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Background and Objectives: Cellular reprogramming in regenerative medicine holds great promise for treating patients
with neurological disorders. In this regard, small molecule-mediated cellular conversion has attracted special attention
because of its ease of reproducibility, applicability, and fewer safety concerns. However, currently available protocols
for the direct conversion of somatic cells to neurons are limited in clinical application due of their complex nature,
lengthy process, and low conversion efficiency.

Methods and Results: Here, we report a new protocol involving chemical-based direct conversion of human fibroblasts
(HF) to matured neuron-like cells with a short duration and high conversion efficiency using temporal and strategic
dual epigenetic regulation. In this protocol, epigenetic modulation by inhibition of histone deacetylase and bromodo-
main enabled to overcome “recalcitrant” nature of adult fibroblasts and shorten the duration of neuronal
reprogramming. We further observed that an extended epigenetic regulation is necessary to maintain the induced neuro-
nal program to generate a homogenous population of neuron-like cells.

Conclusions: Therefore, our study provides a new protocol to produce neurons-like cells and highlights the need of
proper epigenetic resetting to establish and maintain neuronal program in HF.
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Introduction lular reprogramming, regenerative medicine has emerged

as a strong candidate for developing therapeutic inter-
ventions for several brain disorders ranging from neuro-
degenerative diseases to traumatic brain injuries. However,

With recent developments in cell-based therapy and cel-

limited understanding of the tumorigenic potential of in-
duced pluripotent stem cell (iPSC) technology and stem
cell-based therapy prevents its adoption in clinical settings
(1, 2). While neural stem cell therapy continues to be ex-
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plored for its potential therapeutic application, its prog-
ress is often hindered by limited availability and uncer-
tainty about the fate of transplanted cells (3, 4). Moreover,
the transplantation of neurons or neural precursor cells
originating from suitable immunotype-matched donors is
extremely challenging (3).

Direct cellular reprogramming has emerged as an alter-
native therapeutic approach to overcome the existing limi-
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tations of stem cell-based therapy (1, 5). To bypass the risk
of tumorigenesis due to stem cell-based approaches, direct
reprogramming using lineage-specific transcription has
been attempted, which indeed possesses potential side ef-
fects owing to genetic manipulation by exogenic integra-
tion. To this end, direct reprogramming using small mole-
cules that specifically modify signaling pathways and epi-
genetics is being used to generate functional somatic cells
without genetic manipulation (5).

Small molecules have been successfully applied for re-
programming of different somatic cells to neurons because
of their ability to specifically target signaling pathways (5).
For instance, there are reports on small molecule-medi-
ated conversion of human astrocytes and fibroblasts into
functional neurons with a yield of up to 85% (6). For cell
therapy, fibroblasts are excellent starting cells for neuro-
nal reprogramming because of their easy availability and
application in patient-specific cell-based therapy (1). How-
ever, the clinical application of reprogrammed neurons ob-
tained from fibroblasts is often limited by low reprogram-
ming efficiency and the generation of a heterogeneous cell
population comprising non-converted fibroblasts (7). Alt-
hough the efficiency is higher in fetal fibroblasts, adult
fibroblasts are still refractory to transforming their identi-
ties under the same conditions, owing to hypermethylated
heterochromatin associated with the age of the donor (8).
On this note, heterogeneity seen during cellular reprogra-
mming can be attributed to the incomplete epigenetic re-
setting which leaves behind epigenetic memory of the starting
cell type (9, 10). Therefore, for the generation of a stable
reprogrammed cell state, chromatin remodeling plays a
key role in setting up of lineage-specific expression pat-
terns and restricting the expression of lineage-inappro-
priate master regulators (11).

To bring about epigenetic remodeling resulting in an eu-
chromatin state and thereby favoring somatic cells reprogram-
ming, a combination of different epigenetic modifiers such
as inhibitors against histone deacetylase (HDAC) histone
methyltransferase (HMT), and bromodomain (BET) are
widely used (12). Recent studies on cancer have highlighted
the importance of the synergistic effects of HDAC and
BET inhibitors for therapeutic applications (13, 14). The
use of dual HDAC and BET inhibitors to convert astrocytes
into neurons has been demonstrated (15). Therefore, we hy-
pothesize that the strategic use of these two inhibitors may
help in the rapid and efficient induction of neuronal pro-
gram in human fibroblasts and its maintenance thereafter
for generating matured neuron-like cells.

To validate this hypothesis, we used a cocktail of small
molecules comprising of dual HDAC/BET inhibitors along

with other signaling modulators, for the rapid and effi-
cient generation for matured neuron-like cells from hu-
man fibroblasts. This study demonstrates that a temporal
and strategic epigenetic regulation can enhance the re-
programming kinetics and generate a homogenous pop-
ulation of reprogrammed cells.

