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Neuronal reprogramming of mouse and human
fibroblasts using transcription factors involved
in suprachiasmatic nucleus development

Masatoshi Hirayama,1,2 Ludovic S. Mure,1,3,4 Hiep D. Le,1 and Satchidananda Panda1,5,*

SUMMARY

The hypothalamic suprachiasmatic nucleus (SCN) is composed of heterogenous populations of neurons
that express signaling peptides such as vasoactive intestinal polypeptide (VIP) and arginine vasopressin
(AVP) and regulate circadian rhythms in behavior and physiology. SCN neurons acquire functional and
morphological specializations from waves of transcription factors (TFs) that are expressed during neuro-
genesis.However, the in vitrogenerationofSCNneuronshasneverbeenachieved.Herewesupplemented
a highly efficient neuronal conversion protocol with TFs that are expressed during SCN neurogenesis,
namely Six3, Six6, Dlx2, and Lhx1. Neurons induced from mouse and human fibroblasts predominantly
exhibited neuronal properties such as bipolar or multipolar morphologies, GABAergic neurons with
expression of VIP. Our study reveals a critical contribution of these TFs to the development of vasoactive
intestinal peptide (Vip) expressing neurons in the SCN, suggesting the regenerative potential of neuronal
subtypes contained in the SCN for future SCN regeneration and in vitro disease remodeling.

INTRODUCTION

The suprachiasmatic nucleus (SCN) resides in the hypothalamus and regulates daily circadian rhythms in physiology and behavior.1,2 The

SCN consists of a heterogeneous population of �20,000 neurons, which exhibit cell-autonomous intrinsic rhythms in electrical activity.

These rhythms are generated at the molecular level by interacting feedback loops involving the transcription and translation of clock

genes.1 Neurotransmitters and neuropeptides play important roles in inter-cellular communication between SCN neurons. This communi-

cation synchronizes period length and phase among SCN neurons resulting in uniform and robust circadian oscillations.3,4 One feature of

the SCN network that is conserved across vertebrate species is the non-overlapping expression of the neurotransmitters vasoactive intes-

tinal polypeptide (VIP) and arginine vasopressin (AVP), which are expressed in the core and shell regions of the SCN, respectively.3,5 In addi-

tion, nearly all SCN neurons express g-aminobutyric acid (GABA).6,7 SCN neuronal network coupling via neurotransmitters such as VIP and

GABA is critical for the oscillation, phase-shift, and synchronization of SCN neurons in vitro and in vivo.8,9 AVP can also restore synchronous

rhythms in SCN neurons that lack VIP,10,11 suggesting that VIP, GABA, and AVP are important to maintain intercellular synchrony within the

SCN.8,9,12

The development of SCN neurons is well understood. During embryonic hypothalamic development, the SCN develops from the neuro-

epithelium caudal to the optic recess.13 After birth, the SCN continues to mature, beginning to express major neuropeptides and receiving

input from retinal nerve fibers. Previous studies have characterized spatial and temporal patterns of gene expression in the SCN, revealing

that specific transcription factors (TFs) are expressed in subsets of SCN neurons during pre-and post-natal development.14 First, regional

changes in neurogenesis within the embryonic SCN region are associated with the expression of TFs like Six3, Six6, Fzd5, and a transient in-

crease in (retinal homeobox protein Rx) Rx expression. Transient expression of TF Rx has a possibility to contribute to regulation of SCN loca-

tion and cell number by an unknownmechanism.14 Early post-mitotic SCNneurons are characterized by the expression of Six3, Six6, Lhx1, and

Dlx2, followed by expression of the neuropeptides VIP and AVP.14While these core TFs contribute to the specification andmaturation of SCN

neurons, as well as to circadian function,14–17 it is unknown whether these core TFs contribute to neurogenesis in the SCN.

TF-based cell reprogramming, in which somatic cells are converted into pluripotent or alternative somatic cell fates, has revealed that cell

differentiation is not a unidirectional phenomenon.18–20 Several laboratories have demonstrated that pan-neurons can be generated by over-

expressing neuronal TFs. Researchers are now focused on identifying combinations of TFs that can induce specific neuronal subtypes. Un-

derstanding diseased neurons derived from patient-derived iPS cells may lead to therapeutic approaches.21
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Chronic disruption of circadian rhythms is associated with a wide variety of pathological processes, including aging, cancer, metabolic,

neuropsychiatric, and neurodegenerative disorders.22–25 However, there is still no in vitromodel for studying the SCN aging or degeneration.

Previous study on allogenic fetal SCN transplants and SCN-lesioned hosts showed that the SCN is the dominant circadian pacemaker and

suggested the concept of reconstruction of circadian clock disorders by SCN transplantation.26,27 A few studies in rodents have reported

the graft showed extensive fiber outgrowth from the implant into the host hypothalamus, functional replacement of the SCN by transplanting

allogenic SCN grafts derived from embryonic tissue, restoring several aspects of circadian behavioral rhythms.26,28–30 Hence, using in vitro

reprogramming to generate neurons of the SCN would represent a critical tool for studying mechanisms of SCN development and dis-

ease-associated pathologies, as well as for generating cells for regenerative medicine approaches.

In this study, we directly converted mouse and human fibroblasts into neurons with Vip-expressing neuronal phenotypes in the SCN,

thereby generating induced SCN neurons (iN-SCNTFs). These analyses reveal that subpopulations of SCN neurons can be differentiated

from human cells. The advancement about the contribution of TFs to the differentiation of Vip-expressing neurons suggest feasibility of

regeneration of specific SCN neuronal subtypes via direct reprogramming, which is an important step in the process of realizing SCN regen-

erative medicine and in vitro models. This advancement will pave the way toward establishing in vitro models of diseases associated with

circadian disruption and enable the development of regenerative medicine approaches for treating affected patients.

RESULTS

Efficient conversion of mouse embryonic fibroblasts into neurons

A series of influential studies have demonstrated that functional neurons can be generated from both stem and somatic cell types via direct

cell conversion.31 Human fibroblasts can be efficiently converted into neurons using the pro-neuronal TFs Ascl1 (Mash1) and Ngn2 together

with small molecule inhibitors of glycogen synthase kinase 3b and SMAD signaling.32 To build upon these results, we first investigated

whether we could use this neural conversionmethod to generate induced neurons (iNs) frommouse embryonic fibroblasts (MEFs) (Figure 1A).

We confirmed that MEFs do not express the neural progenitor maker, Sox2, the neuronal markers, bIII-tublin (bIII-tub) and Map2ab, or the

neural crest progenitor antigen, p75. We then transduced MEFs with a mixture of doxycycline (dox)-inducible lentivirus that express Ascl1

and Ngn2 (AN) (Figures S1A–S1C). Treatment with doxycycline resulted in efficient and robust transgene expression; no AN expression

was detected in doxycycline-free conditions (Figure S2).33 Cells were grown in a neuronal conversion culture environment along with small

molecule inhibitors, and four weeks later the cultures contained bIII-tub+ cells with neuron-like morphology.33 To characterize the dynamics

of this conversion process we performed a time-series analysis.We found bIII-tub immunostaining at days 7, 14, 21, and 28. The percentage of

bIII-tub + cells in these cultures was approximately 50% at day 7 and all subsequent time points (Figures 1B, 1C, S1D, and S1E). By contrast, bIII-

tub+ cells were not observed when cells were cultured without the neuronal conversion culture environment. We further found that these iNs

also expressedMap2ab, amarker ofmature neurons, and developeddendritic structures by day 28 (Figures 1B and 1D). These results suggest

that the AN/small-molecule strategy enables highly efficient conversion of MEFs to iNs that express a number of neuronal markers.

