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Non-neurogenic cell types, such as cortical astroglia and fibroblasts, can be directly converted into neurons by the overexpression of
defined transcription factors. Normally, the cellular phenotype of such differentiated cells is remarkably stable and resists direct cell
transdifferentiation. Here we show that the Ink4a/Arf (also known as Cdkn2a) locus is a developmental barrier to direct neuronal
transdifferentiation induced by transcription factor overexpression. With serial passage in vitro, wild-type postnatal cortical astroglia
become progressively resistant to Dlx2-induced neuronal transdifferentiation. In contrast, the neurogenic competence of Ink4a/Arf-
deficient astroglia is both greatly increased and does not diminish through serial cell culture passage. Electrophysiological analysis
further demonstrates the neuronal identity of cells induced from Ink4a/Arf-null astroglia, and short hairpin RNA-mediated acute
knockdown of p16Ink4a and p19Arf p16 Ink4a and p19 Arf indicates that these gene products function postnatally as a barrier to cellular
transdifferentiation. Finally, we found that mouse fibroblasts deficient for Ink4a/Arf also exhibit greatly enhanced transcription factor-
induced neuronal induction. These data indicate that Ink4a/Arf is a potent barrier to direct neuronal transdifferentiation and further
suggest that this locus functions normally in the progressive developmental restriction of postnatal astrocytes.

Key words: astroglia; induced neuron; Ink4a/Arf; transcription factor; transdifferentiation

Introduction
Neurons can be directly converted from non-neuronal cell types
via the enforced expression of specific transcription factors (Vi-
erbuchen and Wernig, 2012). Other than tissue-specific stem cell
populations, cells in the adult mammal generally do not change
their cellular identities, and this inherent phenotypic stability
represents a barrier to cell transdifferentiation (Zhou and
Melton, 2008). Thus, discovering the molecular-genetic mecha-
nisms that facilitate direct neuronal transdifferentiation provides
insight into how cell fates normally become restricted, and may
also inform strategies that enhance cell fate conversion for the
purpose of disease-modeling and cell-based therapeutics.

The Ink4a/Arf tumor suppressor locus encodes the p16 Ink4a

and p19 Arf cell cycle inhibitors, which are expressed at basal levels
in differentiated cell types. In addition to their function in tumor

suppression (Kim and Sharpless, 2006), Ink4a/Arf gene products
impede the generation of induced pluripotent stem cells (iPSCs)
from fibroblasts: Ink4a/Arf is rapidly silenced during iPSC pro-
duction, and Ink4a/Arf-deficient fibroblasts generate iPSCs more
efficiently (Banito et al., 2009; Li et al., 2009; Utikal et al., 2009).
Whether Ink4a/Arf also constitutes a barrier to direct neuronal
reprogramming is not known.

During postnatal development, astrocytes in the mouse cere-
bral cortex divide symmetrically, greatly expanding their num-
bers (Ge et al., 2012); and when isolated from postnatal day 7 (P7)
mice, astroglial cells still exhibit developmental plasticity: these
young astroglia can give rise to multipotent neurospheres
(Palmer et al., 1999; Laywell et al., 2000) and can also be con-
verted into mature neurons via enforced expression of neuro-
genic transcription factors, such as Dlx2 (Heins et al., 2002;
Berninger et al., 2007; Heinrich et al., 2010). However, cortical
astrocytes from P15 mice no longer give rise to neurospheres
(Laywell et al., 2000), and transcription factor-mediated neu-
ronal transdifferentiation is greatly hindered in cells isolated
from later postnatal mice (Heinrich et al., 2011; Robel et al.,
2011). Thus, during this postnatal period of symmetric glial
cell proliferation, cortical astrocytes appear to lose their neu-
rogenic “competence.”

Here, we used transcription factor-mediated neuronal trans-
differentiation to gain insight into the molecular-genetic mecha-
nisms that normally restrict neurogenic competence. We found
that Ink4a/Arf is a potent barrier to direct neuronal transdiffer-
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entiation of mouse astroglia isolated from non-neurogenic brain
regions as well as mouse fibroblasts. Our findings suggest a gen-
eralizable approach to enhance direct cell conversion methodol-
ogies and further indicate a role for Ink4a/Arf in the postnatal
glial-fate restriction of parenchymal astrocytes.

Materials and Methods
Animals. Ink4a/Arf-null mice were maintained and genotyped as in Ser-
rano et al. (1996). All experiments were performed with mice of either sex
and in accordance to protocols approved by the Institutional Animal
Care and Use Committee at University of California, San Francisco.