Materials and Methods

Cell and culture condition

Human foreskin fibroblasts were obtained from Millipore
(Catalog no. SCCO058). Cells were maintained as per the
protocol in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Thermo Fisher Scientific, Inc., Waltham, MA,
USA), 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher
Scientific, Inc., Waltham, MA, USA), and 1% penicillin-
streptomycin (P/S) (Welgene, Inc., Gyeongsan, Korea).

Pre-treatment of coverslips and protein coating for
cell culture

Glass coverslips were pretreated as previously described
by Richner et al. (16). In brief, the coverslips were washed
with detergent followed by washing with distilled water
(DW) six times for 30 mins each. After washing, coverslips
were dehydrated using 95% ethanol for 2 hrs before over-
night treatment with nitric acid. Thereafter, the cover
slips were washed 6 times with DW, 30 mins each, and
were UV sterilized. Before their use for cell culture, glass
coverslips were coating with 1 g/ml laminin (Sigma-
Aldrich, Inc., Saint Louis, MO, USA) in 1XPBS for 4 hrs.

Protocol for converting human fibroblast to neurons

Human fibroblasts were cultured on pretreated and
laminin-coated 12 mm coverslips at a seeding density of
25,000 to 30,000 cells per well of a 24-well plate in
DMEM, 10% FBS, and 1% P/S, one day prior to neuronal
induction. For the direct conversion of HF to neuron-like
cells, three different protocols were generated and tested.
In the protocol 1 of neuronal conversion, the seeded cells
in the first step were treated with a chemical cocktail con-
taining small molecules 0.5 ¢M JQ-1(+) (MedChem-
Express, Monmouth Junction, NJ, USA), 10 «M CHIR99021
(MedChemExpress, Monmouth Junction, NJ, USA), S «M
RepSox (MedChemExpress, Monmouth Junction, NJ, USA),
12.5 «M forskolin (MedChemExpress, Monmouth Junction,
NJ, USA), 10 «M Y276332 (MedChemExpress, Monmouth
Junction, NJ, USA), and 0.3 «M trichostatin A (TSA)
(MedChemExpress, Monmouth Junction, NJ, USA) in Neuro-
basal Plus media (Invitrogen, Thermo fisher, Waltham,
MA, USA). Additionally, the media was supplemented with
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10 ng/ml of brain-derived neurotrophic factor (BDNF)
(PeproTech, Cranbury, NJ, USA), 10 ng/ml of Glial Cell
Line-Derived Neurotrophic Factor (GDNF) (PeproTech,
Cranbury, NJ, USA), 10 ng/ml of Neurotrophin-3 (NT3)
(PeproTech, Cranbury, NJ, USA) and 0.5xB27 (Invitrogen,
Thermo fisher, Waltham, MA, USA). Two days of treat-
ment during the first step was followed by the next matu-
ration step which contained 12.5 #M forskolin, 5 «M
CHIR99021, and 10 ~«M Y27632, and growth factors such
as 10 ng/ml basic fibroblast growth factor (bFGF) (Pepro-
Tech, Cranbury, NJ, USA), 10 ng/ml BDNF, 10 ng/ml
GDNF, 10 ng/ml NT3, 0.5xB27 and 1xN; (Invitrogen,
Thermo fisher, Waltham, MA, USA) in Neurobasal Plus
media for four days.

The protocol 2 for the induction of neuronal program
and generation of homogenous neuron-like MAP*" cells
involved a two-step epigenetic resetting process. The first
step of neuronal induction (NI) was similar to the first
step of protocol 1 with BDNF, GDNF and 0.5xB27 re-
placed by 2 #M retinoic acid (RA) (MedChemExpress,
Monmouth Junction, NJ, USA) and 10 ng/ml bFGF. After
two days, the cells were treated with extended epigenetic
regulation (EER) media containing Neurobasal Plus sup-
plemented with small molecules such as 0.3 «M JQ-1(+),
S «M CHIR99021, and 10 M Y27632, and growth factors
which included 50 ng/ml Insulin Growth Factor 1 (IGF-1)
(PeproTech, Cranbury, NJ, USA), 10 ng/ml bFGF, 20 ng/ml
NT3, 100 M N°, 2-O-Dibutyryladenosine 3’, 5’-cyclic mo-
nophosphate (dbcAMP) (Sigma-Aldrich, Inc., Saint Louis,
MO, USA), and 1xN; for four days.

