexpression experimental scheme. (B) Representative
image of Ras- or GFP-treated iNs and p16 staining (left). Ras-treated iNs are significantly
more likely to be p16™ than GFP controls (right). (n=8 biological replicates per condition,
paired t-test). (C) AD iN cultures experience a dose-dependent increase in number of
TUNEL" cells after exposure to senolytic cocktail dasatinib + 10 uM quercetin. (n=3 AD; 3
CTL, Two-way ANOVA). (D) Representative field of iN cultures from AD or CTL patients
treated with 1.5 uyM dasatinib + 10 uM quercetin. (E) AD cultures have significantly reduced
p16* cells after D+Q treatments that are comparable to CTL p16 levels (n=3 AD; 3 CTL,
One-way ANOVA). (F) Theory cartoon. * p < .05, ** p <.01, *** p <.001, **** p < .0001.
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Neuronal senescence manifests in impaired electrical activity.

Electrical activity and the transmission of information are the principal functions of
neurons. Entry into senescence typically results in impaired or altered cellular functionality, and
our scRNAseq dataset indicated that senescent neurons lost expression of functional neuron
genes. Therefore, we sought to test if senescent iN cultures had impaired electrical activity by
examining spontaneous neuronal spiking by multi electrode array (MEA). Senescence was
induced in aged iN cultures by p16INK4a overexpression, a strategy used to induce senescence
both in vitro and in vivo, and we confirmed senescence activation in iNs by measuring BGal rates
in p16 overexpressing cells relative to a GFP control (SupFig2.8A)(McConnell et al. 1998;
Azazmeh et al. 2020). PSA-NCAM-sorted iN cultures from an aged healthy individual were treated
with p16 or GFP control virus and synapsin:dsred to monitor cultures, and then cells were replated
onto polyornithine laminin-coated MEA plates with a feeder layer of support astrocytes (Fig2.7A).
Field potentials from iNs were recorded in media optimized to replicate physiological conditions
in the human brain (SupFig2.8B). Following a recovery period of two weeks while iNs re-
elaborated their dendritic network, GFP:iNs showed a robust increase in spontaneous activity as
assessed by mean firing rate, which could be specifically ablated by treatment with tetrodotoxin
(TTX) (Fig2.7B,D). However, p16:iNs did not recover electrical activity and had significantly lower
levels of spontaneous firing than controls by four weeks of recording (Fig2.7B,C). Notably, there
were no significant differences between spiking of GFP:iNs and p16:iNs when triggered to fire by
electrical stimulation (Fig2.7E), suggesting that the capacity to fire is preserved in senescent
neurons, but their spontaneous activity is decreased relative to controls under baseline,
unstimulated conditions. Taken together, these results confirm that a consequence of senescence
in neurons is impaired spontaneous firing, which could manifest as disruption in information

processing in the brain.
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Figure 2.7: Neuronal senescence manifests in impaired electrical activity. (A) Experimental
schema. Sorted iNs were treated with p16 or control lentivirus and cultured on multi electrode
array (MEA) plates for one month of recording (left). Example images of synpasin:dsred labeled
iNs on an MEA plate at 24 hours and one month after replating (right). (B) Ribbon plot of mean
firing rate of p16 or GFP iNs. The slope of activity change over time was significantly higher in
GFP than in p16-expressing iNs (n=18 recording wells for each condition. Two-tailed t-test). (C)
The cumulative mean firing rate across all 30 days of recording in GFP iNs was significantly
higher than p16 iNs. Measurements across all wells were averaged into a single point for a given
day. (n=30, paired t-test). (D) Activity of iNs could be ablated with treatment of 1 uM tetrodotoxin.
(n=18 recording wells, paired t-test). (E) There were no significant differences in the mean firing

rate of GFP and p16 iNs following electrical stimulation (Stim) (n=18 recording wells for each
condition, paired t-test).
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Discussion