Cell culture and neuronal transdifferentiation. Postnatal cortical astro-
glial cultures were established essentially as in Berninger et al. (2007).
Briefly, cortical tissue above the corpus callosum was microdissected
from P5–P7 mouse brain sections, dissociated by treatment with 0.25%
trypsin 0.5 mM EDTA as in Lim et al. (2009), and plated into 6-well
culture plates (Corning) coated with 0.1 mg/ml poly-D-lysine (Sigma-
Aldrich) in astrocyte growth medium described by Heinrich et al. (2010).
Glial cultures were replated 5–7 d later into 16-well poly-D-lysine-coated
Nunc Lab-Tek chamber slides (Thermo Scientific) at a density of 50,000
cells per well (passage 1) or passaged into culture plates for continued
culture in astrocyte growth medium. Cells in chamber slides were in-
fected with lentivirus and switched to astrocyte differentiation medium
(DMEM/F12, B27, glutamine, and penicillin/streptomycin) (Heinrich et
al., 2010) 24 h later.

Mouse embryonic fibroblasts (MEFs) were isolated and cultured in N3
medium (DMEM/F12, apotransferrin, insulin, sodium selenite, proges-
terone, putrescine, andpenicillin/streptomycin) (Vierbuchen et al.,
2010). Passage 3 MEFs were transduced with lentivirus expressing reverse
tetracycline transactivator (FUW-M2rtTA (Hockemeyer et al., 2008) and
the transcription factors Myt1l and Brn2 (Vierbuchen et al., 2010), and
rat Ascl1 expressed from the doxycycline-inducible lentiviral vector
tetO-FUW. At 16 –20 h after infection, cells were switched to fresh MEF
medium containing doxycycline (2 �g/ml, Sigma). At 48 h after the
addition of doxycycline, cells were switched to N3 medium containing
doxycycline, which was replaced every 3 d. Neuronal differentiation was
analyzed by immunocytochemistry 20 d after infection.

Immunocytochemistry. Immunocytochemistry was performed as in
Lim et al. (2009) with the following primary antibodies: mouse anti-Tuj1
(Covance), chicken anti-GFP (Aves), rabbit anti-dsRed (Clontech), rab-
bit anti-Nestin (Millipore), guinea pig anti-GLAST (Millipore), rabbit
anti-S100� (Sigma), chicken anti-GFAP (Millipore), chicken anti-vimentin
(Millipore), mouse anti-phospho-histone H3 (Millipore), rabbit anti-Pax6
(Covance), and rabbit anti-Sox2 (Santa Cruz Biotechnology). DAPI (Sigma)
was used for nuclear staining.

Microscopy, cell counting, and statistical analysis. For quantification of
cell cultures, at least 6 random, nonoverlapping fields of view were digi-
tally acquired at 100 –200� magnification (CMI 4000B, Leica), and cells
were counted manually with aid of ImageJ (National Institutes of Health)
or the Leica Application Suite Advanced Fluorescence software (Leica).
Significance was calculated with Student’s t test using Excel (Microsoft).

Electrophysiology. Cells were analyzed 14 –30 d after infection. The
patch electrodes were made from borosilicate glass capillaries (Sutter
Instruments) with a resistance in the range of 5–7 M�. The pipettes were
tip-filled with internal solution containing the following (in mM): 125
K-gluconate, 15 KCl, 10 HEPES, 4 MgCl2, 4 Na2ATP, 0.3 Na3GTP, 10
Tris-phosphocreatine, 0.2 EGTA. The bath was constantly perfused with
fresh recording medium containing the following (in mM): 145 NaCl, 3
KCl, 3 CaCl2, 2 MgCl2, 10 HEPES, 8 glucose, at room temperature.
Recordings were made with an Axon 700B patch-clamp amplifier and
1320A interface (Molecular Devices). Signals were filtered at 2 kHz using
amplifier circuitry, sampled at 10 kHz, and analyzed using Clampex 10.2
(Molecular Devices).

Microarray and qRT-PCR analysis. Analysis by qPCR was performed as
in Ramos et al. (2013). For microarray analysis, samples from three rep-
licate cultures for each cell type were prepared as in Ramos et al. (2013)
and hybridized to MouseRef-8 v2.0 Expression BeadChip arrays (Illu-
mina). Array data were processed and analyzed as in Park et al. (2014).