Protocol 3 was designed to generate MAP2"/NeuN™
AGLUT1" neuron-like cells from MAP2*/NeuN "~ cells gen-
erated from protocol 2. After the two-step strategic epi-
genetic regulation, the MAP2"/NeuN " cells neuron like
cells on day 6 were treated with neuronal maturation (NM)
media comprising Neurobasal Plus media supplemented
with small molecules such as 5 #M forskolin, 5 «M
Y27632, 2 1M SP600125 (MedChemExpress, Monmouth
Junction, NJ, USA), 0.5 #M dorsomorphin (MedChemEx-
press, Monmouth Junction, NJ, USA), 0.5 «M LDN193189
(MedChemExpress, Monmouth Junction, NJ, USA), and
growth factors such as 50 ng/ml IGF-1, 20 ng/ml BDNF,
NT3 10 ng/ml, GDNF 20 ng/ml, 100 «M dbcAMP, 1Xx
L-Glutamax (Gibco, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), 200 mM Vitamin C (Sigma-Aldrich,
Inc., Saint Louis, MO, USA), Laminin 1 zg/ml (Sigma-
Aldrich, Inc., Saint Louis, MO, USA) and 1XxN; supplement.

Conversion efficiency and neuronal purity
Conversion efficiency was calculated as previously de-

scribed (15). Briefly, we randomly selected 4~6 view fields
for each sample on day two post neuronal induction using
an Olympus IX-51 microscope and counted the total num-
ber of TU]1+/DAPI and DCX"/DAPL The conversion ef-
ficiency was calculated as the ratio of TUJ1"/DAPI cells
and DCX"/DAPI to the initial number of seeded cells in
each visual field. The neuronal purity represents the per-
centage of MAP2" cells on day six in total cells stained by
DAPI (15). Quantitative data are presented as the mean=
SEM of at least three independent experiments.

RNA isolation and cDNA synthesis

Cells were harvested from three wells of 24-well plates
at the indicated time points, and total RNA was extracted
using RNeasy Mini Kit (QIAGEN, Hilden, Germany), for
a total of 50~100 ng/ 11 of pure RNA. The isolated RNA
had an A260/A280 ratio between 1.8 to 2.1, which in-
dicates RNA purity. The isolated RNA was stored at —8
0°C. For cDNA synthesis, a One-Script® c¢DNA Synthesis
Kit (abm, Vancouver, Cananda) was used to convert 2 xg
of RNA to cDNA in a total reaction volume of 20 1.

RT-qPCR analysis

RT-gPCR was performed using SYBR Green PCR
Master Mix (Bio-Rad, Bio-Rad Laboratories, Inc., Hercules,
CA, USA) on a Bio-Rad Prime PCR instrument. The qRT-
PCR conditions were 40 cycles of 30 s at 95°C, 15 s at
60°C, and 15 s at 72°C. The primers used in these studies
are listed in Supplementary Table S1.

Immunostaining

For cell staining, cultures were washed twice with 1x
phosphate-buffered saline (PBS) (Welgene, Republic of
Korea) and fixed in 4% formaldehyde (Sigma-Aldrich,
Inc., Saint Louis, MO, USA) in PBS for 15 min at room
temperature. The cells were then washed thrice with 1Xx
PBS and permeabilized with 0.1% Triton-X-100 (USB
Corporation, OH, USA) in PBS for 10 min at room
temperature. The cells were washed thrice with 1XPBS
and blocked with a blocking solution containing 1% bo-
vine serum albumin (BSA) (Amresco, France), 22.52 mg/ml
glycine (Affymetrix, CA, USA), and 0.1% Tween 20 (Affy-
metrix, CA, USA) in PBS for 60 mins. Subsequently, the
cells were incubated with primary antibodies diluted in
dilution solution containing 1% BSA (Amresco, France)
and 0.1% Tween 20 (Affymetrix, CA, USA) overnight at
4°C. The cells were then washed thrice with 1X PBS con-
taining 0.1% Tween-20 (PBST) and incubated with secon-
dary antibodies for 2 h at room temperature. Cells were
then washed thrice with PBST and incubated with 1 #g/ml
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DAPI (Sigma-Aldrich, MO, USA) for 5 min at room tem-
perature to stain the nuclei. The samples were subsequen-
tly visualized using a fluorescence microscope (IX71S1F3,
Olympus, Japan). All antibodies used in this study are list-
ed in Supplementary Table S2.

Calcium staining

Calcium imaging was performed on MAP2*/NeuN"/
vGLUT1™" neuron-like cells derived from human fibroblast
using Rhoda-2-AM (Sigma-Aldrich, Inc., Saint Louis, MO,
USA) at a concentration of 2 M. Imaging was performed
in Live-Imaging Solution (Invitrogen, Thermo Fisher Scie-
ntific, Inc., Waltham, MA, USA). Images were acquired
at 30 frames/s using a scientific CMOS camera. The mi-
croscope was controlled by Micro-Manager software and
the image processor Image]. The samples were visualized
using fluorescence microscopy (IX71S1F3, Olympus, Tokyo,
Japan). Changes in fluorescence were measured for in-
dividual cells, and the average of the first 10 time-lapse
images for each region of interest (ROI) was defined as
the initial fluorescence (F).