The concept of cellular senescence has evolved substantially since its original formulation
as a proliferative arrest of human skin cells in vitro. The evidence of senescent cells across tissues
of aged animals highlights senescence as a conventional strategy for responding to age-related
stress in many cell types. Conversely, senescent cells have been observed early in development,
before extensive age-related changes have occurred, and recent studies have uncovered
functional roles of senescent cells in regeneration and in response to wound healing (Storer et al.
2013; Demaria et al. 2014). These observations suggest a coordinated and programmed cellular
state induced by senescence that is dynamic but tightly regulated. Indeed, current knowledge
favors a model where transient and controlled induction of senescent cells is adaptive but
accumulation or chronic persistence of these cells results in dysfunction. The explicit cause for
the increased prevalence of senescent cells late in life is still a subject of investigation, but it is
likely due to a variety of other molecular changes associated with aging, including epigenetic
changes, oxidative stress, DNA damage, and proteotoxic stress, all molecular hallmarks that are
also shared with neurodegenerative diseases like AD. Here, we report that there in an increased
burden of senescent neurons in the brains of AD patients, that we can model these cells in vitro
using an aged human neuron culture system, and that senescent neurons constitute a neurogenic
source of late-life brain inflammation in AD. The consequences of the presence of even a small
population of senescent neurons in advanced ages could be quite profound for brain function. A
single neuron can make many thousands of connections to its neighbors through extensive
synaptic networks, providing ample opportunity for SASP-mediated dysfunction to spread
(Mederos, Gonzalez-Arias, and Perea 2018).

Our observations of senescent neurons in the AD brain led us to examine senescent
features in aged AD neurons in vitro using iNs. Our characterization is consistent with a multi-

marker strategy recommended to identify senescent cells with more accuracy (Gonzalez-Gualda

92



et al. 2021). As in other cell types, senescence in neurons results in cellular dysfunction, including
reduced spontaneous activity. Reports of senescence in non-dividing cells have occasionally
come into conflict with the original conception of senescence as a state limited to proliferating
cells, yet cells exhibiting features of senescence have been reported in many non-dividing cell
types. Post-mitotic neurons are perhaps the most extensively reported non-dividing cell type to
exhibit senescence phenotypes, and they are largely associated with aging or disease-related
stress (Musi, et al. 2018; Jurk, et al. 2012; Riessland, et al. 2019; Chow, et al. 2019; Welch et al.
2022). We have shown that aged AD neuron cultures gain an inflammatory SASP that is capable
of triggering reactive astrogliosis and that the transcriptional changes observed in these
astrocytes resemble previously reported changes in post-mortem AD astrocytes. Much of the
literature surrounding senescence in the brain has identified astrocytes as the cell type that most
frequently presents features of senescence(Han et al. 2020). The SASP is known to induce
senescence in a paracrine manner in neighboring cells, and it is tempting to speculate that the
increased prevalence of senescent astrocytes in AD is due at least in part to a senescence-
triggering SASP released by nearby senescent neurons. Indeed, our AD CM-treated astrocytes
exhibit many of the transcriptional changes seen in irradiation-induced senescence in human
astrocytes from a previous study (Limbad, et al. 2020). Thus, a neurogenic, irreconcilable
inflammatory response driven by a minority of SASP-releasing neurons could be a potent source
of AD-related neuroinflammation seen even at the earliest stages of AD progression.

Ultimately, we show that p16-expressing iNs can be eliminated with a senolytic cocktail of
Dasatinib + Quercetin, reducing the number of p16-expressing cells in AD cultures to a level
comparable with CTL cultures. The removal of chronic or overabundant senescent cells from the
tissues of aged animals is generally associated with improvements in function and tissue
homeostasis, and genetic elimination of senescent cells improved cognitive function of mice late

in life, suggesting that targeting senescent cells in the AD brain for elimination could be a novel
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approach for slowing neuroinflammation and subsequent neurodegeneration in AD. However,
given the reports of senescent cells involved in wound healing and regeneration, we stress that
more experiments will be necessary to understand the contributions that senescent neurons make
to AD pathogenesis, or what the ultimate consequences of removing these neurons would have
on overall brain function.