Lentiviral production. To acutely knock-down Ink4a/Arf, one short
hairpin RNA (shRNA) sequence against Ink4a/Arf (targeting sequence:
AATGGCTGGATTGTTTAAA) (Fasano et al., 2007) and one control
sequence targeting luciferase described in targeting sequence: GAGCT-
GTTTCTGAGGAGCC (Ventura et al., 2004) was cloned into the lenti-
viral vector pSicoR-mCh (a gift from Dr. Miguel Ramalho-Santos). The
efficiency of viral transduction ranged from 95 to 98%, and no significant
differences were observed between wild-type (WT) and null glia. Brn2,
Ascl1, and Myt1l lentiviral vectors have been described previously (Vier-
buchen et al., 2010) and were obtained through Addgene. VSV-G and
EnvA pseudotyped lentiviruses were produced in HEK 293T cells as in
Lewis et al. (2001).

Results
Loss of neurogenic competence of cortical astroglia through
serial passage in vitro
P5–P7 cortical astroglial cultures infected with lentivirus express-
ing Dlx2 and the GFP marker (LV-Dlx2-GFP) but not GFP alone
(LV-GFP) produced GFP-positive neuronal cells immunoposi-
tive for �III Tubulin (Tuj1-positive) after 7 d of differentiation
(Fig. 1A,B). We investigated whether this “neurogenic compe-
tence” is maintained through serial passage in vitro. Cortical as-
troglia were serially passaged 5 times over 15 d, infected with
LV-Dlx2-GFP or LV-GFP at passages 1, 2, 3, and 5, and neuronal
differentiation was quantified 8 d after infection. While the effi-
ciency of LV-Dlx2-GFP induced neuronal transdifferentiation
was �7% at passage 1 (Fig. 1B, Pass 1), the percentage of Tuj1-
positive LV-Dlx2-GFP transduced cells was reduced 2.7-fold by
passage 2 (Fig. 1B, Pass 2), becoming 8.5-fold reduced (0.8%
efficiency) at passage 5 (Fig. 1B, Pass 5). Thus, with serial in vitro
passage, cortical astroglia derived from P5–P7 mice progressively
lose their neurogenic competence.

Ink4a/Arf deficiency enhances the neurogenic competence of
postnatal astroglia
Ink4a/Arf is expressed in cortical astroglial cultures but not neu-
rogenic neural precursors (Bachoo et al., 2002). To determine
whether Ink4a/Arf is a barrier to neuronal transdifferentiation,
we produced cultures from Ink4a/Arf-null mice and WT litter-
mates. Interestingly, at passage 1, Ink4a/Arf-null astroglia exhib-
ited low levels of neurogenesis even without enforced expression
of Dlx2 (Fig. 1B), possibly because of low levels of neural stem
cell-like behavior in response to EGF signaling, as previously re-
ported (Bachoo et al., 2002). However, by passage 3, very little of
this neural stem cell-like behavior remained (Fig. 1B). In con-
trast, at passage 1, LV-Dlx2-GFP induced neuronal differentia-
tion in 25.17% (SD � 1.14%, n � 4 independent experiments) of
infected Ink4a/Arf-null cells (Fig. 1B, Pass 1), resulting in �4-fold
more neurons than in WT cultures. Furthermore, the neurogenic
competence of Ink4a/Arf-null cells did not diminish with contin-
ued in vitro passage (Fig. 1B, Pass1–5); by passage 5, transdiffer-
entiation of Ink4a/Arf-null astroglial cells was �30-fold more
efficient than WT cells (Fig. 1B). Thus, Ink4a/Arf deficiency both
enhances and maintains the neurogenic competence of postnatal
cortical astroglia.

In typical neural cell growth media, Ink4a/Arf-null astroglia
grow faster than WT cultures, and cellular reprogramming, such
as that of iPSCs, can be promoted by high rates of proliferation
(Hanna et al., 2009). To address the possibility that the increased
proliferation rate of Ink4a/Arf-null astroglia relates to their en-
hanced transdifferentiation potential, we reduced the rate of cell
proliferation by omitting recombinant EGF and bFGF from the
growth medium. Ink4a/Arf-null astroglia grown without exoge-
nous EGF and bFGF incorporated the thymidine analog ethynyl
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deoxyuridine (EdU) at a rate similar to
WT astroglia cultured with EGF and
bFGF (Fig. 1C); despite a nearly sixfold
reduction in EdU incorporation, Inka/
Arf-null astroglia cultured in growth
factor-deficient conditions still exhibited
20-fold greater LV-Dlx2-GFP-induced
neuronal transdifferentiation, compared
with WT astroglia grown with EGF and
bFGF (Fig. 1D). Thus, independent of the
rate of cell proliferation, Ink4a/Arf defi-
ciency promotes neuronal transdifferen-
tiation in cortical astroglia.