Results

Chemical cocktail containing dual HDAC/BET
inhibitors induces neuronal programming in human
fibroblasts

Current protocols for generating neurons from fibro-
blasts exploit the reprogramming potential of epigenetic
modifiers using inhibitors against HDAC or BET alone
(7, 17-21). The use of dual HDAC/BET inhibitors instead
of using one inhibitor for reprogramming human somatic
cells into neurons has been demonstrated to induce epi-
genetic plasticity in human adult astrocytes, which re-
sulted in improved neuronal conversion (15). Therefore,
we hypothesized that human fibroblasts that resist neuro-
nal reprogramming like human adult astrocytes do, could
show improved neuronal efficiency upon application of
dual HDAC/BET inhibitors.

For our study, we used human fibroblast (HF) cells, the
identity of which was confirmed by in-house characte-
rization. The staining results indicated that the HF cells
did not contain any neuronal contaminants (Supplementary
Fig. SIA and S1B). To prove our hypothesis regarding the
rapid and efficient generation of neurons by applying the
dual epigenetic regulation strategy, we developed a small-
molecule chemical cocktail with dual HDAC/BET in-
hibitors, comprising HDAC inhibitor trichostatin A (TSA),
and BET inhibitor JQ-1(+). In addition, we supplemented
these epigenetic modifiers with other small molecules re-

ported to promote neuronal reprogramming (7, 18), such
as forskolin (cAMP activator), CHIR99021 (WNT activa-
tor), Y27632 (ROCK inhibitor), and RepSox (TGF-b in-
hibitor), constituting a cocktail referred to as 6C (Fig. 1A).
HF cells treated with 6C cocktail along with growth factors
BDNF, GDNF, NT3, and 0.5xB27 (Neuronal induction of
protocol 1, Fig. 1A) generated a morphological change over
a period of two days, showing a shrinkage of the soma and
loss of fibroblast-like morphology (Day 2, Fig. 1B).

The ability of these six small molecules to induce neu-
ronal reprogramming was confirmed by the presence of
the early neuronal markers TUJ1 and DCX on day two
with an efficiency of 88+4% and 71+3% respectively (Fig.
1C and 1D). Furthermore, real-time quantitative PCR
(RT-qPCR) analysis showed upregulation of genes related
to neuronal reprogramming and downregulation of fibro-
blast-associated markers (Fig. 1E and Supplementary Fig.
S1C).Taken together, our data demonstrate that the usage
of two epigenetic modifiers together in combination with
small molecules to modulate signaling pathways could rap-
idly and efficiently induce neuronal programming.

Role of individual epigenetic modifiers in neuronal
induction

The use of 6C with dual HDAC/BET inhibitors in-
stigated rapid and efficient induction of TUJ1*/DCX*
cells after two days of treatment. To highlight the im-
portance of this temporal dual epigenetic regulation used
in the first step, we compared the arrival of DCX ex-
pression after two days of treatment with the complete
cocktail to the cocktail with only one or none of the epi-
genetic modifiers. Only bFGF was supplemented to the
media to ensure the cell survived under the exposure of
aforementioned small molecules (22). The removal of any
of the epigenetic regulators significantly affected the neu-
ronal induction efficiency of the cocktail as evident by the
number of DCX" cells and the change in the morphology
of cells generated after two days (Fig. 2A and 2B). TSA
was found to be the key regulator as its removal resulted
to a significant drop in neuronal reprogramming effi-
ciency with only 8+4% cells showing DCX expression.
The removal of JQ-1(+) from the 6C cocktail resulted to
a reprogramming efficiency of 34+9% which is nearly half
of DCX " cells generated by 6C cocktail, 67+2% (Fig. 2C),
when treated only in the presence of bFGF. Furthermore,
the neuronal reprogramming efficiency in the absence of
both the epigenetic modifiers was found to be 11+5% and
the number of DCX" cells in the media control was
negligible. Taken together, our results highlight the im-
portance of each of the epigenetic modifiers in the cocktail
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Fig. 1. Dual HDAC/BET inhibitors for the induction of neuronal programming. (a) Schematic design of protocol 1 for the neuronal conversion
of human fibroblast into neurons. (b) Bright-field images showing the morphological changes of cells over six days using neuronal induction
and neuronal maturation protocol. Scale bar, 100 «m. () TUJ1 and DCX immunostaining of human fibroblast cells after two days of
exposure to 6C. Scale bar, 100 m. (d) Neuronal induction efficiency two days after the treatment with 6C cocktail normalized to control
human fibroblast culture on day zero. (e) mRNA levels of key genes related to neuronal reprogramming as assessed by RT-qPCR on day
two. (f) Neuronal purity on day six as percentage of MAP2" cells. (g TUJ1 and MAP2 immunostaining on day six after treatment with
6C and FCY. Scale bar, 100 zm. (h) NeuN and MAP2 |mmunosta|n|ng on day six after treatment with 6C and FCY. Scale bar, 100 zm.
The merge image shows the overlap of neuronal markers with the nucleus stained by DAPI. Statistical differences were examined by student’s
t-test, **p<0.001, and ***p<0.0001.