There are many known triggers for senescence induction. Previously we reported that
induced neurons from our AD cohort had a loss of neuronal identity and appeared hypomature,
expressed many genes associated with cancer, and had metabolic changes resembling a
neoplastic Warburg shift (Traxler et al. 2022; Mertens, et al. 2021). These changes are especially
pronounced in the cells undergoing senescence in our system. Among other potential causes for
a senescence response preferentially in AD neurons, our data support the notion that de-
differentiation stress is sufficient to trigger enough of a cell cycle response in a subset of neurons
that they commit to the senescent phenotype, and cell cycle re-entry has been proposed as a
molecular feature of AD (Herrup 2010). Indeed, challenging healthy neurons with oncogenic Ras
produced a senescence response, implicating a common strategy of senescence activation in
both proliferating and non-proliferating cells to cancerous transformation. Early in life, during
wound healing and regeneration, transient senescence is beneficial, and recent studies suggest
that senescence activation late in life could be an attempt to re-activate the wound-healing
process (Wilkinson and Hardman 2020). For reasons that are not fully understood, during aging
this process goes awry and senescent cells persist and ultimately contribute to tissue dysfunction.
Therefore, there is also a possibility that neurons attempting to repair AD-related damage senesce
but, in the context of the aged brain, they are incapable of repairing the damage and eventually
contribute to an inflammatory feedback loop. Given the complexity of both the activation of
senescence and the senescent phenotype itself, more studies will be necessary to fully evaluate

senescence in neurons and AD.
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Encouragingly, cellular models like the iN system have given us access to otherwise
unreachable aged human neurons to directly evaluate the molecular basis for senescence in
these cells. There have been many proposed sources for the persistent neuroinflammation
observed in AD but, so far, the ultimate trigger has remained elusive. Here, we propose that a
higher propensity of AD patient cells to senesce and release paracrine triggers to neighboring
cells provides a plausible mechanism for AD neuroinflammation and pathogenic spread through
the cortex. Further, this model is consistent with epidemiological studies that have suggested that
AD patients have a lower incidence of cancer (Gillispie et al. 2021; Lanni et al. 2021; Li et al.
2014), where their senescing response could protect them earlier in life but be detrimentally
activated in neurons late in life. Our data indicate that senescing human neurons can be
specifically eliminated using senolytic drugs, suggesting that pharmacological removal of
pathogenic inflammatory neurons could be possible in the AD brain, and we suggest that ongoing
studies of senolytics that can cross the blood brain barrier should be evaluated for any effect on
cognitive impairment late in life. However, with the growing number of reports of a senescence-
like response in neurons, especially in the context of aging and disease, we think that it is prudent
for future studies to consider these cells as a novel therapeutic target for modulating
neurodegeneration.

Limitations of this Study

Fibroblasts to induced neuron conversions are heterogeneous and produce mixed
populations of successfully converted neurons and a subset of undifferentiated cells. Here we
used a FACS strategy to isolate neurons from unconverted fibroblasts, and we stress that pure
populations be used for evaluation of senescence in these cells as fibroblasts, which readily
senescence, have the potential to mask signal originating from neurons. Further, our p16
overexpression strategy produced a large proportion of senescent neurons which is likely larger

than proportions present physiologically in the brain. Finally, despite the relatively large size of
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our clinically characterized cohort there is the potential that our sample size might not fully

represent the entirety of AD patient diversity.
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Table T2.1: Clinically characterized cohort of AD and age-matched cognitively normal controls

(NC) to investigate senescence markers in prefrontal cortex.