While previous studies have generated heterogeneous populations of iNs, it remains unclear whether specific SCN neuronal subtypes can

be induced.32 In an attempt to generate iNs with SCN-related TFs (iN-SCNTF) we modified the AN/small-molecule neuronal conversion pro-

cess by adding lineage-specific TFs that act during SCNdevelopment.34,35We searched published literature to find TFs expressed in an SCN-

specificmanner and essential for SCN function. As we have reported previously,17 we had identified 13 TFs (Dlx2, Dlx6, Foxd1, Gatad2b, Hsf2,

Lhx1, Nr2f2, Rora, Rorb, Six3, Sox1, Sox11, and Tle4) from comparing the transcriptome data of the SCN with that of 82 other mouse tissues

including 14 different neural tissues to identify SCN enriched TFs36(Table S1). We have also found that Lhx1 is critical for SCN neurons to

generate circadian rhythms.17 Furthermore, the developmental gene expression analysis of the SCN from VanDunk et al.14 showed six TFs

(of which four were the same as our candidate TFs), which were confirmed to be expressed during SCN development periods with the

post-mitotic cells. As a result, 15 TFs became candidates (Table S1). We selected four TFs from our list for the current study because they

were confirmed to be expressed in post-mitotic SCN cells (Lhx1, Dlx2, Six3, and Six6).14,17,37 Mice carrying loss-of-function alleles for

some of these TFs show severe deficits in SCN differentiation or SCN-specific expression of neuropeptides.14,38–40 MEFs were transduced

with a mixture of doxycycline (dox)-inducible lentiviruses expressing Lhx1, Dlx2, Six3, Six6, and AN (Figure S1). Immunostaining analysis re-

vealed that the percentage of bIII-tub+ cells was approximately 50% on both day 7 and day 28 (50.4 G 4.0% and 44.4 G 9.7%, respectively).

This was consistent with our iN results (Figures 1B and 1C). At day 28, the majority of iN-SCNTFs also expressedMap2ab (Figures 1B and 1D).

These results indicate that our modified neuronal conversion strategy induced cells that express neuronal markers at efficiencies similar to iN

protocols.

Previous reports have revealed that neurons within the SCNhave specific neuronal characteristics. For example, NeuN is anothermarker of

mature neurons (recently identified as Fox3), but in the SCN it does not co-localize with VIP- or AVP-immunoreactive neurons.5 Therefore, we

asked whether iNs and iN-SCNTFs express NeuNby immunostaining.We found that NeuNwas expressed by fewer bIII-tub+ iN-SCNTFs than

iNs (2.5G 0.4% of iN-SCNTF neurons, 33.3G 5.9% of iNs) (Figures 1E and 1F). This is one feature of iN-SCNTFs that is distinct from iNs. Next,

we further investigated the neuronal properties of iN-SCNTFs.

Reprogrammed cells exhibit characteristics of SCN neurons

Almost all SCN neurons release the neurotransmitter GABA, which is the major inhibitory neurotransmitter in the brain, and express GABA

receptors. Morphologically, many SCN neurons are bipolar or multipolar (two or more dendrites, respectively).41,42 Further, GABAergic

signaling is critical for phase shifting in the SCN.43 Thus, we conducted immunohistochemical analyses to compare neurotransmitter
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properties of iN-SCNTFs and iNs. For iNs, 18.1G 5% of bIII-tub+ neurons were immunopositive for the GABA synthetic enzymes GAD65/67

and 63.4G 4% expressed VGlut1, a vesicular glutamate transporter characteristic of glutamatergic neurons. For iN-SCNTFs, 83.9G 6%of bIII-

tub+ cells were GABAergic (GAD65/67+) and 15.8 G 5% were glutamatergic. Thus, as seen in the SCN, iN-SCNTFs were mostly GABAergic

(Figures 2A–2C). We assessed the morphology of reprogrammed neurons and found that the majority of iN-SCNTFs were bipolar or multi-

polar, whereas iNs were predominantly monopolar (one primary dendrite) (Figure 2D). These results suggest that iN-SCNTFs aremore similar

to SCN neurons than to iNs.

Expression of neuropeptides mediating circadian rhythmic oscillation

We hypothesized that the TFs we used to generate iN-SCNTFs are crucial for the differentiation and function of two principal subpopulations

of SCN neurons, namely GABAergic neurons that express the neuropeptides VIP and AVP. Thus, we prepared Vip-Cre; R26-CAG-LSL-Sun1-

sfGFP-myc (Vipcre;Sun1sfGFP) mice and Avp-Cre; R26-CAG-LSL-Sun1-sfGFP-myc (Avpcre;Sun1sfGFP) mice to label cells expressing these neu-

ropeptides. Because retinoic acid-related orphan receptor alpha (Rora), which is important for the clock function in post-mitotic neurons

in the entire or peripheral SCN, we also generated Roracre;Sun1sfGFP mice. Rora expression does not affect SCN development or function.

In each of these mice, the SUN1 fusion protein (SUN1 fused to sfGFP) localizes to the inner nuclear membrane of cell types expressing

Figure 1. Overexpression of SCN developmental transcription factors for neuronal trans-differentiation of mouse fibroblasts

(A) Schematic image shows the trans-differentiation strategy and timeline for inducingmouse fibroblasts to neurons using two neuronal transcription factors (AN:

ASCL1 and NGN2) and to iN-SCNTF neurons with four additional transcription factors (LHX1, DLX2, SIX3, and SIX6).

(B) Immunofluorescence analysis of iN (upper panels) and iN-SCNTF (lower panels) 4 weeks post conversion shows efficient conversion of bIII-tublin expression

(red) and Map2ab. expression (green). DAPI counterstained nuclei (blue); quantification shown in (C) and (D). No significant difference in bIII-tublin positive cell

rate between iN and iN-SCNTF (D7, p = 0.1580, D28 p = 0.6742, Student’s t test). No significant difference in Map2ab cell rate between iN and iN-SCNTF (p =

0.5099, Student’s t test). Scale bars: 50mm.

(E) Immunofluorescence images show Map2ab expression (red) and NeuN expression (green) in iN (upper panels) and iN-SCNTF (lower panels) 4 weeks post

conversion. DAPI counterstained nuclei (blue); quantification shown in (F). (**p < 0.001, Chi-squared test) Scale bars: 50mm.
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Cre recombinase44 (Figure S4). We confirmed correct GFP localization in the brains of Vipcre;Sun1sfGFPmice (the ventrolateral ‘‘core’’ region of

the SCN), Avpcre;Sun1sfGFPmice (the dorsomedial ‘‘shell’’ region of the SCN) and the paraventricular nucleus (PVN) and Roracre;Sun1sfGFPmice

(the entire SCN) (Figure S4). We found that GFP-positive cells in Vipcre;Sun1sfGFP and Avpcre;Sun1sfGFP mice expressed VIP and AVP, respec-

tively (Figure 3A). These data suggest that GFP reflects target gene expression in these mice.