NM Day 6
NM Day 6

and demonstrated a preliminary level of evidence of the Removal of epigenetic regulator after two days of
synergistic effect of dual HDAC/BET inhibition for the induction generates small pool of early neuron-like
rapid and efficient induction of neuronal program. cells

Upon TUJ1 and DCX expression after two days of 6C
treatment, we introduced another step of neuronal matura-
tion for the maintenance and maturation of induced early
neurons (Fig. 1A). In an attempt to generate matured neu-
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Fig. 2. Role of individual epigenetic modifiers in neuronal induction. (a) Representative bright-field image of induced human fibroblast
cells to investigate the role of epigenetic regulators by individually removing them from 6C. Scale bar, 100 £m. (b) DCX immunostaining
of the human fibroblast cells treated with complete 6C cocktails and when epigenetic modifiers are removed from 6C cocktail, Scale bar,
100 /2m. The figure shows the overlap of DCX and DAPI. (c) Neuronal induction efficiency determined on day two post neuronal induction
normalized to control human foreskin culture day. Statistical differences were examined by one way ANOVA with Dennett’s post hoc

test, **p<0.002, and ***p<0.001.

rons from TUJ1*/DCX" induced early neurons, we adopt-
ed a reduction approach by removing the chemicals from
the 6C cocktail. In addition to removing the epigenetic
modifiers because of their ability to induce toxicity, we re-
moved RepSox because of its known role in promoting Sox2
expression during the formation of a pluripotent stage (23).
The resultant maturation cocktail comprising forskolin,
CHIR99021, and Y27632 (FCY) promoted cell survival,
with few cells showing typical neuron-like morphology (D6,
Fig. 1B) with an abundance of non-reprogrammed, fibro-
blast-like cells. The neuronal purity after six days, defined
by the percentage of MAP2™, was found to be approx-
imately 19+5% along with the expression of pan-neuronal
marker TUJ1 (Fig. 1F and 1G). However, the expression
of another mature marker, NeuN, was negligible after

six-day treatment (Fig. 1H). A detailed morphological anal-
ysis of the cells at day 6 revealed that most MAP2™ cells
lacked proper neurite extension (Fig. 1G). Moreover, an ex-
tended incubation with FCY beyond day 6 did not improve
the neuronal morphology (Supplementary Fig. SID). These
results suggested the requirement for a modification in the
chemical cocktail to generate a homogenous population of
mature neuron-like cells.

Extended BET inhibition is required for the
maintenance of neuronal program

Since the FCY treatment in the second step of protocol
1 generated neurons with very low purity, we investigated
numerous other chemical combinations for their ability to
maintain neuronal maturation and purity beyond the in-
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duction state (Supplementary Fig. S2). Interestingly, one
condition containing JQ-1(+) was found to be effective in
promoting neurite extension and maintaining the purity.
These results suggested the requirement of an extended
epigenetic remodeling (ERR) for the sustenance of the
neuronal program and preventing the generation of non-
reprogrammed cells. Hypothetically, the epigenetic regu-
lation in the first induction step of two days in the proto-
col 1 was sufficient to trigger gene expression responsible
for neuronal induction, but those involved in the neuronal
maturation were not optimally expressed and the epigenetic
resetting favoring neuronal-lineage was not stable. We

Neuronal
induction (NI)

Extended epigenetic
regulation (EER)