Because parenchymal astrocytes can be
regionally distinct (Zhang and Barres,
2010), we next asked whether Ink4a/Arf-
null astroglia from other non-neurogenic
brain regions also exhibit increased effi-
ciencies of neuronal transdifferentiation.
Whereas astroglia derived from the cere-
bellum and brainstem did not grow well
under these culture conditions and there-
fore could not be evaluated, striatal astro-
glia did propagate efficiently. LV-Dlx2-GFP
induced neuronal differentiation of astro-
glial cells in Ink4a/Arf-null striatal cultures
with �5-fold greater efficiency than WT
controls (Fig. 1D), even when cultured in
media without EGF and bFGF, indicating
that Ink4a/Arf deficiency enhances neuronal
transdifferentiation in regionally distinct
populations of astroglia.

GFAP-positive, Ink4a/Arf-null astroglia
exhibit increased neurogenic
competence
Although astroglial cultures from both
Ink4a/Arf-null and WT cortex contained
similar proportions of cells expressing Nes-
tin, GLAST, OLIG2, and NG2 (Fig. 2A),
Ink4a/Arf-null cultures contained �20%
fewer cells expressing GFAP, a marker
of astrocyte identity. We therefore investi-
gated whether Ink4a/Arf deficiency in
GFAP-positive astroglia enhances neuronal
transdifferentiation.

We restricted LV-Dlx2-GFP infection
to cells expressing GFAP. EnvA pseu-
dotyped lentiviruses (LV/EnvA) cannot
infect mammalian cells unless they ex-
press the avian viral receptor gene, tv-a
(Lewis et al., 2001). The Gtv-a mouse
transgene expresses tv-a from the GFAP
promoter, enabling LV/EnvA infection of
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Figure 1. Ink4a/Arf deficiency enhances neuronal transdifferentiation. A, Immunocytochemistry for GFP (green) and Tuj1 (red)
of Ink4a/Arf-null and WT astroglia infected at passage 1 (Pass 1) with LV-Dlx2-GFP. B, Transdifferentiation efficiencies of astroglia

4

serially cultured from passage 1 (bright red) through 5 (light
pink). C, Quantification of EdU-positive cells in Ink4a/Arf-null
and WT cortical (left) and striatal (right) astroglial cultures,
with and without exogenous EGF and FGF. D, Efficiencies of
neuronal conversion of cells from C with and without exoge-
nous EGF and FGF. Error bars indicate SEM. **p � 0.01.
***p � 0.001. n.s., Not significant. Scale bars, 10 �m.
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Figure 2. Transdifferentiated neuronal cells display markers of inhibitory interneuron fate and become electrophysiologically active. A, Immunocytochemistry for Nestin, GLAST, S100�, Olig2,
NG2, and GFAP (green) counterstained with DAPI (blue) of passage 1 cortical astroglia. Percentage of cells immunopositive for each marker is indicated (from 8 fields of view, 20�). Scale bars, 20
�m. B, Transdifferentiation efficiencies of Ink4a/Arf-null and WT astroglia transduced with Env-A-pseudotyped virus expressing GFP alone or Dlx2-GFP. ***p � 0.001. C, Immunocytochemistry for
NeuN, calretinin, and GAD67 (red), Tuj1 (green), and DAPI (blue). Scale bars, 10 �m. D, Merged differential interference contrast and fluorescence image showing an example of a recorded neuron.
E, Representative traces of Ink4a/Arf �/� neuron exhibiting repetitive action potentials (top) under stepped current injection (bottom) in current clamp. F, Large inward Na 	 currents under
stepped voltage (bottom) in voltage clamp (top). Both Na 	 currents and action potentials were fully abolished upon application of Na 	 channel blocker 1 �M TTX. G, Summary of action potentials
recorded from Ink4a/Arf-null and WT neurons derived by infection with Dlx2 	 Mash1 or Dlx2 alone.
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Figure 3. Acute changes to Ink4a/Arf affect transdifferentiation efficiency. A, Trandifferentiation efficiencies of Ink4a/Arf WT astroglia infected with lentivirus expressing RFP and an shRNA
targeting Ink4a/Arf or control. Luc, Luciferase. B, Transdifferentiation efficiencies of Ink4a/Arf WT or null glia infected with virus overexpressing RFP both p16Ink4a and p19Arf or control (alkaline
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after LV-Dlx2-GFP infection before differentiation. *p � 0.05. **p � 0.01. Error bars indicate SD of triplicate reactions. E, Summary of microarray expression data for genes calculated to be greater
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GFAP-positive astroglia (Holland et al., 1998). When infected
with LV/EnvA-Dlx2-GFP, Gtv-a;Ink4a/Arf-null astroglial cul-
tures exhibited �10-fold higher neuronal differentiation effi-
ciency compared with Gtv-a;Ink4a/Arf	/	 control cultures (Fig.
2B). When infected with the LV/EnvA-GFP control virus, Gtv-a;
Ink4a/Arf-null cells did not give rise to neurons, indicating that
the low levels of neurogenesis observed in Ink4a/Arf-null cortical
cultures without enforced Dlx2 expression (Fig. 1B) likely origi-
nated from a GFAP-negative cell population. Together, these
data indicate that Ink4a/Arf deficiency facilitates neuronal trans-
differentiation from GFAP-positive astroglia.

