Ma et al. Molecular Neurodegeneration (2020) 15:61
https://doi.org/10.1186/513024-020-00411-6 Molecular Neu rodegeneration

Aging-relevant human basal forebrain ®

Check for

cholinergic neurons as a cell model for
Alzheimer’s disease
Shuaipeng Ma'*!, Tong Zang"*', Meng-Lu Liu'? and Chun-Li Zhang'*"

Abstract

Background: Alzheimer's disease (AD) is an adult-onset mental disorder with aging as a major risk factor. Early and
progressive degeneration of basal forebrain cholinergic neurons (BFCNs) contributes substantially to cognitive
impairments of AD. An aging-relevant cell model of BFCNs will critically help understand AD and identify potential
therapeutics. Recent studies demonstrate that induced neurons directly reprogrammed from adult human skin
fibroblasts retain aging-associated features. However, human induced BFCNs (hiBFCNs) have yet to be achieved.

Methods: We examined a reprogramming procedure for the generation of aging-relevant hiBFCNs through virus-
mediated expression of fate-determining transcription factors. Skin fibroblasts were obtained from healthy young
persons, healthy adults and sporadic AD patients. Properties of the induced neurons were examined by
immunocytochemistry, gRT-PCR, western blotting, and electrophysiology.

Results: We established a protocol for efficient generation of hiBFCNs from adult human skin fibroblasts. They
show electrophysiological properties of mature neurons and express BFCN-specific markers, such as CHAT, p75NTR,
ISLT, and VACHT. As a proof-of-concept, our preliminary results further reveal that hiBFCNs from sporadic AD
patients exhibit time-dependent TAU hyperphosphorylation in the soma and dysfunctional nucleocytoplasmic
transport activities.

Conclusions: Aging-relevant BFCNs can be directly reprogrammed from human skin fibroblasts of healthy adults
and sporadic AD patients. They show promises as an aging-relevant cell model for understanding AD pathology
and may be employed for therapeutics identification for AD.
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Background

The basal forebrain cholinergic system, located to the
front of and below the striatum, is the predominant
source of cortical cholinergic input [1]. Early and pro-
gressive degeneration of basal forebrain cholinergic neu-
rons (BFCNs) contributes substantially to cognitive
impairments of human patients with Alzheimer’s disease
(AD) [2, 3]. The importance of BFCNs in AD is further
demonstrated in animal models, the behavior of which
can be significantly improved through cell grafts [4, 5]
or treatments promoting BFCN function [6]. As such,
cell models of human BFCNs will be invaluable in un-
derstanding AD and identifying novel therapeutics.

BFCNs can be derived from embryonic stem cells
(ESCs) or induced pluripotent stem cells (iPSCs) through
sequential treatments with signaling molecules [4, 5, 7—
13]. However, neurons derived from ESCs or iPSCs are
young and do not exhibit aging-associated features [9, 14—
17]. These young neurons are advantageous in under-
standing neural development and for transplantation-
based therapies [4, 5, 7, 11, 12]. However, they may not be
appropriate as a cell model for late-onset neurodegenera-
tion, such as AD, a majority of which are sporadic without
any known genetic mutations. We and others have re-
cently shown that neurons can be directly reprogrammed
from skin fibroblasts of adult human patients [15-20].
These induced neurons do not pass through an age-
resetting progenitor stage and therefore retain aging-
associated features, such as DNA damages, chromatin
structures and nuclear organization, and increased bio-
marker of cellular senescence [15-17]. To date, however,
human induced BFCNs (hiBFCNSs) from adult skin fibro-
blasts have not been reported.

Here, we report a protocol for direct reprogramming
of adult human skin fibroblasts into electrophysiologi-
cally mature hiBFCNs. The reprogramming efficiency is
similar between fibroblasts of healthy and sporadic AD
patients. The reprogrammed neurons retain aging-
associated features. Our preliminary results further indi-
cate that hiBFCNs from sporadic AD patients exhibit
time-dependent TAU hyperphosphorylation and impair-
ment in nucleocytoplasmic transport. hiBFCNs may be
useful for understanding the molecular mechanisms and
discovering novel therapeutics for age-dependent pro-
gressive AD.

Results

Rapid and efficient generation of hiBFCNs from adult
human skin fibroblasts

We previously showed that human skin fibroblasts can
be directly converted into cholinergic neurons without
passing through a progenitor stage [18]. However, they
lack the expression of LHX8 (also known as LHX7 or L3
[21]) and GBX1, transcription factors crucial for BFECN
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specification [7, 12, 22-26]. We then examined these
two transcription factors in various combinations with
our original reprogramming factors (NEUROG2 and
SOX11) for cholinergic neurons [18]. Two days post-
viral infection (dpi), transduced cells were switched to
neuron-induction medium [18, 19]. Neuronal conversion
was monitored daily by live-cell fluorescence micros-
copy. Cells were replated at 14 dpi to remove most non-
reprogrammed fibroblasts and were seeded into
astrocytes-coated plates with maturation medium for
long-term survival (Fig. 1a).

Although induced neurons (iNs) could be obtained
from normal (NL) healthy patient fibroblasts, some of
them expressed HBY, a transcription factor specifically
expressed in spinal motor neurons. This was likely
due to a dominant role of NEUROG2 in motor
neuron specification [18, 27, 28], whereas SOX11 pro-
motes neuronal survival but not fate reprogramming
[18]. We next replaced NEUROG2 with ASCL1, since
both of them work as pioneer transcription factors
dominantly controlling gene expression and neuronal
fates [29, 30]. Furthermore, ASCL1" progenitors can
give rise to cholinergic neurons [23, 31-33].