We next investigated whether our neuronal conversion method could generate neurons that express neuropeptides important for circa-

dian oscillation in the SCN.Wegenerated iNs and iN-SCNTFs fromMEF isolated from these transgenicmice and analyzed patterns of GFP. In

cells induced from Vipcre;Sun1sfGFPmice, 11.4G 1.5% of bIII-tub+ iN-SCNTFs were GFP-positive, whereas <1% of bIII-tub+ iNs were Gfp+. For

bIII-tub+ cells generated from Avpcre;Sun1sfGFPmice, 2.1G 1.4% of iN-SCNTFs and 1.6G 1.2% of iN were GFP+. Finally, for Roracre;Sun1sfGFP

mice, 2.8G 0.8% of bIII-tub+ iN-SCNTFs and 0.5%G 0.4% of bIII-tub+ iNs were GFP+ (Figures 3B and 3C). There was significant difference in

GFP positive neurons derived from Vipcre;Sun1sfGFP mice and Roracre;Sun1sfGFP mice between iN and iN-SCNTF (Vip; p = 0.0052, Rora; p =

0.0197, Avp; p = 0.3831, Student’s t test). Quantitative mRNA expression analysis also revealed that the expression of Vip, Avp, Grp (another

SCN neuronal peptide) was increased in iN-SCNTF compared to iN, and that Rora also tended to be increased (Figure S5). These results

indicated that iN-SCNTFs include neurons that express SCN-related genes like Avp and Rora, as well as those that express VIP. Based on

the aforementioned results, we hypothesized that our TF cocktail is mainly involved in the development of Vip-expressing neurons in the

SCN neuronal population, and we therefore further characterized the neuronal characteristics of Vip-expressing iN-SCNTFs, which were

the largest subpopulation of iN-SCNTF culture. VIP-expressing GABAergic neurons in the core of the SCN play a critical role in generating

the circadian cycle and synchrony among SCN neurons.45 After an extended culture period to generate fully mature iN-SCNTFs from

Vipcre;Sun1sfGFP MEFs, we confirmed that GFP+ neurons expressed VIP (Figure 3D). In addition, these VIP expressing neuron was observed

with co-expression of GAD67 in iN-SCNTF culture. Via immunostaining, we further confirmed the co-expression of VIP andGAD67 in these iN-

SCNTFs (Figure 3E). These results indicate that iN-SCNTFs contain VIP-expressing iN-SCNTFs GABAergic neurons.

Generation of iN-SCNTFs from human fibroblasts

Fibroblasts are relatively easy to obtain fromhumanpatients, and it is thought that differentiation of these cells into specific neuronal subtypes

will be a transformative step toward developing in vitromodels of neurological disease and new regenerative therapies (e.g., cell transplan-

tation and pharmacological interventions).46,47 Therefore, we asked whether we could generate iN-SCNTFs from human fibroblasts using our

TF-based differentiation protocol. After extended culturing (6 weeks) of human skin-derived fibroblasts in the maturation environment with

Figure 2. The characteristic neuronal properties in the differentiated neurons

(A) Immunofluorescence analysis shows expression of glutamatergic neuronal markers, VGlut1 (a glutamate transporter, blue) in iN (upper panels) and iN-SCNTF

(lower panels) 4 weeks post conversion. Map2ab; red. Scale bars: 50mm.

(B) Immunofluorescence analysis shows expression of GABAergic neuronal markers, GAD65/67 (glutamate decarboxylase, blue) in iN (upper panels) and iN-

SCNTF (lower panels) 4 weeks post conversion. Map2ab; red. Quantification shown in (C). Scale bars: 50mm.

(D) Morphological analysis of neuronal properties of iN and iN-SCNTF (monopolar vs. bi-/multipolar **p < 0.001 Chi-squared test).
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mouse astrocyte feeder cells, we assessed the extent of neuronal differentiation (Figure 4A). After confirming that all bIII-tub+ cells in the iN

and iN-SCNTF cultures were derived from human fibroblasts, we analyzed the neuronal conversion rate (Figures 4B and 4C). Fibroblasts sub-

jected to iN or iN-SCNTF protocols differentiated into bIII-tub+ cells at the rate of 75.9G 4.2% and 37.2G 2.4%, respectively. As we observed

for iN-SCNTFs derived fromMEFs, fewer iN-SCNTFs expressed NeuN (2.5G 1.9%) than seen in iN cultures (40.6G 13.1%). More iN-SCNTFs

Figure 3. Neuronal conversion usingmouse fibroblasts from transgenic mice such as Vipcre;Sun1sfGFPmice, Avpcre;Sun1sfGFPmice and Roracre;Sun1sfGFP

mice

(A) Immunofluorescence histological analysis of SCN or PVN tissues of transgenic mice. Vip; red, GFP; green. Scale bars: 100mm.

(B) Immunofluorescence analysis shows expression of GFP in iN (lower panels) and iN-SCNTF (upper panels) from transgenic mouse fibroblasts 4 weeks post

conversion. bIII-tublin; red. Quantification shown in (C). (Vip; **p = 0.0052, Rora; *p = 0.0197, Avp; p = 0.3831, Student’s t test) Scale bars: 50mm.

(D) Representative Immunofluorescence images of Vip-expressing iN-SCNTF neurons derived from Vipcre;Sun1sfGFP mouse fibroblasts. Scale bars: 50mm.

(E) Representative Immunofluorescence images of Vip (blue) and Gad67 (green) expression in iN-SCNTF. Scale bars: 50mm.

ll
OPEN ACCESS

iScience 27, 109051, March 15, 2024 5

iScience
Article



Figure 4. Neuronal conversion using mouse fibroblasts from human fibroblasts

(A) Immunofluorescence images show bIII-tublin expression (red) and Ki67, human nuclei marker, expression (green) in iN (upper panels) and iN-SCNTF (lower

panels) 4 weeks post conversion. DAPI counterstained nuclei (blue); Scale bars: 25mm.

(B) Immunofluorescence analysis of iN (upper panels) and iN-SCNTF (lower panels) 4 weeks post conversion shows efficient conversion of bIII-tublin expression

(red) andMap2ab expression (green). Lower rate in neuronal conversion with bIII-tublin expression was observed (bIII-tublin; **p< 0.001 Student’s t test, Map2ab;

p = 0.4188 Student’s t test) NeuN positive rate was significantly lower in iN-SCNTF, and GAD65/67 rate was significantly higher in iN-SCNTF (NeuN **p = 0.0084

Student’s t test, GAD65/67 **p < 0.001 Student’s t test) DAPI counterstained nuclei (blue). Scale bars: 20 mm.

(C) Proportion (in %) of neurons that were uni-, bi- or multi-polar.

(D) Morphological analysis of neuronal properties of human iN and iN-SCNTF. Vip positive rate was significantly higher in iN-SCNTF than in iN (**p = 0.0084

Student’s t test).
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from human fibroblasts were GABAergic than seen for iNs (34.2%G 1.3% of iN-SCNTFs, 5.0G 1.0% of iNs). There was also a small population

of VIP-expressing GABAergic iN-SCNTFs (Figure 4D). Morphologically, these iN-SCNTFs were mostly bi- and multi-polar. These results indi-

cated that it may be possible to generate iN-SCNTFs with SCN neuronal subtype phenotypes from human fibroblasts.