PATHID BRAAK Group PATHDX1 AGE SEX
5628 1| NC Normal 80 | F
5567 1| NC Alzheimer’s changes 86 | M
5803 2 | NC Alzheimer neurofibrillary 103 | F
5699 2 | NC Alzheimer’s changes 92 | F
5662 2 | NC Alzheimer’s changes 93 | F
5589 2 | NC Alzheimer’s changes 94 | F

Primary Age-Related Tau

5864 2 | NC changes 96 | M

5709 2 | NC Normal 94 | M

5601 2 | NC Alzheimer’s changes 89 | M

5434 2 | NC Alzheimer’s changes 86 | M
Early/Mid

5835 3| AD Alzheimer’s disease 85 | F
Early/Mid

5816 3| AD Alzheimer’s changes 83 | F
Early/Mid

5784 3| AD Alzheimer’s changes 89 | F
Early/Mid

5808 3| AD Alzheimer’s changes 98 | M
Early/Mid

5836 4 | AD Alzheimer’s disease 93 | F
Early/Mid

5785 4 | AD Alzheimer’s disease 87 | F
Early/Mid

5837 4 | AD Alzheimer’s disease 90 | M
Early/Mid

5648 4 | AD Alzheimer’s disease 70 | M
Early/Mid

5620 4 | AD Alzheimer’s disease 86 | M
Early/Mid

5533 4 | AD Alzheimer’s disease 88 | M
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Table T2.2: scRNAseq QC parameters

# Input Cells per
patient 10,000
% cDNA
sequenced 25
Single
cell 3'
Chemistry v3
Culture Bulk iN cultures, 2x 6cm culture plates per patient, 3 weeks
Conditions NK, TrypLE to remove from plate
# samples
multiplexed 7
Total Genes
Dtected in at
least 1 cell 28553
#
reads  # reads total median Sequencing | cDNA
# cells Per for sample in genes Saturation | conc
Patient retained Cell library per cell (%) (ng/uL)
14096 4,597 19,886 91,321,949 672 6 64
8020 1863 15472 28,823,884 1436 5.7 14.1
3158 6065 14183 86021552 771 6.6 36.9
2608 3706 26063 96588981 1332 8.8 38.1
3093 2635 15974 42090751 1002 7.3 14.1
8149 5126 16655 85374880 1630 7.2 42.9
8150 5523 14955 74606223 1691 6.3 27.3
Average 4,216 17,598 72,118,317 1,219 7 34
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Table T2.3: Olink probes detected in iN supernatant samples.