Remarkably, a combination of the lentivirus ASCLI-
IRES-GFP-T2A-Sox11 and LHX8-IRES-GBX1 (hereafter re-
ferred to as ASLG) enabled a majority (> 90%) of the virus-
transduced adult NL fibroblasts (indicated by the co-
expressed GFP) to become TUJ1" and CHAT" neuron-
like cells at 28 dpi (Fig. 1b-d). During this conversion
process, cells rapidly changed their initially flat, spread-out
morphology to one with bipolar and multipolar processes.
They exhibited round or pyramidal somas, condensed nu-
clei, long axons, and multiple neurites (Fig. 1b, Add-
itional file 1: Figure S1A). Based on our prior experience
with human induced motor neurons (hiMNs) [16, 18, 19],
we also examined a polycistronic lentiviral vector, LHX8-
T2A-GBXI, so that both LHX8 and GBX1 would be
expressed roughly at an equal molar ratio. However, this
vector caused mass cell loss when examined at 4 dpi (Add-
itional file 1: Figure S1B) and produced very few neurons
at 28 dpi (Additional file 1: Figure S1C, D).

Immunocytochemistry showed ASLG-induced neurons
expressed markers for mature neurons such as neurofila-
ment 200 (NF200), MAP2, and synapsin 1 (SYN1) when
examined at 28 dpi (Fig. 1e, Additional file 2: Figure S2A).
They also expressed neuronal cell adhesion molecule
L1CAM (Additional file 2: Figure S2B). Importantly, more
than 90% of GFP* cells were stained positive for choline
acetyltransferase (CHAT) (Fig. 1b-d) and vesicular acetyl-
choline transporter (VACHT) (Additional file 2: Figure
S2C), two stereotypical markers for cholinergic neurons.

BFCNs are defined by their expression of neurotro-
phin receptor p75NTR and Trk receptors in addition
to cholinergic markers [34—37]. In the basal forebrain
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Fig. 1 Direct induction of BFCNs from adult human skin fibroblasts. a A schematic representation of the reprogramming procedure. b Confocal
images showing marker expression in hiBFCNs at 28 dpi. The virus-transduced cells are indicated by GFP fluorescence. Nuclei are counterstained
with DAPI and include hiBFCNs and the co-cultured astrocytes. Scale bar, 50 um. ¢ Quantification of the reprogramming efficiency and neuronal
purity. Cells were co-cultured with primary astrocytes and analyzed at 28 dpi (mean + SEM; n = 3 independent samples; 10 randomly selected 20x
fields per sample were examined). d-h Confocal images showing expression of the indicated markers in hiBFCNs co-cultured with astrocytes at 28
dpi. hiBFCNs do not express HB9 (h), a marker restricted to cholinergic motor neurons. Scale bar, 50 um. i Marker expression by gRT-PCR analysis.
Samples from fibroblasts, human brains, and hiMNs were used as controls. All gene expression was normalized to GAPDH

factor ISL1 (Fig. 1f, g, Additional file 2: Figure S2D).
ISL1 is the earliest marker of cholinergic fate neurons
and it forms complexes with LHX8 or LHX3 to en-
hance gene expression for cholinergic specification

p75NTR is colocalized exclusively with cholinergic
neurons [38, 39]. Immunocytochemistry showed that
the reprogrammed neurons expressed markers for
BFCNs, including p75NTR and the transcription
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[40-42]. More than 95% GFP* cells expressed ISL1
(Fig. 1c, g). On the other hand, these ASLG-induced
neurons did not express HB9 (Fig.1h), an exclusive
marker for cholinergic motor neurons as shown in
hiMNs [18, 19] (Additional file 2: Figure S2E). Based
on these above characteristics, we named the ASLG-
induced neurons as human induced BFCNs
(hiBFCNs). Fibroblasts from adult AD patients could
be similarly reprogrammed by ASLG into hiBFCNs
(Additional file 3: Figure S3).

The molecular properties of hiBFCNs were also exam-
ined by qRT-PCR (Fig. 1i). As controls, we included sam-
ples from human brains and fibroblast-converted hiMNs.
hiBFCNs showed robust expression of genes enriched in
neurons (MAP2, MAPT, CALBI) and BFCNs (ISLI,
NKX2.1, CHAT, VACHT, ACHE, TRKA), whereas the
motor neuron-specific marker HB9 was not expressed.
Due to contamination of non-converted fibroblasts in the
samples, expression of fibroblast-enriched genes (S10044,
VIM) was detected but much reduced in hiBFCN samples.

The electrophysiological properties of hiBFCNs

We used whole-cell patch-clamp recordings to exam-
ine the electrophysiological properties of hiBFCNs. A
total of 44 out of 54 recorded hiBFCNs fired repeti-
tive action potentials (APs) in response to depolariz-
ing current injections in current clamp mode when
examined at 49 dpi and beyond (Fig. 2a). Neuronal
capacitance, input resistance, and resting membrane
potentials were measured at 8.41+0.40 pF, 372.0+
72.57 MQ, and-31.37+2.60mV, respectively (Fig.
2b-d). The AP threshold and delay of the first spike
were — 30.14 + 0.845 mV and 260.6 + 44.68 ms, respect-
ively (Fig. 2e, f). The AP half-width, amplitude, and
frequency were approximately 8.48 +1.54ms, 87.46
3.27mV, and 3.68 £0.75Hz, respectively (Fig. 2g-i).
On the other hand, the maximum velocity of rise and
decay, and the after-hyperpolarization were 57.37 £
7.48V/s, -25.87+2.35V/s and -14.33+1.21 mV, re-
spectively (Fig. 2j-1).