Electrophysiological activity to generate circadian rhythm in iN-SCNTFs

To functionally assess our iN-SCNTFs we analyzed their electrophysiological properties. These included spontaneous action potentials and

circadian changes in the rate of action potential firing (Figure 5). Six-week-old induced cell cultures maintained on primary rat astrocytes or

dispersed mouse primary SCN neurons (pSCNs) were loaded with the calcium-sensitive dye Fluo-4. We then recorded neuronal activity with

time-lapse imaging for approximately 3 min iN-SCNTFs exhibited spontaneous calcium transients, suggesting that they were spontaneously

active (Figure 5A). In addition, we found that there was a significant difference in the maximum DF/F between iN and iN-SCNTF (p < 0.001,

Student’s t test), or iN andpSCN (p< 0.001, Student’s t test), but therewas no significant difference between iN-SCNTF andpSCN (p= 0.0697,

Student’s t test). We also found that there was a significant difference in the number of spikes in 3 min (spike rhythm) between iN and iN-

SCNTF (p = 0.0114, Student’s t test), or iN and pSCN (p= 0.0030, Student’s t test), but there was no significant differences between iN-SCNTF

and pSCN (p = 0.4169, Student’s t test). These results indicated that some iN-SCNTFs exhibited calcium transients that were higher in ampli-

tude and lower in frequency than seen with iNs. Such iN-SCNTF calcium transients were similar to those seen in pSCN (Figures 5B and 5C).

Neurons in the SCN exhibit endogenous circadian rhythms in electrical activity. To record cellular rhythms of individual cells, we cultured

iN-SCNTFS, iNs, and pSCNs on multi-microelectrode arrays (MEAs) (Figures 5D, 5E, 5F, and S6) and monitored circadian patterns of spon-

taneous firing for 2–3 days. Both pSCNs and iN-SCNTFs showed robust rhythms and free-run independent of each other, as reported pre-

viously for the rodent SCN.42,48 No specific firing patterns were observed in iN cultures. iN-SCNTFs in the sameMEA culture plate exhibited a

range of circadian periods and phase relationships, suggesting that iN-SCNTFs are capable of exhibiting robust circadian rhythms in

neuron firing.

DISCUSSION

There is a long history of attempts to establish SCN neurons in vitro to study their molecular and cellular properties. Oncogene-induced

immortalization of embryonic SCN neurons from rodents has been used to generate SCN cell lines that can be propagated and studied.49

Previous reports suggested circadian rhythmicity can be restored by transplantation of fetal anterior hypothalamic tissue containing the SCN

into hosts rendered arrhythmic by SCN ablation.28,29,50 The transplanted SCN-derived VIP neuronal fibers were integrated with the host brain

and could be identified in host terminal fields typically innervated by SCN-VIP fibers.51 While it was reported that circadian neuroendocrine

rhythms are not reestablished by the SCN grafts,30 SCN grafts could restore rhythmicity in the PVN of the hypothalamus.52 For the restoration

of rhythmicity, it requires that the grafts contain a minimum volume of SCN tissues with cytoarchitecture including VIP and AVP neurons, and

VIP-expressing neurons are critical component to functional recovery.53 Success in using such SCN cell lines to restore circadian activity

rhythms in SCN-ablated (and consequently arrhythmic) rats has demonstrated the promise of implanting SCN neurons to restore circadian

rhythms of activity and rest in patients with neurodegenerative diseases such as Alzheimer’s disease.26 To date, however, SCN cell lines have

been generated using embryonic SCN cells as starting material. Thus, this approach has inherent limitations for studying the mechanisms of

circadian disorders.

In this study we leveraged advancements in two fields of study: (1) understanding SCN ontogeny, and (2) the direct reprogramming of

neuronal subtypes from various cell types, including MEFs. Generating iNs using the Ascl1/Ngn2 protocol yielded many glutamatergic neu-

rons, a smaller number of GABAergic neurons, and single dopaminergic and serotonergic neurons.33 Although this ensemble of neuronal

subtypes is very different from the SCN, iN conversion is highly plastic and researchers have successfully induced the differentiation of specific

neuronal subtypes (e.g., dopaminergic, cholinergic, GABAergic, and serotonergic) using sets of TFs.35,54–56

A large number of TFs are expressed in the SCN,57 but systematic studies of embryonic development have revealed genetic distinctions

between hypothalamic nuclei, including a specific genetic cascade that is critical for SCN formation.14,37,58 VanDunk et al. (2011) showed that

expression of a combination of developmental genes (Six3, Six6, and Fzd5, along with transient Rx) delineates where the SCN neuro epithe-

lium will develop, distinguishing it from the embryonic telencephalon and diencephalon.14 The loss of Rx induces early progenitor domains;

however, Rx is not required for the specification of SCN neurons.59 During SCNmaturation the nucleus is divided into two regions, the ventro-

lateral core and the dorsomedial shell.13 The formation of these functional subregions results from regional and temporal differences in cell

proliferation, which themselves result from differential responses to developmental signals (e.g., morphogens).14 Previous reports suggest

that observation of mouse SCN at E12.5/13.5 indicate Lhx1 and Dlx2 expression in the developmental SCN marks the proliferative areas

of postmitotic SCN neurons.60 Altogether, the combination of Six3/Six6/Dlx2 and Lhx1 has been hypothesized as vital TFs of postmitotic

SCN neurogenesis.14 Whether this TF combination is sufficient to induce the differentiation of SCN neurons remains unknown.

In this study, we show that MEFs can be directly converted into neuronal subtypes with features of SCN neurons. Our differentiation pro-

tocol involves the expression of TFs and culture conditions used to produce iNs, as well as the expression of four TFs that act during SCN

development. Surprisingly, this approach did not simply add SCN features to iNs, but iN-SCNTFs instead exhibited distinct features in terms

of neurotransmitter expression and morphology. Most iNs generated here were glutamatergic and NeuN-positive. NeuN-positive neurons

are found in nearly all brain regions, but NeuN is largely absent from several neuronal cell types, including cerebellar Purkinje cells, olfactory

mitral cells, and SCN neurons.61–63 Further, SCN neurons express GABA, VIP, and AVP. Consistent with this, very few iN-SCNTFs expressed

NeuN, and they were predominantly GABAergic.We also found both AVP- and VIP-positive iN-SCNTFs. In fact, VIP-expressing neurons were
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Figure 5. Electrophysiological activity to generate circadian rhythm in iN-SCNTF

(A) Representative images from time-lapse calcium imaging (Fluo4, green) of iN-SCNTF from Vipcre;Sun1sfGFPmouse fibroblasts at time course (left 3 panels) and

representative immunofluorescence image of the measured iN-SCNTF (bIII-tublin; red, GFP; green). Scale bars: 10mm.

(B) Three individual traces of calcium transients represented as change in fluorescence/minimum fluorescence (DF/F min) over time of iN-SCNTF (top panel), iN

(middle panel) and primary SCN neurons (bottom panel).

(C) Quantitative analysis of neuronal activities in iN-SCNTF including maximum DF/F value in spikes (left) and the number of spikes in observation (right) were

shown. There was a significant difference in themaximumDF/F between iN and iN-SCNTF (**p < 0.001, Student’s t test), or iN and pSCN (**p < 0.001, Student’s t

test), but there was no significant difference between iN-SCNTF and pSCN (p= 0.0697, Student’s t test). There was a significant difference in the number of spikes

in 3 min (spike rhythm) between iN and iN-SCNTF (**p = 0.0114, Student’s t test), or iN and pSCN (**p = 0.0030, Student’s t test), but there was no significant

differences between iN-SCNTF and pSCN (p = 0.4169, Student’s t test).