JQ-1(+)
CHIR99021
Y27632

dbcAMP, IGF-1, bFGF,

NT3, 1x N,
DO D2 D6
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found that a cocktail containing JQ-1(+), CHIR99021 and
Y27632 (JCY) resulted in the generation of neuron-like
cells having proper soma with well-defined elongated neu-
rites which is a typical neuronal morphology (24). In addi-
tion, the presence of non-reprogrammed fibroblast-like
cells was minimal as compared to the other condition show-
ing excellent morphological homogeneity (Supplementary
Fig. S2); however, with a certain level of toxicity. We re-
duced this JCY-induced toxicity using appropriate growth
factors which included dbCAMP, IGF-1, NT3, bFGF and
N, during the two-step epigenetic regulation (Fig. 3A and
3B). Moreover, we further improved the induction proto-
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Fig. 3. Extended BET inhibition for generating a homogenous population. (a) Schematic design of two-step protocol 2 for converting human
fibroblast into neurons. (b) Bright-field images showing the morphological changes over six days of neuronal reprogramming. (c) TUJ1 and
DCX immunostaining after two days of exposure to 6C. Scale bar, 100 /m. (d) Neuronal induction efficiency two days after the treatment
with 6C cocktail normalized to control human culture on day zero. (e) Neuronal purity on day six as percentage of MAP2" cells. (f)
TUJT and MAP2 immunostaining on day six after treatment with 6C and JYC. Scale bar, 100 #m. (g MAP2 and NeuN immunostaining
on day six after treatment with 6C and JYC. Scale bar, 100 1m. The merge image shows the overlap of neuronal markers with the nucleus
stained by DAPI. Statistical differences were examined by student’s t-test, ***p<0.0001.
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col by replacing GDNF, BDNF and B27 used during the duction efficiency remained similar (TUJ1" cells 91+2%
first two days with Retinoic acid (RA) and bFGF. The in- and DCX" 75+7%) in comparison to Protocol 1 (TUJ1*
troduction of RA and bFGF during the first two days re- cells 88+4% and DCX " cells 71+3%) (Fig. 3B, 3D and

sulted in the brightening of the cell soma which resembles 1D). Finally, we standardized a new two-step protocol
to the reported neuronal morphology (7); however the in- comprising of neuronal induction for two days followed by
a Neuronal Extended epigenetic
induction (NI) regulation (EER) Neuronal maturation (NM)
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Fig. 4. Maturation cocktail for the generation of mature neuron-like cells. (@) Schematic design of protocol 3 for the generation of mature
and functional neurons. (b) Bright-field images showing the morphological changes over 10 days of the generation of MAP2 */NeuN"A/GIUT1*
neuron-like cells. Dual immunostaining of neuron-like cells at day 10 with following markers; (c) NeuN and MAP2, (d) TUJ1 and SynT,
and (e) vGLUT1 and MAP2. Scale bar, 100 #M. The merge image shows the overlap of neuronal markers with the nucleus stained by
DAPI. The boxes in lower most right panels show the magnified image of the indicated regions. (f) Fluorescent images of cells loaded
with Rhod 2-AM after different time intervals for 50 sec. The arrow indicates the representative region (ROl 1) in which fluorescence
intensity was measured. (g) A plot of ZFAFp) showing the change in fluorescent intensity over time with respect to the initial fluorescence
for different ROIls as the one demonstrated in panel f. ROl 1~6 were picked on the basis of change in the fluorescence intensity over
time and the neuronal morphology as stained by the dye. Selected pseudo-color frames are baseline subtracted images (</F) of the cell.
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the maintenance of neuronal program using an extended
epigenetic regulation approach (Protocol 2, Fig. 3A).
The neuron-like cells generated by our new two-step
protocol (Protocol 2) showed obvious morphological dif-
ferences from those induced by protocol 1 (Fig. 3B Day
6 vs. Fig. 1B Day 6). By applying the new protocol, we
were able to generate a large pool of cells with a high neu-
ronal purity of 91+3% (MAP2" cells) (Fig. 3E) co-ex-
pressing TUJ1 and MAP2 (Fig. 3F). However, the ex-
pression of the matured marker NeuN was still lacking
(Fig. 3G). Taken together, our results demonstrated the
need of an extended BET inhibition for the maintenance
of the neuronal program and generation of a homogenous
neutron-like population for their further maturation.

Neuronal maturation cocktail to generate mature
NeuN*/vGLUT1*/Syn1™ neurons

The continued exposure of the cocktail JYC beyond six
days did not promote NeuN expression but resulted in cell
toxicity and loss of neuronal morphology (Supplementary
Fig. S3A and S3B). Moreover, the application of neuronal
maturation cocktail from protocol 1 resulted to similar out-
come as seen with JYC (Supplementary Fig. S3A and S3C).
One of the possible explanations for the neurons not show-
ing NeuN expression upon extended JYC treatment is the
role of JQ-1(+) in suppressing nuclear factor kappa B (NF-
& B) which is important for neuronal development and syn-
aptic activation (25, 26). To circumvent this issue and gen-
erate fully matured neurons, we included an additional
neuronal maturation step after EER with a chemical cock-
tail comprising forskolin, Y27632, LDN193189, dorsomor-
phin and SP600125 (FYLDSp), based on the small mole-
cules used in previously reported protocols (7, 19), along
with dbcAMP, BDNF, NT3, GDNF, IGF-1, 1x L-Glu-
taMAX, Vitamin C, Laminin and 1XN2 supplement (27)
(Protocol 3, Fig. 4A). The addition of the new maturation
step enabled cell survival for more than 10 days, allowing
them to acquire proper neuronal morphology (Fig. 4B and
Supplementary Fig. S3A and S3D).