In voltage-clamp mode, hiBFCNs showed typical in-
ward sodium currents and outward potassium currents
(Fig. 2m). The amplitudes of sodium currents (I,), A-
type potassium currents (), and delayed-rectifier potas-
sium currents (/;) were respectively — 1221 + 173.5 pA,
311.7£35.36 pA, and 852.6+1359 pA (Fig. 2n-p).
When injected with hyperpolarizing currents, voltage
sags were observed in hiBFCNs (Fig. 2q, r). The
hyperpolarization-activated currents (I;,), elicited by hy-
perpolarizing voltage steps under voltage clamps, were
about - 19.32 +4.54 pA (Fig. 2s, t). Together, these re-
sults show that hiBFCNs can become functionally ma-
ture exhibiting electrophysiological properties that are
typical for mature neurons.
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hiBFCNs retain aging-associated features

To examine whether directly reprogrammed hiBFCNs
maintain  aging-associated features, we derived
hiBFCNs from fibroblasts of young (Young) and old
(Old) human patients. The latter samples consisted of
fibroblasts from both aged NL and sporadic AD pa-
tients. The reprogramming efficiency, which was
about 92-94%, was similar between all these patient
cells (Fig. 3a). Interestingly, hiBFCNs from old pa-
tients had markedly fewer primary neurites, despite
no significant difference between NL- and AD-
hiBFCNs when examined at 51 dpi (Fig. 3b, c).

We performed single-cell analysis after immunocyto-
chemistry by using a set of molecular markers that were
shown to reflect age-dependent cellular characteristics.
These included yH2AX, trimethylated  H3K9
(H3K9me3), and heterochromatin protein 1y (HP1ly)
[14, 16, 43]. hiBFCNs were co-cultured with astrocytes
and analyzed at 51 dpi. Consistent with our previous re-
sults [16], hiBFCNs from older donors showed a much
larger number of YH2AX foci than those from younger
donors (p <0.0001; Fig. 3d, e), whereas the expression
level of H3K9me3 and HP1y was significantly reduced in
old than young hiBFCNs (p <0.0001 for HP1y and p =
0.0446 for H3K9me3; Fig. 3d, e). Very interestingly,
HP1y level was also markedly lower in AD than NL
hiBFCNs (p = 0.0162; Fig. 3f), indicating that it could be
a molecular marker for the diseased neurons. In con-
trast, hiBFCNs exhibited no disease-associated differ-
ences in terms of yH2AX foci per cell and the
expression level of nuclear H3K9me3 (Fig. 3f). Together,
these results indicate that hiBFCNs from older donors
indeed retain certain aging-associated features, consist-
ent with prior reports on other directly reprogrammed
neurons from human fibroblasts [14—17].

Relatively normal survival and soma size of AD-hiBFCNs
The survival of hiBFCNs was determined in co-culture
with wild-type mouse astrocytes, which were required in
general for neuronal growth and long-term culture.
After replating at 14 dpi, survived hiBFCNs were quanti-
fied at 21 and 28 dpi. Cell counts were then normalized
to the starting neuronal number for each sample at 14
dpi. The survival rates were heterogeneous among all
the human samples, ranging from about 24 to 76% at 21
dpi and 20 to 62% at 28 dpi (Fig. 4a, b). Statistical ana-
lysis failed to show a significant difference between NL-
and AD-hiBFCNs at both time points. Similarly, both
NL- and AD-hiBFCNs showed heterogeneous but not
significantly different soma sizes when analyzed at 51
dpi (242-373 um? Fig. 4c). These results indicate that
AD-hiBFCNs do not exhibit intrinsic deficits on cell sur-
vival or soma sizes.
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Fig. 2 Electrophysiological properties of hiBFCNs. a Representative AP waveforms recorded under the current-clamp mode for a hiBFCN
at 49 dpi. The black traces represent the precondition sweep and the sweep at the highest frequency. The red trace represents the
sweep immediately above the threshold. A total of 44 out of 54 recorded cells fired APs. b-d Intrinsic properties of the recorded
neurons from the indicated samples at between 49 and 55 dpi (mean + SEM; n=5 neurons for NL1, and n=13 neurons for NL2). e-l
Spiking characteristics of the APs for the indicated samples at between 49 and 55 dpi (mean +SEM; n=5 neurons for NL1, and n=13
neurons for NL2). m Representative sodium and potassium currents under voltage-clamp mode for a recorded hiBFCNs at 55 dpi. An
enlarged view of the boxed region is shown on the right. n-p Characteristics of ions currents for the recorded samples (mean + SEM;
n=5 neurons for NL1, and n=13 neurons for NL2). Iy, sodium current; /,, A-type potassium current; /, delayed-rectifier potassium
currents. g A representative voltage sag evoked by hyperpolarizing currents for a hiBFCN at 55 dpi. r Quantification of sag voltages for
the recorded samples (mean + SEM; n=4 neurons for NL1, and n=13 neurons for NL2). s Representative I, evoked by hyperpolarizing
voltage steps for a hiBFCN at 55 dpi. t Quantification of the /, currents for the recorded samples (mean + SEM; n=4 neurons for NL1,
and n=12 neurons for NL2)
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Fig. 3 hiBFCNs retain aging-associated features. a Conversion
efficiency for the indicated human fibroblast samples analyzed at 14
dpi. hiBFCNs were derived from young (2-3 years) and old (47-79
years) samples and co-cultured with mouse astrocytes (mean + SEM;
n=3717 GFP* cells for Young samples; n= 10,323 GFP* cells for NL
samples; and n = 8752 GFP" cells for AD samples). b Quantification of
primary neurite numbers per neuron for the indicated samples at 51
dpi (mean + SEM; n =361 cells for Young and n = 1052 for Old
samples; *p =0.0175). ¢ Primary neurite numbers per neuron for the
indicated samples at 51 dpi (mean + SEM; n =875 for NL and n =538
for AD samples; ns, not significant). d Representative confocal images
for marker expression in the indicated samples co-cultured with
astrocytes at 51 dpi. The profiles of DAPI* nuclei are outlined. Scale bar,
10 um. e Quantifications of marker expression for the indicated young
or old samples. Each dot represents a single cell (mean + SEM; yH2AX:
n =426 for Young, n= 1263 for Old, ***p < 0.0001; HP1y: n =139 for
Young, n =421 for Old, ****p < 0.0001; H3K9me3: n = 146 for Young,