(D) A multi-microelectrode arrays analysis (MEAA) recorded individual electroactivities in iN-SCNTF and primary SCN neurons (pSCN).

(E) MEAA showed period length of electroactivities in primary SCN neurons and iN-SCNTF. Period (h): p = 0.782, ns, Mann-Whitney test, pSCN n = 28 and iN-

SCNTF n = 35 (from 3 independent experiments/plates).

(F) MEAA showed normalized amplitude of electroactivities in primary SCN neurons and iN-SCNTF. Normalized amplitude: p = 0.074, ns, Mann Whitney test,

pSCN n = 28 and iN-SCNTF n = 35 (from 3 independent experiments/plates).
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the most abundant in mouse iN-SCNTFs. VIP neurons are in the ventrolateral part of the SCN, exhibiting robust circadian time-keeping prop-

erties.64 Concerningmorphology, in particular dendritic branching patterns, light and electronmicroscopy studies have shown that SCN neu-

rons are predominantly bipolar or multipolar, with a small number of monopolar cells.65–67 Unlike iNs, which were predominantly unipolar, our

iN-SCNTFs showed a greater proportion of bipolar or multipolar neurons besides unipolar neurons. Cell autonomous rhythms in SCN neu-

rons generates a�24-h rhythms in body activities. In the analysis of immortalized SCN cell lines, cells exhibit circadian rhythms in gene expres-

sion rhythms inmany neuronal and non-neuronal cell types.49 SCN neurons also have distinct characteristics of calcium transients and a�24-h

rhythm in firing pattern. Thesewere also seen for iN-SCNTFs. However, no spontaneous firing pattern was observed in iNs, making evaluation

difficult. Further analysis using living-cell sorting of highly purified Vip-expressing neurons from the iNs onMEAAwould help our understand-

ing on robustness and integrated rhythmic activities of iNs with Vip and GAD65/67 expression. There are important limitations to our

approach. When we expressed the four TFs in MEFs, resulting neurons were mostly VIP-positive with a few AVP neurons. Although our TF

cocktail is thought to have contributed primarily to the differentiation of Vip-expressing neurons, future studies, including a verification of

the similarity of iN-SCNTF to the characteristics of the entire SCN neuron by single-cell transcriptome analysis using neuronal cell sorting

and an analysis of clock function using luciferase reporter or time course single-cell analysis in iNs would providemore in-depth information.68

In human fibroblasts, these same TFs, which were based on sequences in human, induced only a small number of VIP-positive iN-SCNTFs.

Since very few VIP-expressing neurons were observed in human iN-SCNTFs, the protocol for iN-SCNTF differentiation and maturation

must be further refined. With further refinement, it is clear that TFs involved in SCN organogenesis can be used in neuronal reprogramming

protocols to generate iN-SCNTFs and help establish in vitromodels of human circadian clock. In this study, we selected four TFs based on 15

TFs from mouse SCN specific TFs. Although there are practical limitations, consideration should be given to the applicability of TF combi-

nations to humans and the effects of other TFs in SCN neurogenesis.

A recent study analyzed a three-dimensional reconstruction of themouse SCNat single-cell resolution, defining the spatial arrangement of

neuronal subtypes in the SCN.68 While the functional relevance of these spatial arrangements is currently unclear, we anticipate the identi-

fication of developmental genes important for generating the elaborate three-dimensional structure of the SCN. These genes will likely aid in

generating SCN-organoids with defined arrangements of SCN neuronal and non-neuronal cells. Interestingly, their single-cell resolution also

showed Six3 and Six6 were notably enriched in SCN neurons, compared with non-SCN neurons, and Lhx1 was enriched in Vip positive sub-

types, supporting our results.68

In conclusion, we used TFs important for SCN development to reprogram fibroblasts into neurons. INs that express Six3, Six6, Lhx1, and

Dlx2 exhibit similar characteristics of Vip-expressing neuronal subtype in the SCN, includingmorphology and neuropeptide expression, sug-

gesting the importance of these TFs for SCN development. Our results will help establish in vitromodels of circadian rhythm disorders, with

the end goal of developing therapies for restoring SCN function.

Limitations of the study

In this study, we used 4 particularly important TFs from 15 candidate TFs in the SCN development for iN-SCNTFs induction, but the roles of

the remaining TFs in SCN neurogenesis should be comprehensively investigated. Future investigation including transcriptome analysis after

isolating neurons through cell sorting would provide interesting details of neurological properties and electrophysiological functions of the

induced iN-SCNTF.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti Beta-III-tubulin BioLegend Cat#MMS-435P; N/A

Rabbit anti Beta-III-tubulin BioLegend Cat#802001; RRID:AB_2564645

Chicken anti Map2 Abcam Cat#ab5392; RRID:AB_2138153

Mouse anti Map2ab Sigma-Aldrich Cat# M1406; RRID:AB_477171

Mouse anti NeuN EMD Millipore Cat#MAB377; RRID:AB_2298772

Rabbit anti NeuN Cell Signaling Cat#24307T; N/A

Rabbit anti vGlut1 Synaptic Systems Cat#135302; RRID:AB_887877

Rabbit anti g-Aminobutyric acid Sigma Aldrich Cat#A2052; RRID:AB_477652

Chicken anti GFP Gage laboratory N/A

Rabbit anti GFP Cell Signaling Cat#2956; RRID:AB_1196615

Rabbit anti GAD65 EMD Millipore Cat.# ABN10; N/A

Rabbit anti GAD65/67 EMD MIllipore Cat.#AB1511; RRID:AB_90715

Mouse anti GAD67 Abcam Ab26116; RRID:AB_448990

Rabbit anti Vip ImmunoStar Cat#20077; RRID:AB_572270

Alexa Fluor 488-conjugated Donkey Anti Rabbit IgG Thermo Fisher Scientific Cat#A-21206; RRID:AB_2535792

Alexa Fluor 647-conjugated Donkey Anti Rabbit IgG Thermo Fisher Scientific Cat#A-31573; RRID:AB_2536183

Alexa Fluor 488-conjugated Donkey Anti Mouse IgG Thermo Fisher Scientific Cat#A-21202; RRID:AB_141607

Alexa Fluor 647-conjugated Donkey Anti Mouse IgG Thermo Fisher Scientific Cat#A-31571; RRID:AB_162542

Cy3-conjugated Donkey Anti-Mouse IgG Jackson ImmunoRes. Cat#711-165-151; N/A

Cy3-conjugated Donkey Anti-Rabbit IgG Jackson ImmunoRes. Cat#711-165-152; RRID:AB_2307443

Alexa Fluor 488-conjugated Donkey Anti Chicken IgY Gage Laboratory N/A

Cy3-conjugated Donkey Anti Chicken IgY Gage Laboratory N/A

Alexa Fluor 647-conjugated Donkey Anti Chicken IgY Gage Laboratory N/A

Bacterial and virus strains

NEB Stable Competent E. coli New England Biolabs Cat#C3040H

Chemicals, peptides, and recombinant proteins

B-27 supplement Thermo Fisher Scientific Cat#17504044

N2 supplement Thermo Fisher Scientific Cat#17502048

Dibutyryl-cyclic-AMP Sigma Aldrich Cat#sc-201567B

Recombinant Noggin Preprotech Cat#6057NG

CHIR99021 LC Laboratories Cat#C-6556

LDN-193189 Cayman Chemicals Cat#19396

A83-1 Santa Cruz Biotech Cat#K1119

Forskolin LC Laboratories Cat#F-9929

SB-431542 Cayman Chemicals Cat#431543

Poly-L-ornithine coating reagent Sigma Aldrich Cat#A-004-C

Recombinant human GDNF R&D Biosystems Cat#212-GD

Recombinant human BDNF R&D Biosystems Cat#248-BDB

Doxycycline Sigma Aldrich Cat#089M4004V

Triton X-100 reagent Sigma Aldrich Cat#X100

DAPI fluorescence reagent for DNA Sigma Aldrich Cat#D8417

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TURBO DNase for NGS library preparation Ambion Cat#AM2238