Moreover, the maturation cocktail from day six promoted
NeuN expression which was observed by immunostaining
on day 10 (Fig. 4C). Furthermore, along with the presence
of punctuated synaptic vesicles evident by Synl staining of
neurites (Fig. 4D), we also found that nearly 64% of the
cells surviving on day 10 were vGLUT1-positive (Fig. 4E).

Our maturation step using the cocktail FYLDSp gen-
erated TUJ1"/MAP2"/NeuN " ~AGLUT1 " neuron-like cells,
indicating that the challenges posed by JQ-1(+) during
neuronal maturation can be addressed. To this end, we in-
vestigated whether these reprogrammed cells attained neu-

ronal functionality by analyzing the calcium influx/outflow,
which is one of the functional properties of neurons (28,
29). Incubating the cells with Rhod 2-AM, a high affinity
Ca’" indicator, showed spontaneous calcium influx fol-
lowed by a gradual outflow of calcium over period of 50
sec. A detailed analysis of neuron-like cells’ signal pattern
revealed that intracellular calcium influx and outflow are
heterogeneous. We observed that 7.8% of the neuron-like
cells showed sudden rise of calcium influx followed by gra-
dual outflow after 20 seconds, which were comparable to
previously described neurons showing action potential (Fig.
4F and ROI 1, ROI 2 and ROI 3 respectively in Fig. 4G)
(28). However, a large number of the neuron-like cells mai-
ntained a passive influx and outflow of calcium signaling,
indicating the developmental phase of the reprogrammed
cells which are yet to attain full functionality (30) (ROI 4,
ROI 5 and ROI 6 respectively in Fig. 4G).

To sum up, the immunostaining results showing the
presence of mature neuronal markers along with the spon-
taneous influx and outflow of calcium demonstrate the ef-
ficacy of the maturation cocktail to generate mature neu-
ron-like cells.

Discussion

One of the major challenges in clinical application of
patient-derived cells in regenerative medicine is their effi-
cient and time-dependent availability. To address this is-
sue, we developed a new neuronal conversion protocol in-
volving the application of dual HDAC/BET inhibition fol-
lowed by extended BET inhibition. To our knowledge, this
is the first study to show that dual epigenetic inhibition
using JQ-1(+) and TSA results in a rapid induction of the
neuronal program in somatic human fibroblast cells within
two days. We demonstrated that our strategic epigenetic reg-
ulation effectively generated 91+2% TUJ1" and 75+7%
DCX " cells within two days of treatment which otherwise
takes minimum six to seven days as reported by other pub-
lished protocols (Supplementary Table S3).

BET proteins, one of the best-characterized epigenetic
readers, are members of the bromodomain-binding protein
(BRD) family that controls gene regulation by recognizing
the acetylation state of lysine residues (31). HDACs are
critical epigenetic erasers, which remove acetyl groups from
lysine residues in histone (32). Previous studies have high-
lighted synergistic and beneficial effects of this dual epi-
genetic regulation as a potential therapeutic approach for
cancer treatment (13, 33). In addition, both epigenetic
modulators used in the present study play a role in neuro-
logical disorders (32), which shows the possibility of using
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them together for neuronal reprogramming. To this end,
Gao et al. (15) successfully demonstrated the generation
of neurons from adult human astrocytes using a chemical
cocktail containing dual HDAC/BET inhibitors with an
efficiency of 35% within 18 days of treatment. Accordi-
ngly, in this study, we have proved that the temporal and
strategic epigenetic regulation using these inhibitors,
along with other signaling molecules, can generate a ho-
mogenous population of neuron-like cells. The rapid and
efficient generation of DCX"/TUJ1™ cells from human fi-
broblasts demonstrated the effectiveness of strategic HDAC/
BET inhibition in generating cells for applicability in pa-
tient-specific regenerative medicines.

Our initial study on conversion of human fibroblasts to
neurons supports the need of a proper epigenetic mod-
ifications allowing the expression of lineage-specific genes
and establishing a new cell fate. Indeed, immediate with-
drawal of HDAC/BET after the appearance of DCX and
TUJ1 did not promote spontaneous neuronal reprogramming
and resulted to non-reprogrammed fibroblast-like cells.
We successfully addressed this problem including the epi-
genetic modifier, JQ-1(+), in an extended epigenetic reg-
ulation step (Protocol 2). As it is, we standardized a dual
epigenetic regulation process using JQ-1(+) and TSA in
the first induction step followed by an extended epigenetic
regulation step using JQ-1(+), in combination with other
signaling molecules. Indeed, using this new protocol, we
generated a large pool of neuron-like cells with TUJ1*
/MAP2" although these cells showed negligible expression
of NeuN, a known marker of mature neurons.