n =243 for Old; *p = 0.0446). f Quantifications of marker expression for
the indicated NL or AD samples. Each dot represents a single cell
(mean + SEM; yH2AX: n =621 for NL, n =642 for AD; HP1y: n =200 for
NL, n =221 for AD, *p = 0.0162; H3KOme3: n = 243 for NL, n =93 for

AD; ns, not significant)

Aging-associated TAU hyperphosphorylation in AD-
hiBFCNs

AD-related tauopathy arises early in BFCNs and par-
allels cognitive decline [44, 45]. We examined phos-
phorylated TAU through western blotting and
immunocytochemistry by using the well-established
AT8 antibody [46-50]. We used age- and gender-
matched sample pairs cultured at the same time to
reduce the potential influence of biological variabil-
ities on phenotype. hiBFCNs were co-cultured with
primary mouse astrocytes. When examined by west-
ern blotting at 28 dpi, no marked difference was ob-
served for AT8 expression in NL- and AD-hiBFCNs
(Additional file 4: Figure S4A). Since we failed to ob-
tain enough hiBFCNs for western blotting at later
culture time points, we focused our analysis on im-
munohistochemistry. When examined at 52 dpi and
compared to the control NLI1-hiBFCNs (70 YR, fe-
male, APOE3/3), ADI-hiBFCNs (62 YR, female,
APOE3/4) showed much elevated hyperphosphorylated
TAU in the somas (p=0.0004; Fig. 5a, b). Interest-
ingly, this phenotype was delayed when comparing to
another sample pair from younger individuals, NL2-
hiBFCNs (47 YR, male, APOE3/3) and AD2-hiBFCNs
(47 YR, male, APOE3/4). The increased hyperpho-
sphorylated TAU phenotype in AD2-hiBFCNs was not
observed at the early time point 52 dpi (Fig. 5c, d);
but it was evident at 62 dpi and became even more
significant at 78 dpi (p =0.0298 for 62 dpi and p=
0.0078 for 78 dpi; Fig. 5e-h). In contrast to the dys-
regulated TAU phosphorylation in somas, neuritic
AT8 expression was similar in NL- and AD-hiBFCNs
(Additional file 4: Figure S4B, C).
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Time-dependent impairment of nucleocytoplasmic
transport in AD-hiBFCNs

TAU hyperphosphoration leads to disrupted nucleocyto-
plasmic transport (NCT) in AD neurons [51]. We exam-
ined NCT activity in hiBFCNs by using a well-
established reporter assay [15, 51, 52]. This reporter
(2Gi2R) consists of 2xGFP containing an NES sequence
(GFP-NES), an internal ribosome entry site (IRES),
followed by 2xRFP containing an NLS sequence (RFP-
NLS). GFP and RFP are localized in the cytoplasm and
nucleus, respectively, in cells with normal NCT activity;
however, such subcellular distribution of reporters will
be disrupted in cells with abnormal NCT (Fig. 6a). A
higher ratio of nuclear GFP to RFP (GFP,,./RFP ) rep-
resents disrupted NCT, whereas the nuclear to cytoplas-
mic GFP (GFP,,./GFPy) shows impaired protein export
and a lower ratio of the nuclear to cytoplasmic RFP
(RFP,,/RFP,y) indicates compromised protein nuclear
import.

The 2Gi2R reporter was introduced into hiBFCNs dur-
ing the initial reprogramming process. Neurons were co-
cultured with primary astrocytes until analysis by im-
munocytochemistry. Fluorescence intensity of the re-
porters in individual neurons was respectively measured
in the nucleus or cytoplasm based on DAPI staining
from confocal image sections. While no significant dif-
ferences were observed between NL- and AD-hiBFCNs
at the early 28 dpi (Fig. 6b), AD-hiBFCNs showed mark-
edly increased ratios of GFP,,o/RFP ¢ or GFPy,o/ GFPy
when compared to the control NL group (p = 0.0309 for
GFP,,/RFP,,c and p=0.0067 for GFP,,./GFP.y Fig.
6c, d). Conversely, the RFP,,,o/RFP.y ratios were signifi-
cantly decreased in AD-hiBFCNs than the controls (p <
0.0001 for RFP,,./RFP.; Fig. 6¢, d).To examine whether
such dysregulated reporter distribution might be due to

nuclear membrane breakdown, we treated 2Gi2R-
expressing hiBFCNs with leptomycin B (LMB), a potent
and specific inhibitor of nuclear exports. Time-lapse
live-cell confocal imaging and immunocytochemistry
showed that both NL- and AD-hiBFCNs robustly
responded to LMB treatments, indicating that these cells
had functional nuclear membranes (Additional file 5:
Figure S5A-E). Together, these results indicate that AD-
hiBFCNs exhibit time-dependent impairments of NCT
activities.