DNase for cell culture Roche Cat#4716728001

TruSeq Stranded mRNA Sample Prep kit Illumina Cat#20020594

SYBR Green I for qPCR Life Technologies Cat#S7563

SuperScript III First-Strand Synthesis System Thermo Fisher Scientific Cat#18080051

Non-Essential Amino Acids (NEAA) supplement Thermo Fisher Scientific Cat#M7145

cOmplete EDTA-free Protease Inhibitor Cocktail Roche Cat#11836170001

KOSR Thermo Fisher Scientific Cat#10828028

Critical commercial assays

Fluo-4 Calcium Imaging Kit Thermo Fisher Scientific F10489

Experimental models: Cell lines

Mouse embryonic Fibroblasts This study N/A

Human Fibroblasts (BJ cell line) ATCC CRL-2522; RRID:CVCL_3653

Oligonucleotides

Synthesized sequences for DLX2: GCGGCCGCCGCCACCATGGACTAC

AAGGATGACGACGATAAGACCGGCGTGTTCGACAGCCTGGTGGCC

GATATGCACTCCACCCAGATCGCCGCCAGCTCCACATACCACCAGC

ACCAGCAGCCACCTTCCGGAGGAGGAGCAGGCCCTGGCGGCAACT

CTAGCTCCTCTAGCTCCCTGCACAAGCCTCAGGAGTCTCCAACCCTG

CCCGTGAGCACCGCCACAGACTCTAGCTACTATACAAATCAGCAGC

ACCCAGCAGGCGGCGGAGGAGGAGGAGGAAGCCCCTATGCCCAC

ATGGGCTCCTACCAGTATCAGGCCTCTGGCCTGAACAATGTGCCCT

ACTCTGCCAAGTCCTCTTATGACCTGGGCTACACCGCCGCCTACAC

AAGCTATGCCCCATACGGCACAAGCTCCTCTCCCGCCAACAATGAG

CCTGAGAAGGAGGATCTGGAGCCCGAGATCAGGATCGTGAACGGC

AAGCCTAAGAAGGTGCGGAAGCCAAGAACCATCTATAGCTCCTTCC

AGCTGGCCGCCCTGCAGCGGAGATTTCAGAAGACACAGTACCTGG

CCCTGCCTGAGAGGGCAGAGCTGGCAGCCTCCCTGGGCCTGACCC

AGACACAGGTGAAGATCTGGTTCCAGAATAGGCGCAGCAAGTTTAA

GAAGATGTGGAAGAGCGGAGAGATCCCATCCGAGCAGCACCCCGG

CGCATCTGCCAGCCCACCATGCGCCAGCCCTCCAGTGTCCGCCCC

AGCATCTTGGGATTTCGGCGTGCCTCAGCGGATGGCCGGCGGAGG

AGGCCCTGGCTCCGGAGGCTCTGGAGCAGGCTCTAGCGGCTCCTC

TCCTAGCTCCGCCGCATCCGCCTTTCTGGGAAACTATCCCTGGTATC

ACCAGACCTCCGGATCCGCCAGCCACCTGCAGGCAACAGCACCTCT

GCTGCACCCAACCCAGACACCCCAGCCTCACCATCATCACCACCAC

CACGGCGGAGGAGGCGCCCCAGTGAGCGCCGGCACCATCTTTTGA

ACGCGT

This study N/A

Synthesized sequences for LHX1: GCGGCCGCCGCCACCATGGACTACA

AGGATGACGACGATAAGGTGCATTGCGCTGGCTGTAAAAGACCTATT

CTGGATAGATTCCTGCTGAACGTGCTGGACCGGGCTTGGCATGTGAA

ATGCGTGCAGTGCTGTGAGTGCAAGTGTAACCTGACAGAGAAATGTT

TCAGCCGGGAAGGAAAGCTGTACTGTAAGAACGACTTCTTTAGATGC

TTCGGCACTAAGTGCGCTGGATGTGCACAGGGCATCAGCCCCTCCGA

TCTGGTGCGGAGAGCCAGGTCTAAGGTCTTCCACCTGAACTGCTTTA

CCTGTATGATGTGCAACAAGCAGCTGAGCACAGGCGAGGAACTGTA

CATCATTGACGAGAACAAGTTCGTGTGCAAAGAAGATTATCTGTCTAA

CAGCTCCGTCGCTAAGGAGAATAGCCTGCATTCCGCAACCACAGGC

AGTGACCCTTCTCTGAGTCCAGACTCTCAGGATCCAAGTCAGGACGA

TGCAAAGGACTCAGAAAGCGCCAACGTGTCAGATAAAGAGGCCGGG

This study N/A

(Continued on next page)
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AGCAACGAAAATGACGATCAGAATCTGGGGGCAAAAAGGCGCGGAC

CCCGGACTACCATTAAGGCCAAACAGCTGGAGACCCTGAAGGCCGC

TTTCGCAGCCACACCCAAACCTACTAGGCACATCCGCGAGCAGCTGG

CTCAGGAAACAGGGCTGAACATGAGAGTGATCCAGGTCTGGTTTCAG

AATCGACGGAGCAAGGAAAGAAGGATGAAACAGCTGTCCGCCCTGG

GCGCCCGGCGGCACGCCTTCTTCCGCAGCCCACGGAGAATGCGACC

CCTGGTGGACCGCCTGGAGCCTGGCGAACTGATCCCCAACGGGCCT

TTCTCCTTTTACGGAGACTATCAGTCTGAGTACTATGGCCCTGGCGGG

AATTATGATTTCTTTCCACAGGGGCCCCCTTCTAGTCAGGCCCAGACT

CCCGTGGATCTGCCATTCGTCCCCTCAAGCGGACCAAGCGGGACCC

CTCTGGGAGGCCTGGAGCACCCACTGCCCGGCCACCATCCTTCCTCT

GAAGCCCAGCGGTTCACCGACATTCTGGCTCACCCACCCGGAGATTC

CCCTTCTCCAGAGCCCTCCCTGCCTGGCCCACTGCATAGTATGTCAG

CTGAAGTGTTCGGGCCCAGTCCTCCCTTCAGCAGCCTGTCAGTCAAT

GGGGGAGCATCCTATGGGAATCACCTGTCACATCCACCTGAAATGAA

CGAAGCCGCCGTCTGGTAAACGCGT,

Synthesized sequences for SIX6:

GCGGCCGCCGCCACCATGGACTACAAGGATGACGACGATAAGTTCC

AGCTGCCCATCCTGAACTTTAGCCCTCAGCAGGTGGCAGGCGTGTGC

GAGACCCTGGAGGAGTCCGGCGACGTGGAGCGGCTGGGCAGATTC

CTGTGGTCTCTGCCAGTGGCACCAGCAGCATGTGAGGCCCTGAACA

AGAATGAGAGCGTGCTGAGGGCCCGCGCCATCGTGGCATTCCACGG

CGGCAACTACAGGGAGCTGTATCACATCCTGGAGAATCACAAGTTTA

CAAAGGAGTCCCACGCAAAGCTGCAGGCCCTGTGGCTGGAGGCCCA

CTACCAGGAGGCAGAGAAGCTGCGGGGCAGACCTCTGGGACCAGT

GGACAAGTATAGGGTGCGCAAGAAGTTCCCCCTGCCTCGCACCATCT

GGGATGGCGAGCAGAAGACCCACTGCTTTAAGGAGCGGACAAGAAA

CCTGCTGCGGGAGTGGTATCTGCAGGATCCATATCCCAATCCTTCTAA

GAAGAGAGAGCTGGCACAGGCAACAGGACTGACCCCTACACAAGTG

GGCAACTGGTTTAAGAATCGGAGACAGAGGGACAGGGCTGCCGCCG

CCAAGAATAGGCTGCAGCAGCAGGTGCTGTCCCAGGGATCTGGCAG

GGCCCTGAGGGCAGAGGGCGATGGCACCCCAGAGGTGCTGGGAGT

GGCCACATCTCCAGCAGCCAGCCTGAGCAGCAAGGCAGCCACCAGC

GCCATCTCCATCACATCTAGCGACTCCGAGTGTGACATCTGAACGCGT

This study N/A

Synthesized sequences for SIX3:

GCGGCCGCCGCCACCATGGACTACAAGGATGACGACGATAAGGTCT

TCCGATCACCACTGGACCTGTATTCTTCACATTTTCTGCTGCCCAACTT

CGCCGATTCACACCATAGGAGTATTCTGCTGGCTAGCTCCGGCGGGG

GAAACGGAGCAGGAGGAGGAGGAGGAGCTGGAGGCGGGAGTGGA

GGCGGGAATGGCGCCGGAGGCGGGGGAGCTGGCGGGGCAGGAGG

CGGGGGAGGCGGGGGATCTAGGGCCCCCCCTGAGGAACTGAGTAT

GTTCCAGCTGCCTACTCTGAACTTTAGCCCAGAGCAGGTGGCCTCCG

TCTGCGAAACACTGGAGGAAACTGGCGACATCGAAAGGCTGGGGCG

CTTCCTGTGGTCCCTGCCTGTGGCCCCAGGCGCTTGTGAGGCAATCA

ATAAGCACGAATCTATTCTGAGGGCCCGCGCTGTGGTCGCCTTCCATA

CAGGCAACTTTAGGGATCTGTACCACATTCTGGAGAACCATAAGTTTA

CTAAGGAAAGCCACGGCAAGCTGCAGGCCATGTGGCTGGAGGCTCA

TTACCAGGAGGCAGAAAAGCTGCGAGGACGGCCCCTGGGACCTGTG

GACAAATATAGAGTCAGGAAGAAATTCCCACTGCCCCGCACCATCTG

GGATGGCGAGCAGAAGACCCACTGCTTTAAAGAACGCACACGATCAC

TGCTGCGGGAGTGGTATCTGCAGGACCCTTATCCAAACCCCAGCAAG

AAAAGAGAGCTGGCACAGGCCACAGGACTGACTCCAACCCAAGTGG

This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Satchidananda

Panda (panda@salk.edu).

Materials availability

All unique and stable reagents generated in this study of which sufficient quantities exists are available from the lead contact with a complete

Materials Transfer Agreement. Direct conversion lentiviral plasmids have been deposited to Addgene #127288 (pLVX- UbC-rtTA-

Ngn2:2A:Ascl1).

Data and code availability

No new code was developed or used as part of this manuscript.

The manuscript used published transcriptome data that were downloaded from GEO.

All data reported in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experiments including animal experiments were approved and carried out in accordance with the guidelines of the Institutional Animal

Care and Use Committee of the Salk Institute. Mice were housed under 12 h light: 12 h dark (LD) cycles. Food and water were available

ad libitum. C57BL/6J, AVPCre mice were obtained from the Jackson Laboratory (Strain #:023530). VipCre mice was kindly provided by Kuo-

Fen Lee’s lab.44 RoraCre mouse, which was kindly provided by Dennis O’Leary’s lab at the Salk Institute (MGI:5000017), was generated by

knocking in an IRES; Cre cassette 30 downstream of the Roralocus.69 VipCre, AvpCre, and RoraCre mice have an IRES; Cre cassette knocked-

in downstream of the Vip or Avp or Rora locus, which permits normal expression of Vip or Avp or Rora and co-expression of Cre. To generate

a mouse in which the nuclei of neuropeptide-expressing are labeled, we used amouse in which the C terminus of the SUN1 protein, a nuclear

membrane protein, was tagged with two tandem copies of superfolder GFP and six copies of theMyc epitope (SUN1-sfGFP-Myc). This trans-

gene was targeted to the ubiquitously expressed Rosa26 locus preceded by a CAG promoter and a loxP-3x polyA-loxP transcriptional road-

block (R26-CAG-LSL-Sun1-sfGFP-myc).44 The SUN1 fusion protein (SUN1 fused to sfGFP) localizes to the inner nuclear membrane in targeted

cell types where promoters driving Cre recombinase are expressed.

Continued
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GCAACTGGTTCAAGAATCGGAGACAGCGGGATAGAGCCGCTGCAGC

CAAAAATCGACTGCAGCACCAGGCAATTGGCCCCTCCGGGATGCGCT

CTCTGGCTGAACCAGGGTGTCCCACTCATGGAAGCGCCGAGTCACCC

AGCACCGCTGCAAGTCCTACCACATCAGTCTCTAGTCTGACAGAGAG

AGCAGATACTGGCACATCCATCCTGTCCGTGACCTCAAGCGATAGTG

AATGCGACGTGTAAACGCGT

Recombinant DNA

pLVX-EF1a-tetOn-IRES-G418 (EtO) Ladewig et al.32 Addgene #84776; RRID:Addgene_84776

The Lenti-X Tet-On Advanced System Clontech Cat# 632163; N/A

Software and algorithms

GraphPad Prism https://Graphpad.com/ RRID:SCR_002798

Zen Imaging Software Carl Zeiss RRID:SCR_013672

Fiji https://ImageJ.net/software/

fiji/downloads

N/A

NeuroExplorer https://www.neuroexplorer.

com/

RRID:SCR_001818

Matlab https://www.mathworks.com/

products/matlab.html

RRID:SCR_001622
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METHOD DETAILS

Culture and induction of fibroblasts to neurons

Primary MEFs were isolated from E14.5 mice embryos under a dissection microscope.18 MEFs were not sex-dependent during isolation.

Briefly, after removing the head, vertebral column, dorsal root ganglia, and all internal organs to ensure the removal of all neurogenic poten-

tial cells from the embryo, the remaining tissue was dissociated in 0.25% Trypsin (Sigma) for 10 min. The cells were cultured in MEF medium

(Dulbecco’sModified EagleMedium (Invitrogen) containing 10% Fetal Bovine Serum (FBS) (Hyclone), beta-mercaptoethanol (Sigma-Aldrich),

non-essential amino acids, sodium pyruvate, and penicillin/streptomycin (all from Invitrogen). Human fibroblast cell lines were obtained from

the Coriell Institute, ATCCGM22159 and University Hospital in Erlangen, Germany.35

For direct conversion of fibroblasts to neurons, lentiviral particles for pLVX-EtO and ASCL1/NGN2 (AN) (kindly provided by Dr. Mert-

ens, Laboratory of Genetics, Salk Institute for biological studies) and the iN-SCNTF TFs were incubated with the fibroblasts for 20–24 h.