p<.05 Presen.t in Absent f.rom
AD v CTL Aged iN Aged iN
Supernatant Supernatant
CCL2 IL8 IL2
CCL8 IL7 IL4
CCL20 IL17A IL5
CXCL6 CCL3 IL10
CSF1 CCL7 IL13
IL6 CCL11 IL20
IL18R1 CCL13 IL18
EIF4EBP1 CCL19 IL24
CASP8 CXCL1 IL33
STAMBP CXCL5 IL1A
KITLG CXCL10 IL17C
NT3 MMP1 CCL4
MMP10 CCL23
TGFA CCL25
TGFB1 ccL2l
VEGFA CXCL9
OPG CXCL11
CX3CLA1
TNF
IFNG
OSM
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Supplemental Figure S$2.1: (A) Prefrontal cortex (PCx) tissue contains more neuronal cell
bodies, as indicated by higher NeuN expression, and frontal white matter (FWM) contains more
glia, as indicated by higher GFAP expression (Wald test DESeq2, n=30 AD; 99 NC). (B) CDKN2A
expression increases during aging in the human PCx (red line = simple linear regression, t-test,
n=524). (C) Two neuron-rich brain regions, the hippocampus (Hip) and the temporal cortex (TCx),
trend higher in CDKN2A expression. (n=30 AD; 99 NC). (D) p16 clustering tends to be higher
adjacent to NeuN" nuclei (n=10 AD; 10 NC, unpaired t-test). (E) There was no significant
difference in nuclear area for all cells between AD and NC nuclei. **** p < .0001.
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Supplemental Figure S2.2: (A) Tet inducible system for the overexpression of NGN2 and ASCLA1
for iN conversion (UNA). (B) Representative images of fibroblast cultures prior to conversion and
iN cultures following 21 days of conversion from an AD and a CTL donor; scale bar = 16 um (C)
Example scatter plot and gating for FAC purification of iNs by PSA-NCAM (left). Percent yields of
PSA-NCAM" iNs did not differ between AD and CTL donors (right). (n=16 AD; 19 CTL, unpaired
t-test). (D) GSEA of senescence genes shows a significant enrichment in aged fibroblast iNs over
rejuvenated iPSC-iNs. (E) SATB1 expression is significantly decreased in AD iNs (left). RRHO
indicates that AD iNs are transcriptionally closer to SATB1 KO neurons than wild type (WT) cells
(right). (F) Absolute levels of promoter methylation of senescence genes is consistent between
AD and CTL iNs. (G) Density plot of enrichment FDR scores from GO analysis of ATAC peaks
shared between Riessland et al (Riessland, et al. 2019) and iN datasets. (H) H2AFJ and
downstream target genes are upregulated transcriptionally in AD iNs. (Wald test DESeq2) (I)
Estimation of population doublings by DNA methylation shows no differences between AD and
CTL donors for iNs or fibroblasts. (J) Expression of replication-independent telomere enzymes is
equivalent between AD and CTL iNs. * p < .05, ** p <.01, ** p <.001.
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Supplemental Figure S2.3: (A) Expression of full length CDKN2A, p14ARF, and p16INK4a
mRNAs in AD and CTL iNs. (B) Example image of SA-B-Gal stain in AD and CTL fibroblast
cultures (left); scale bar = 8 um. Quantification of B-Gal rates (right). (n=8 AD; 8 CTL, unpaired
t-test). (C) ANOVA analysis finds no significant relationship in BGal-positive rates in iNs based on
the age of the donor or the rates of BGal-positive cells in parent fibroblast cultures. (D)
Senescence marker rates and (E) gene expression show no sex-specific differences from patients
in our cohort. (F) Density plot of forward scatter area (FSC) in PSA-NCAM-positive cells indicates
a larger average FSC area in AD iNs. (G) AD and CTL iN cultures have equivalent levels of
LaminB1 (n=4 AD; 4 CTL, unpaired t-test, scale bar = 16 um). * p < .05, ** p < .01.
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Supplemental Figure $2.4: (A) Genes expressed across UMAP clusters and proportions of cells
within each cluster. (B) Expression pattern of neuron-related gene sets and fibroblast-related
gene sets indicates cluster 2 as bona fide iNs. (C) Pseudotime ordering of cells indicates a clear
differentiation trajectory from fibroblast to iN with the gain of NGN2 and ASCL1 and loss of
fibroblast genes such as collagenases. (D) UMAP with annotation labels for fibroblasts,
intermediate cells, and fully differentiated iNs (left). Marker gene expression in the 3 annotated
classes (right). (E) Correlation analysis of differential expression (DE) between fibroblasts and
iNs from bulk and single cell sequencing shows a significant overlap in gene expression changes.
(F) Estimation of neuron subtype by marker gene expression indicates a majority of glutamatergic
iNs with a small subset of GABAergic cells and rare instances of serotonergic, cholinergic, and
dopaminergic neurons.
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Supplemental Figure S$2.5: (A) Density plot of mean module score per cell in AD or CTL iNs
(left). Senescence module score in AD or CTL fibroblasts (right). (B) Density plot of sen-high and
sen-low groups across CDKN2A expression (left). CDKN2A is expressed higher in populations
with a high senescent score than in cells with a low senescence score (right). (C) Distribution of
sen-high and sen-low cells across iNs in UMAP space. (D) Differential expression analysis
between AD and CTL iNs in either sen-low or sen-high groups indicates a larger transcriptional
difference between high-sen cells. (E) Expression of CDKN family members and inflammatory
markers that increase across pseudotime are also upregulated at the pseudobulk levels in AD iNs
relative to control. (F) GSEA of SASP genes showed no enrichment in AD fibroblasts. (G) Density
plot of patient proportions across CDKN2A pseudotime in human post-mortem excitatory neurons
and gene expression changes across pseudotime. (H) Gene network analysis of differentially
expressed genes across CDKN2A pseudotime in human post-mortem excitatory neurons. ** p <
.01
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Supplemental Figure S2.6: (A) Representative image of primary human cortical astrocytes
staining positive for astrocyte markers GFAP and S100B; scale bar = 16 um. (B) Example images
(right) and quantification (left) of human astrocytes treated with CM from AD or CTL iN cultures
for 24 hours reveals increased reactivity as assessed by GFAP area and intensity (n=12 iNs; 3
astrocyte cell lines, unpaired t-test). (C) Human astrocytes treated with CM from AD or CTL
fibroblast cultures for 24 hours (n=12 fibroblasts, 3 astrocyte cell lines, unpaired t-test). (D) Human
astrocytes treated with CM from AD iN or AD iPSC-iN cultures for 24 hours (n=3 AD iN or iPSC-
iNs, 3 astrocyte cell lines, unpaired t-test). (E) Expression of relevant receptors to identified iN
cytokines in untreated astrocytes. (F) Pearson correlation of gene expression in untreated
astrocytes to a human brain cell atlas showed highest correlation to cells annotated as astrocytes.
(G) GO enrichment analysis of gene overlap from iN AD CM-treated and in vivo AD human
astrocytes. (H) RRHO of irradiation in induced senescent (IR) or non-senescent (NS) astrocytes
compared to AD or CTL-CM treated astrocytes. * p < .05, ** p < .01, *** p <.001.
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Supplemental Figure S2.7: (A) Representative images of Ras- or GFP-treated iNs and NeuN
staining (left). Ras-treated iNs had equivalent levels of NeuN+ cells as GFP-treated controls
(right); scale bar = 16 um. (n=8 biological replicates per condition, paired t-test).
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Supplemental Figure $2.8: (A) Example picture of p16- and BGal-co-positive iN (left). p16
overexpressing cells were significantly more likely to be BGal* than p16-negative cells (right);
scale bar = 8 um. (n=8 biological replicates, paired t-test). (B) Example MEA waveform from a
GFP:iN control well. * p < .05.