Discussion

BFCNs critically regulate brain function through pro-
jections to the cortex, hippocampus, and thalamus
[1]. Their dysfunction is an early hallmark of AD [2,
3, 53, 54]. Our direct induction of hiBFCNs from hu-
man patient fibroblasts provides a much-needed cell
model to understand their molecular and cellular
pathology in AD. These neurons retain certain aging-
associated features that are critical to understating
adult-onset neurodegenerative AD. Our proof-of-
concept study indeed reveals some potential defects
in hiBFCNs from AD patients. These include time-
dependent TAU hyperphosphorylation and dysfunc-
tional nucleocytoplasmic transport. Such preliminary
results warrant future studies with additional patient
samples. hiBFCNs especially those from AD patients
may also be employed to screen or validate small
molecules as therapeutics for AD.

The replacement of NEUROG?2 with ASCL1 is critical
for hiBFCN:ss, although both of them can work as pioneer
factors during neuronal reprogramming of fibroblasts
[55, 56]. We previously demonstrated that human skin
fibroblasts can be directly and efficiently converted into
cholinergic neurons by the combined actions of
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Fig. 5 Time-dependent TAU hyperphosphorylation. a Representative confocal images of marker expression in the indicated hiBFCNs at 52 dpi. Cell
soma and nucleus are outlined, respectively. Scale bar, 10 um. b Quantification of soma AT8 expression in the indicated hiBFCNs at 52 dpi. The dots
indicate single cells (mean + SEM; n =40 for NL1; n =41 for AD1; ***p =0.0004). c Representative confocal images of marker expression in the
indicated hiBFCNs at 52 dpi. Scale bar, 10 um. d Quantification of soma AT8 expression in the indicated hiBFCNs at 52 dpi (mean + SEM; n = 66 for
NL2; n=41 for AD2; ns, not significant). e Representative confocal images of marker expression in the indicated hiBFCNs at 62 dpi. Scale bar, 10 um. f
Quantification of soma AT8 expression in the indicated hiBFCNs at 62 dpi (mean + SEM; n = 39 for NL2; n = 25 for AD2; *p = 0.0298). g Representative
confocal images of marker expression in the indicated hiBFCNs at 78 dpi. Scale bar, 10 um. h Quantification of soma AT8 expression in the indicated
hiBFCNs at 78 dpi (mean + SEM; n =50 for NL2; n = 30 for AD2; **p = 0.0078)

NEUROG2, SOX11, and small molecules [18]. During
the reprogramming process, NEUROG2 acts as a pi-
oneer factor, whereas SOX11 facilitate fate transition
and promote neuronal survival and maturation [18,
55]. Approximately 80% of the NEUROG2 and
SOX11-induced neurons are motor neuron-like with
unique early expression of HB9, a key transcription
factor restricted to spinal motor neurons [18]. These
neurons can be further coerced into hiMNs with the
inclusion of ISL1 and LHX3, two transcription factors
critical for motor neuron development [57]. However,
when we combined NEUROG2 and SOXI11 with
LHX8 and GBXI, two factors essential for BFCNs [7,
12, 22-26], HB9" motor neuron-like cells were still
observed. Such a result clearly shows a dominant role
of NEUROG2 in motor neuron reprogramming. On

the other hand, replacing NEUROG2 with ASCL1
completely eliminated generation of HB9" cells and
produced hiBFCNs.

Without passing through a pluripotent stem cell
state, the direct reprogramming process for hiBFCNs
is rapid and efficient. When examined at 28 dpi,
more than 90% of those virus-transduced cells be-
come neurons expressing stereotypical markers for
BFCNs, such as CHAT, p75NTR, ISL1, and VACHT.
qRT-PCR results further confirmed BFCN lineage.
hiBFCNs become mature at 49 dpi and beyond, show-
ing typical inward sodium currents and outward po-
tassium currents and firing repetitive APs when
stimulated. They also show higher expression of
L1CAM and exhibit more mature cell morphology at
78 dpi.
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During early stage of the reprogramming process, cell
death is a main reason causing neuronal loss. Cell death
could be caused through apoptosis, necroptosis, and
other pathways [58, 59]. The replating step at 14 dpi,
which is important for partial purification of the
converted neurons, may also result in axotomy and sub-
sequent axonal degeneration and cell death [59]. Inter-
estingly, both NL- and AD-hiBFCNs respond similarly
to the reprogramming process and the replating proced-
ure, as we do not detect significant differences of cell
survival or soma size before 28 dpi. Nonetheless, the re-
programming procedure may be further optimized for
higher neuronal yield and purity in the future. Fibro-
blasts from different human patients also exhibit hetero-
geneity, which may lead to variable virus-transduction
efficiency, cell survival, and neuronal yield.

We and others have recently demonstrated that directly
induced neurons from adult human fibroblasts retain
aging-associated signatures, which could be erased if pass-
ing through a pluripotent stem cell stage [15-17]. Some of
these signatures include age-specific transcriptional and
epigenetic profiles and age-dependent changes on DNA
damage, chromatin structure, nuclear organization, and
nucleocytoplasmic compartmentalization. Retaining these

aging-associated features is critically important for under-
standing late-onset neurodegeneration such as AD, since
advanced age is the greatest known risk factor. Consistent
with other directly induced neurons [14-17], our
hiBFCN:Ss also retain certain aging-associated signatures as
their parental fibroblasts.

A disadvantage of directly induced neurons is their
limited number and heterogeneity. Unlike ESCs or iPSCs
which possess self-renewal ability, adult human fibro-
blasts become senescent after a limited number of pas-
sages. Directly induced neurons including hiBFCNs will
be better suited for single cell analyses, such as immuno-
cytochemistry, electrophysiology, and single-cell tran-
scriptomics and genomics. Because long-term survival
also requires co-culture with healthy astrocytes,
hiBFCNs and some other directly converted neurons
from adult human fibroblasts may not be well suited for
biochemical analysis such as western and northern blot-
ting. Directly induced neurons including hiBFCNs are
also heterogeneous, since their parental fibroblasts can-
not be single-cell cloned and be made isogenic through
gene-editing. On the other hand, such heterogeneity
may well resemble endogenous conditions in human pa-
tients. A good practice is to use age- and gender-
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matched sample pairs, as we have done in this proof-of-
concept study.