Generating mature MAP2"/NeuN" neuron-like cells
was challenging because of the effects exerted by JQ-1(+).
JQ-1(+), through BRD4 downregulation, downregulates
immediate early genes that are associated with synapse for-
mation and neuronal signal transmission (34). Additionally,
the NF- « B pathway, associated with synaptic plasticity
and formation, has also been reported to be adversely af-
fected by BRD4 inhibition using JQ-1(+) (25, 35). Indeed,
withdrawal or long-term use of JQ-1(+) resulted in a sig-
nificant loss of neuronal morphology accompanied by a
gain in fibroblast-like morphology. An additional matura-
tion cocktail containing the molecules FYLDSp resulted
in the neuronal maturation process, as evident by NeuN
expression and calcium signaling. The presence of somatic
calcium signaling in such cells demonstrates their action
potential, which has been defined as an integral part of the
functionality of mature synapses present within the neural
circuit (36). The calcium signaling pattern and <F/(Fj) ob-
served in MAP2"/NeuN™ neuron-like cells were in line
with previously reported studies involving early developing

iPSCs-based neurons and primary neurons from Drosophila
(30, 37). From a neuronal development point of view, in-
tracellular calcium signaling in the form of transient cal-
cium spikes and waves are known to regulate neuronal
growth, survivability and synapse formation (38, 39).

Although we have highlighted the need for a strategic
epigenetic regulation for the rapid induction and further
maintenance of neuronal program, our study herein has
potential limitations. Our calcium staining analysis re-
vealed that 7.8% of induced neuron-like cells showed so-
matic intracellular staining reflecting their potential to
form synapse connections and build neural circuitry al-
though (30) most converted cells expressed the key neuro-
nal markers. However, in previously reported protocols, a
higher percentage of reprogrammed neurons have been
shown to exhibit electrophysiological properties when ana-
lyzed at various time points (Supplementary Table S3).
Moreover, the culture of reprogrammed cells in the matu-
ration cocktail beyond day 10 resulted to a gradual cell
lost. Hence, to promote survival and ensure that a larger
population of neuron-like cells acquire maturity and thus
attain functionality for therapeutic application, the cul-
ture condition of the obtained neuron-like cells needs to
be further optimized to ensure long-term survivals. In spite
of the presence of key maturation markers, studies have
highlighted the need for prolonged culturing of re-
programmed neuronal cells to acquire complete function-
ality in terms of transient calcium spikes, synapse for-
mation and the building of neural-circuit (30). Hence, we
hypothesize that a culture condition which can maintain
TUJ1"/MAP2 " /NeuN" AGLUT1 " neuron-like cells for lon-
ger time period may result in the higher percentage of
cells showing somatic calcium signaling and synapse for-
mation. In addition to this, an epigenome analysis is re-
quired to validate the role of HDAC/BET inhibition in
the remodeling of chromatin encompassing neural lineage
genes for the rapid induction of neuronal program. Further-
more, the role of BET inhibition in guiding the reprogra-
mming trajectory to generate a homogenous population
and maturation of neuron-like cells has to be elucidated.
It will be interesting to know how JQ-1(+) remodels the
epigenetics to promote the expression of neuronal matura-
tion related genes.

From a therapeutic point of view, cellular transplan-
tation of early neurons prior to being committed towards
a neuronal specification/subtype are considered to have a
much higher potential of tissue integration (40). In this
regard, we hypothesize that the MAP2"/Tujl” neuron-
like cells obtained at day 6 could find potential use in cell
transplantation therapy. Such time points have also been
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used in previously published reports. For instance, Gao et
al. have successfully demonstrated in vivo cell transplan-
tation of small molecule induced neurons from human as-
trocytes post 6 days neuronal induction despite the proto-
cols neuronal induction process being described as com-
plete after 18 days (15).

In conclusion, we here report the use of HDAC and
BET epigenetic modulation for the efficient and rapid re-
programming of human fibroblasts into neuron-like cells.
The application of chemical cocktail containing dual HDAC/
BET inhibition for the neuronal induction, followed by an
extended BET inhibition for maintaining the neuronal
program generated a homogenous population of MAP2™"
cells with a purity of 91+3%. The treatment of these cells
with maturation cocktail generated NeuN"/~/GLUT1"/Synl ™
mature neuron-like cells. This temporal need of epigenetic
regulation highlights the need for appropriate epigenetic
resetting for the induction and sustenance of lineage-spe-
cific program. Thus, our strategic epigenetic regulation
can be a plausible approach for the efficient generation
of neuron-like cells which can be used to develop new
therapeutic intervention for the treatment of neurodege-
nerative diseases.
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