Chapter 2, in full, is a reprint of the material as it appears in: Herdy, J. R., Traxler, L.,
Agarwal, R. K., Karbacher, L., Schlachetzki, J. C. M., Boehnke, L., Zangwill, D., Galasko, D.,
Glass, C. K., Mertens, J., & Gage, F. H. (2022). Increased post-mitotic senescence in aged
human neurons is a pathological feature of Alzheimer's disease. Cell stem cell, 29(12), 1637—

1652.€6. https://doi.org/10.1016/j.stem.2022.11.010. The dissertation author was the primary

investigator and author of this paper.
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CONCLUSION

To advance human health and understand human disease, we need access to models
that allow us to study complex biological systems in a laboratory environment. Nowhere is this
need greater than for studying the human brain, which is fundamentally difficult to access. The
neuron is the individual coding unit in mammalian brains, which combined with billions of
neighbors produces cognition, consciousness, and behavior. A more complete understanding of
human neurons as the individual building blocks of the brain will then contribute to a greater
understanding of the system as a whole.

Here, | have utilized the technology developed in the field of cellular reprogramming to
generate human neurons derived from a skin biopsy using direct neuron transdifferentiation. In
Chapter 1, | present a streamlined and state-of-the-art iN protocol, which uses a combined
lentiviral vector and a pathway analysis derived small molecule cocktail to produce iNs from
human skin with high efficiency. In Chapter 2, | apply this technology to a cohort of healthy and
AD patient cells to produce age equivalent neurons to evaluate molecular markers of AD in aged
human neurons. Therein, | discovered a population of senescent neurons that have
neuroinflammatory and dysfunctional consequences for the aged human brain. My work shows
that iNs are a relevant in vitro system for modeling neuronal senescence and lays the foundations
for future work investigating how senescent neurons contribute to brain aging.