Conclusions

We established a protocol for the generation of aging
relevant BFCNs from adult human skin fibroblasts in-
cluding those of sporadic AD patients. To our know-
ledge, this is the first study in which direct lineage
reprogramming bypasses pluripotency and converts fully
differentiated adult somatic cells into electrophysiologi-
cally mature hiBFCNs. Our proof-of-concept study fur-
ther reveals that hiBFCNs show promises as a cell model
for understanding AD pathology, including tauopathy
and nucleocytoplasmic transport dysfunction. The avail-
ability of these cells may also facilitate therapeutics iden-
tification for AD patients.

Methods

Animals

Wild-type C57BL/6] mice were obtained from The Jack-
son Laboratory. All mice were housed under a con-
trolled temperature and 12-h light/dark cycle with ad
libitum access to food and water in the UT Southwest-
ern animal facility. All experimental procedures and pro-
tocols were approved by the Institutional Animal Care
and Use Committee at UT Southwestern.

Plasmid construction and lentivirus preparation

A third-generation, replication-deficient lentiviral vector
(pCSC-SP-PW-IRES-GFP) was used to express NEUROG
2-IRES-GFP-T2A-Sox11, ASCLI-IRES-GFP-T2A-Sox11,
ASCLI-IRES-Sox11, ISL1-T2A-LHX3, LHXS8-T2A-GBX1,
LHXS8-IRES-GBX1, ASCL1-P2A-NEUROG2-IRES-Sox11.
HEK293 cells (ATCC) were maintained in 10% FBS
DMEM medium (with 1% penicillin/streptomycin) with
5% CO, at 37°C. HEK293 cells were seeded at 3 x 10°
cells in 10 ml medium per 10-cm dish 24 h before trans-
fection. Lentiviruses were generated in HEK293 cells by
transient transfections with lentiviral vectors and the

Table 1 Human fibroblasts used in this study
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packaging plasmids (pMDL, VSV-G and pREV) at a mass
ratio of 4:2:1:0.5 (3pl PEI/ug plasmids) for third-
generation lentiviral vector (at 4 pg: 2pg: 1pg: 0.5pug
with 22.5ul PEI in 1 ml DMEM for 10-cm dish). The
2@Gi2R lentivirus was generated in HEK293 cells by tran-
sient transfections with lenti XEP.2GFP:NES-IRES-2RFP:
NLS and the packaging plasmids (psPAX2 and VSV-G)
at a mass ratio of 2:2:1 (3 pl PEI/pug plasmids) (at 10 ug:
10 pg: 5ug with 75pul PEI in 1 ml DMEM for 10-cm
dish). The mixture was incubated for 15 min at RT be-
fore adding to the culture. Medium was refreshed after
12h to 15h incubation. Viruses were collected at 24 h
and refreshed with new medium again for one more col-
lection at 48 h. These two collections were combined.
Lentiviral supernatants were cleared with 0.45 pm filter
and stored at 4 °C prior to cell transduction.

Human fibroblast culture

All human fibroblasts from either healthy controls or
sporadic AD patients with different APOE alleles were
purchased from the Coriell Institute for Medical Re-
search (Table 1). They were maintained in Fibroblast
Medium (DMEM containing 15% FBS and 1% penicillin/
streptomycin) with 5% CO, at 37 °C.

Neuron induction and culture

Direct lineage reprogramming was conducted according
to a previous protocol with some modifications [18, 19].
In brief, fibroblasts were seeded onto Matrigel-coated
culture vessels (4.8 x 10° cells per 24- or 48-well plate or
3x10° cells per 6-cm dish or 1x10° cells per 10-cm
dish) and cultured in Fibroblast Medium for 1 day. Then,
cells were transduced with lentiviral supernatants in the
presence of 8pg/ml polybrene. Fibroblast culture
medium was refreshed after overnight incubation. One
day later, these cells were switched into Reprogramming
Medium (C2 medium supplemented with 10 uM FSK
(Sigma-Aldrich), 1 pM LDN-193189 (EMD Millipore),
and 10 ng/ml FGF2 (PeproTech)). The C2 medium was