Forty-eight hours after transduction, the neuron (iN)- and iN-SCNTF-competent fibroblasts were further passaged in drug selection me-

dia with G418 (200 mg/mL; Gibco, Thermo Fisher Scientific) and puromycin (1 mg/mL; Sigma-Aldrich) in tetracycline-free FBS-containing

medium.

To generate iNs, cells were cultured for 2 days in tetracycline-free FBS-containing medium with the addition of doxycycline (1 mg/mL,

Sigma-Aldrich) before changing to optimized induced neuronal conversion medium, containing a 50:50 base of DMEM:F12/Neurobasal

containing the following supplements: N2 supplement, B27 supplement (both 1 3; Gibco, Thermo Fisher Scientific), doxycycline (2 mg/

mL, Sigma-Aldrich), Laminin (1 mg/mL, Life Technologies, Carlsbad, CA, USA), dibutyryl cyclic-AMP (500 mg/mL, Sigma-Aldrich), human re-

combinant Noggin (150 ng/mL; Peprotech), LDN-193189 (0.5 mM; Cayman Chemical Co, Ann Arbor, MI, USA), A83-1 (0.5 mM; Stemgent, Lex-

ington, MA, USA), CHIR99021 (3 mM, LC Laboratories, Woburn, MA, USA), Forskolin (5 mM, LC Laboratories) and SB-431542 (10 mM; Cayman

Chemical Co).32 The medium was changed every third day.

For further maturation, iNs were switched to neural maturation medium (NMM), containing a 50:50 base of DMEM:F12/Neurobasal

containing glial cell–derived neurotrophic factor, brain-derived neurotrophic factor (both 20 ng/mL, R&D Systems, Minneapolis, MN,

USA), dibutyryl cyclic-AMP (500 mg/mL, Sigma-Aldrich), doxycycline (2 mg/mL, Sigma-Aldrich) and laminin (1 mg/mL, Life Technologies).

For functional analysis of the neurons, iNs were replated on a feeder layer of mouse astrocytes and cultured in NMM for an additional

2–3 weeks.32

Vector design and generation of lentiviral particles

The Lenti-X Tet-On Advanced System (Clontech, Mountain View, CA, USA) was modified by replacing the CMV promoter of the pLVX-tetOn

Advanced vector with the EF1a promoter, resulting in the pLVX-EtO vector.32 Coding sequences for the neuronal conversion TFs were syn-

thesized and cloned into the pLVX-Tight-Puro construct (Clontech). The pro-neuronal factors ASCL1 AN were linked by a 2A peptide

sequence or target TF sequences based on human ORF before insertion into the pLVX-Tight-Puro vector. The lentiviral vector plasmid,

the packaging plasmid, and the envelop plasmid were co-transfected into HEK293FT cells using polyethyleneamine. Resulting viral particles

were enriched by ultracentrifugation. They were then frozen for future use.32

Immunofluorescence analysis

For immune-histology analysis, cells were fixed in 4% PFA for 20min at room temperature. The cultured cell sample fixation timewas between

11:00 and 15:00 for immunofluorescence analysis. Cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 20min. Blocking

was performed with 10% FCS (Invitrogen) in PBS with 0.1% Triton X-100 for 1 h. Cells were incubated with primary antibodies diluted in block-

ing solution at room temperature for 2–3 h or overnight, washed twice in PBS, and reacted with secondary antibodies diluted in blocking so-

lution for 45 min, counterstained with DAPI, and mounted with Vectashield mounting solution (Vector Laboratories). Primary antibodies were

listed at the Table S2 were applied overnight at 4�C. Secondary antibodies were incubated for 2 h at room temperature. Confocal images

were taken on standard fluorescence microscopes or Zeiss LSM710/780 confocal microscopes. All data for one experiment were acquired

from cells cultured and processed in parallel on the same microscope with the exact same setting used.

Time-lapse calcium imaging

Six-week-old iNs maintained on primary rat astrocytes were loaded with the calcium-sensitive dye Fluo-4 using the Fluo-4 calcium imaging kit

(Life Technologies). Briefly, the iNs were incubated with Fluo-4 (1 mM in Kreb HEPES buffer solution; KHB solution) for 75 min at 37�C. For
the preparation of pSCN, cylindrical punches of a unilateral SCN from 2- to 4-day-old pups were collected from 400 mmcoronal sections using

a 20 gauge needle. Cells were dissociated using papain and cultured,42 with the medium contained 5% FBS. Cells were maintained in culture

for 2 weeks before analysis. Cultured neurons were washed with a KHB solution 4 times and settled for 20 min in an incubator before imaging.

Calcium imaging was performed using the Zeiss LSM 880 Rear Port Laser Scanning Confocal and Airyscan FAST Microscope (Carl Zeiss,

Germany). Images were obtained using a standard Alexa Fluor 488 filter and were taken every 131 ms, using the 203 objective for a total

time of 150 s. Neurons were stained after the analysis to confirm neuronal marker expression. Neurons were outlined as regions of interest

and analyzed using IMARIS software (total number of neurons traced: iN = 18; iN-SCNTF= 20; from two separate individuals). For each region

of interest, changes in fluorescence intensity over time (Delta F) were plotted. Values were normalized to the minimum fluorescence (F min)

for each.
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Multi-electrode array recording

Six-week-old iNs or pSCN were maintained on a multi-electrode array (Multichannel Systems, Reutlingen, Germany) in an incubator at 37�C
with 5% CO2. The electrophysiological activity of the neurons was recorded for 3 days via 256 electrodes that were 30 mm in diameter, spaced

every 100 mm apart, and arranged in a 16 3 16 square grid (Multi channels systems). Signals were obtained from all 256 channels @ 10 kHz.

Negative thresholds for spike detection were set at 5 times the standard deviation of the noise on each channel. Spike cutouts, consisting of

1 msec preceding and 2 msec after a supra-threshold event, along with a timestamp of the trigger, were written to the hard disk. For each

electrode, these spike cutouts were sorted into trains of a single cell after recording using Offline Sorter (Plexon, Denton, TX). Data analysis

and display were performed using Neuroexplorer (Plexon) and custom software written in MATLAB (Mathworks, Natick, MA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification for bIII-tub and the calculation for the conversion yield of MEF or human fibroblasts, and quantification for co-staining immu-

nofluorescein analysis are based on at least three independent experiments. Quantitative data statistics were calculated using GraphPad

Prism software with the method indicated for each figure or STARmethods section; for control or iN versus iN-SCNTF comparisons, unpaired

t tests andANOVAswere used. Significance evaluations aremarked as *p< 0.05; **p< 0.01 in the figures. Statistical analysis of rhythmic firing:

We used meta2d, a function of the R package MetaCycle, to evaluate periodicity in the time series.70 Briefly, meta2D incorporates ARSER,71

JTK_CYCLE,72 and Lomb-Scargle73 algorithms and it implements N-version programming concepts to integrate their results including

p values, period, and amplitude. Neurons were considered to fire rhythmically when the integrated p value was <0.05 and a period between

18 and 30 h.
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