Senescence is a programmed cellular response that can be activated under conditions of
stress and culminates in a change of cell fate. When faced with irreparable damage, especially
during disease or chronic aging-related insults, cells can undergo apoptosis or shift to an
apoptosis-resistant senescent state. Our understanding of the conditions under which cells can
senesce has expanded dramatically since its initial discovery, changing our conception of
senescence from a narrow response to proliferative stress to a diverse general strategy for
mammalian cells to manage molecular damage and preserve tissue function and organismal

health. Unfortunately, in aged individuals, senescent cells often persist within tissues and
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ultimately contribute to tissue dysfunction. As evidence of the diversity of inputs that can trigger
senescence grows, the reliability of any one given feature to distinguish senescent from non-
senescent cells has become elusive. One challenging result has been the discovery of a
senescence state shift in non-dividing cells, chiefly neurons, which by definition were thought to
be incapable of experiencing the proliferative arrest hallmark of senescence. However, the results
| have gathered suggests that neurons are also capable of a senescent state shift. This senescent
state shift occurs more often in AD patients, placing senescent neurons at the threshold between
healthy aging and disease in the geriatric human brain.

Moving forward, my work cautiously advocates for the use of senolytics for treating AD.
Removal of neurons to treat neurodegeneration at first appears counterintuitive, but it is possible
that the outsized impact senescent neurons have on their niche through inflammatory signaling
and improper firing could mean their persistence is doing more harm than good, and removing
them could slow the neuroinflammatory and neurodegenerative process. Indeed, patients are
currently being recruited for clinical trials testing the D+Q cocktail in human patients to treat AD. |
also advocate for the continued use of iNs to study neuronal senescence and develop new
generations of neuron targeting senotherapeutics. As we advance our understanding of the
pathways necessary for neurons to senesce, we can develop more targeted therapies to slow or
reverse this process instead of resorting to the selective ablation of these cells entirely.

Currently, | anticipate the most important area of study for neuronal senescence is the
SASP. Many of the genetic risk factors associated with AD involve immune related genes and glial
reactivity, but how these changes manifest in neuronal degeneration or what are the initiating
inflammatory events in AD pathogenesis remain unclear. The persistence of a neuronal SASP
could link immune activation to a senescent neurogenic source, where an irreconcilable neuronal
SASP perpetuates a pathogenic astrocyte and microglia state that slowly degrades tissue
functionality until cells can no longer cope and begin to degenerate. The SASP is a highly

heterogenous response, however, so identifying the critical factors will be no small undertaking.
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Previous senescence literature has given us clues for likely candidates, and the consistencies of
other molecular markers of senescence in neurons, e.g. p16 and H2AFJ, support the idea that a
neuronal SASP might operate through a similar mechanism as proliferating cells. One rich area
for investigation is the contribution of LINE1 transposable elements to a SASP. LINE1
transposons have been found to be necessary for maintaining a long term SASP response by
providing a single stranded cDNA intermediate in the cytoplasm that maintains a cell autonomous
immune response. Neurons have perhaps the highest rate of transposon activity of any somatic
cell type. Therefore, it is possible that neurons rely on LINE1 for a chronic SASP response and
that intervening in this signaling cascade could eliminate a neuronal SASP.

One limitation of this thesis is that it relies on neurons grown in a monoculture environment
in the absence of other brain relevant cell types. Although we were able to model paracrine
interactions through the application of neuronal conditioned media, it is likely that cellular crosstalk
through physical cell-cell interactions is an important component of a neuronal senescence
signaling cascade. Future work should use more physiologically relevant cellular models, like 3D
cortical organoids, to examine the responses of other cell types to senescent neurons in a tissue
relevant environment. Exciting results in the development of these models has made this work
possible, and we are entering a new era of human in vitro culture systems that can take into
account multiple cell types in a single experiment.

In conclusion, aging in a complex and stochastic process that can result in many different
individual outcomes. As societies live to more advanced ages, learning to intervene in age-related
disorders will vastly improve the human healthspan. The work | have presented here is an attempt
to expand that knowledge, and | look forward to participating in continued investigation in this
area to promote healthy brain again and reduce the devastating impacts of late-life

neurodegeneration.
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