Sample Name Company Catalog ID Origin Age Gender Disease APOE isoforms
Y-1 Coriell GM00969 Skin 2 Years Female Apparently Healthy -
Y-2 Coriell GMO05565 Skin 3 Years Male Apparently Healthy -
NL1 Coriell AG11733 Skin 70 Years Female Apparently Healthy £3/3
NL2 Coriell AG12989 Skin 47 Years Male Apparently Healthy £3/3
NL3 Coriell AG07479 Skin 70 Years Female Apparently Healthy -
NL4 Coriell AG12934 Skin 77 Years Male Apparently Healthy £3/3
AD1 Coriell AG06264 Skin 62 Years Female AD £3/4
AD2 Coriell AG04402 Skin 47 Years Male AD £3/4
AD3 Coriell AG21158 Skin 69 Years Female AD £2/3
AD4 Coriell AG05810 Skin 79 Years Male AD £3/4
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composed of DMEM:F12:neurobasal (1:1:1), 0.8% N2
(Invitrogen), 0.8% B27 (Invitrogen), and 1% penicillin/
streptomycin. The Reprogramming Medium was half
changed every other day until 14 dpi. These cells were
dissociated with 0.05% trypsin for 3 min at 37 °C and re-
suspended in Fibroblast Medium to quench trypsin ac-
tivity. This cell suspension was then plated into a 0.1%
gelatin-coated culture dish on which contaminating fi-
broblasts could tightly attach. About one and a half
hours later, floating cells, which mainly consisted of in-
duced neurons, were collected by centrifugation at 400 g
for 3 min. Cells were resuspended into C2 medium and
centrifuged again to remove cell debris. Finally, induced
neurons were plated into primary astrocytes-coated
plates in Maturation Medium (C2 medium supple-
mented with 5 uM FSK, 10 ng/ml each of BDNF, GDNF,
and NT3 (PeproTech), 50 ng/ml NGEFB (PeproTech)).
Unless indicated otherwise, Maturation Medium was
half changed twice a week. For conversion efficiency cal-
culation, induced neurons were plated into primary
astrocytes-coated 96-well plates (at least three wells per
condition). Fourteen days after replating (at 28 dpi) in
maturation medium, cells were fixed and stained with
antibodies for GFP, TUJ1, CHAT, or ISL1. Nuclei were
counterstained with DAPIL.  The percentage of
TUJ1"GFP" cells among total GFP" cells was calculated
as conversion efficiency. The percentage of CHAT™
TUJ1" among TUJ1" cells was calculated as conversion
purity. The percentage of CHAT" or ISL1" cells among
total GFP" cells was also calculated. Human induced
motor neurons (hiMNs) were generated essentially as
described previously [19].

Immunocytochemistry

Cell cultures at the indicated time points were fixed with
4% paraformaldehyde (PFA) in PBS for 15 min at room
temperature, twice-washed with PBS, and then perme-
abilized/blocked for 1h in blocking solution (1 x PBS
containing 0.2% Triton X-100 and 3% BSA). Primary
antibodies (Table S1) in blocking solution were then
added and incubated overnight at 4 °C, followed by PBS
washing and incubation with Alexa Fluor-conjugated
corresponding secondary antibodies made in donkey
(Invitrogen, 1:500). Images were obtained with a NIKON
A1R confocal microscope. The mean fluorescence inten-
sity of AT8 staining in the cytosol or neurites of each
neuron was quantified using Image J.

Cell survival analysis

hiBFCNs co-cultured with primary mouse astrocytes
were used for survival analysis. Cortical astrocytes were
prepared as previously described with modifications [20].
Briefly, cortices were dissociated with a solution contain-
ing papain (10U/ml, with 1mM Ca®>* and 0.5mM
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EDTA) and 1% DNase for 20 min at 37 °C. Tissues were
pelleted through brief centrifugation and further dissoci-
ated using a pipette in FBS-containing medium. Cells
were passed through a 40 pm nylon strainer. The cell
mixture was spun at 400 g for 3 min and re-suspended
in growth media consisting of DMEM (Invitrogen) sup-
plemented with 10% FBS and plated into 0.1% gelatin
coated 75 cm? flasks. Media was exchanged every 3 days.
Endogenous mouse neurons and non-astrocytes were re-
moved by vigorous shaking and a few cycles of passa-
ging, freezing, thawing, and replating. hiBFCNs at 14 dpi
were replated into astrocyte-coated 96-well plates (sur-
vival analysis) or coverslip-containing 24-well plates (for
neuronal morphology analysis). Co-cultures were fed
twice a week with Maturation Medium. Under an AMG
EVOS digital inverted fluorescence microscope,
TUJ"GFP" cells within the entire well of a 96-well plate
in triplicate were quantified by a researcher blinded to
experimental groups. Cell counts were normalized to the
starting number of cells plated into each well. Survival
rate at 14 dpi for each cell line was set as 100%, to which
the subsequent survived cells at each time point were
normalized.

Quantitative RT-PCR (qRT-PCR)

hiBFCNs and hiMNs were cultured in Matrigel-coated
plates until the indicated time point. They were then re-
suspended through gentle pipetting with 0.5~ 1 ml cul-
ture medium to partially remove contaminating
fibroblasts. Cells were pelleted by 800 g x 5 min at 4°C
and lysed in TRIzol reagent (Invitrogen). Total RNA was
isolated by using a commercial kit (RNA Clean & Con-
centrator kits, ZYMO Research). Human brain total
RNA was purchased from Clontech (Cat#: 636530).
c¢DNA was synthesized from total RNA (50 ~ 100 ng per
sample) with the SuperScriptlIll First-Strand Synthesis
kit (Invitrogen). Real-Time PCR was performed with the
SYBR GreenER SuperMix (Invitrogen) on the QuantStu-
dio 5 Real-Time PCR System (Thermo Fisher). Primer
sequences are listed in Supplementary Table S2 and
their quality was assessed by the dissociation curve.
Relative gene expression was determined by using the
242 method after normalization to the loading control
GAPDH.

Nucleocytoplasmic transport

The 2Gi2R reporter-expressing lentivirus was included
during the reprogramming of fibroblasts to hiBFCNs.
Cells were replated onto astrocyte-coated and Matrigel-
treated coverslips. At the indicated time points, cells
were fixed with 4% PFA, followed by immunostaining
with antibodies against GFP, RFP, and TUJ1. Nuclei
were counterstained with DAPI For live-cell imaging,
cells at the indicated time point were maintained at
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37°C with 5% CO, under the Nikon AIR confocal
microscope system. The target cells were located under
a 60x objective and imaged as 0 min. Culture medium
was then replaced with prewarmed medium containing
50 nM leptomycin B (LMB). Cells were subsequently im-
aged every 10 min for a total of 1h, followed by fixation
with 4% PFA and immunocytochemistry. Images of sin-
gle confocal plane across the center of the nucleus were
obtained on the NIKON A1R confocal microscope with
a pinhole setting at 2.5. Because of the complexity of
neuron-astrocyte co-cultures, neuronal nucleus and
soma were manually defined by using the Image ] pro-
gram. The mean fluorescence intensity of GFP or RFP
was separately measured in the cytoplasm or nucleus of
hiBFCNs. The ratios of GFPuo/RFP e, GFPyyc/ GFPy
and RFP,,/RFP., were calculated by Microsoft Excel
and analyzed by GraphPad Prism 8.

Western blotting

hiBFCNs were co-cultured with astrocytes in Matrigel-
coated plates. As controls, generic human induced neu-
rons (hiNs) were produced through reprogramming
adult skin fibroblasts with the lentivirus expressing
ASCLI1-P2A-NEUROG2-IRES-Sox11. Reprogramming
Medium (C2 medium supplemented with 5pM FSK
(Sigma-Aldrich), 1 pM LDN-193189 (EMD Millipore),
1uM Dorsomorphin (EMD Millipore), 0.5uM A83-1
(Tocris), 3puM CHIR99021 (Selleckchem), 10 uM SB-
431542 (Selleckchem), 1 pg/ml laminin (Corning) and
10 ng/ml FGF2 (PeproTech)) was used for hiNs induc-
tion. hiNs were replated into Matrigel-coated plates at
16 dpi. Cells were maintained in Maturation Medium
(C2 medium supplemented with 5pM FSK, 10 ng/ml
each of BDNF, GDNF, and NT3 (PeproTech)). At the in-
dicated time points, cells were collected and lysed in
buffer composed of 50 mM Tris-HCI buffer (pH 7.5),
150 mM NacCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium
deoxycholate, protease inhibitors (Pierce), and Phos-
STOP (Roche). Protein concentration was measured by
the Bradford assay. Protein samples were separated by
12% SDS-PAGE and transferred to PVDF membranes.
After blocking in 5% nonfat milk in PBST for 1h at
room temperature, membranes were incubated over-
night with primary antibodies at 4°C. Horseradish
peroxidase-conjugated secondary antibodies (Jackson)
were applied, and the blots were developed with Pierce
ECL Western Blotting Substrate (Thermo-Fisher) or
Immobilon Western Chemiluminescent HRP substrate
(Millipore-Sigma). Antibodies are listed in Table S1.

Electrophysiology

Whole-cell patch-clamp recordings were made under
visual guidance using infra-red differential interference
contrast (IR-DIC) and GFP fluorescence to identify
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GFP™ cells. For analysis of intrinsic neuronal properties,
cells were maintained at 30 °C in a submersion chamber
with Tyrode solution containing 150 mM NaCl, 4 mM
KCl, 2 mM MgCl,, 3 mM CaCl,, 10 mM glucose, and 10
mM HEPES at pH7.4 (adjusted with KOH) and 300
mOsm. Whole-cell recordings were performed on in-
duced neurons using recording pipettes (approximately
5-9 MQ) filled with intracellular solution (0.2 mM
EGTA, 130 mM K-Gluconate, 6 mM KCIl, 3mM NaCl,
10 mM HEPES, 4mM ATG-Mg, 0.4 mM GTP-Na, 14
mM phosphocreatine-di(Tris) at pH7.2 (adjusted by
KOH) and 285 mOsm). Series and input resistance were
measured in voltage-clamp mode with a 400 ms, 10 mV
step from a-60mV holding potential (filtered at 10
kHz, sampled at 50 kHz). Cells were only accepted for
analysis if the series resistance was less than 30 MQ and
stable (< 10% change) throughout the experiment. Input
resistance ranged from 0.2 to 2 GQ. Currents were fil-
tered at 3 kHz, acquired and digitized at 10 kHz on a PC
using Clampex10.3 software (Molecular Devices). A
MultiClamp 700B amplifier (Molecular Devices, Palo
Alto, CA) was used for recordings.

Action potentials were recorded in current clamp
mode and elicited by a series of current injections start-
ing from —20 to 200 pA with 20-pA increments and
800-ms in duration. Sodium and potassium currents
were recorded in voltage-clamp mode in response to a
series of voltage steps ranging from - 60 to + 60 mV at
10-mV increments and 250-ms duration according to
standard protocols. Sag voltage was recorded in current-
clamp mode with hyperpolarizing current (- 80 to — 150
pA, 500 ms). I;, was recorded in voltage-clamp mode by
injecting voltage steps from - 110 to - 40mV with 10-
mV increments for 6s duration, and an average of 10
traces. In all voltage-clamp recordings, cells were
clamped at -60mV except during the voltage-step
protocol. In all current-clamp recordings, recordings
were made at resting membrane potential or without
any current injection except otherwise stated.

Data analysis was performed using Clamp-fit 10.3
software (Molecular Devices). The action potential
(AP) was analyzed as described previously [19]. The
AP trace immediately above threshold was used to
determine the delay of 1st spike as the length of time
from the start of current steps to the peak of AP.
The same AP trace was used to measure AP thresh-
old as the corresponding voltage when there was the
sharpest change of trace slope. The above-indicated
AP trace was also used to determine AP amplitude,
halfwidth, maximum velocity of rise, and decay slope
using the “Statistics” function from the “Analyze”
menu. AP frequency was obtained by dividing the
maximum number of spikes during the current steps
protocol with the step time duration (800 ms).
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Similarly, sodium and potassium currents were mea-
sured using the “Statistics” function. The biggest
current was used.

Statistical analysis

All experiments were performed at least twice in tripli-
cate unless otherwise indicated. Data were presented as
mean + SEM. One-way ANOVA or unpaired Student’s t-
test was used to calculate statistical significance in
GraphPad Prism. Significant differences are indicated by
*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.
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