Neurons induced from Ink4a/Arf-deficient cells fire
action potentials
Neuronal cells induced from Ink4a/Arf-null cells by LV-Dlx2-
GFP were immunopositive for neuronal antigen NeuN (399 of
857 Tuj1	 cells; 46.6%) as well as calretinin (40 of 169 Tuj1	

cells; 23.7%) and GAD67 (45 of 169 Tuj1	 cells; 26.6%) (Fig.
2C). To further characterize their neuronal identity, we used
electrophysiological analysis (Fig. 2D–G). As in WT astroglia,
Dlx2 alone was sufficient to generate neurons in Ink4a/Arf-
null cultures that were able to fire action potentials; however,
after 2–3 weeks of differentiation, a large proportion of trans-
differentiated cells exhibited immature action potential firing
patterns (few spikes, Fig. 2E). In WT postnatal astroglia, co-
expression of proneural Mash1 (Ascl1) with Dlx2 promotes
further neuronal maturation (Heinrich et al., 2010). We there-
fore coexpressed Mash1 and Dlx2 from lentiviral vectors in
Ink4a/Arf-null cells and found that GFP-positive neuronal
cells exhibited repetitive action potential firing patterns under
current clamp, as well as large inward Na 	 currents under
voltage clamp, and both were sensitive to the Na 	 channel
blocker TTX (Fig. 2 E, F ). Indeed, Ink4a/Arf-null astroglial
cultures transduced with both Mash1 and Dlx2 lentiviral vec-
tors produced a greater proportion of neuronal cells with re-
petitive spiking than Dlx2 alone (Fig. 2G).

Acute changes to Ink4a/Arf expression regulate
neurogenic competence
We next investigated whether acute inhibition of Ink4a/Arf
expression can increase astroglial neurogenic competence.
Lentiviruses encoding shRNAs targeting both Ink4a and Arf
(LV-sh-Ink4a/Arf-mCherry) reduced their transcript levels in

passage 1 cortical astroglial cells by �80% after 2 d relative to
control LV-sh-luciferase-mCherry; these cultures were next
infected with LV-Dlx2-GFP or LV-GFP, and the cellular phe-
notype of double-infected cells (mCherry/GFP-positive) was
quantified after differentiation. Cells transduced with LV-sh-
Ink4a/Arf-mCherry exhibited �3-fold greater neuronal differentia-
tion compared with LV-sh-luciferase-mCherry control (Fig. 3A).

To determine whether enforced expression of Ink4a and Arf
would conversely inhibit neuronal transdifferentiation in Ink4a/
Arf-null astroglia, we infected Ink4a/Arf-null and WT passage 1
cortical astroglial cultures with lentivirus encoding p16 Ink4a and
p19 Arf cDNAs (LV-Ink4a-P2A-Arf-mCherry) or LV-mCherry
control vectors and assessed the efficiency of neuronal transdif-
ferentiation induced by LV-Dlx2-GFP. Reexpression of Ink4a/Arf
reduced the number of Tuj1-positive neuronal cells by �2.5-fold
in both Ink4a/Arf-null and WT cells (Fig. 3B). Thus, acute
changes to Ink4a and Arf transcript levels can rapidly alter the
neurogenic competence of astroglia.

Ink4a/Arf-null glia cultures more efficiently activate
Dlx2-dependent transcription
To begin to investigate why Ink4a/Arf deficiency enhances the
neurogenic competence of postnatal astroglia, we compared the
Ink4a/Arf-null transcriptome to that of WT controls. Surpris-
ingly, in Ink4a/Arf-null cultures, only 27 genes were differentially
expressed by �2-fold (Fig. 3E).

In normal development, DLX2 upregulates expression of both
the Dlx1/2 and Dlx5/6 bigene clusters, which are key regulators of
interneuron development (Panganiban and Rubenstein, 2002).
To determine whether Dlx2 overexpression can activate the tran-
scription of these DLX2 target genes, we analyzed gene expression
during LV-Dlx2-GFP-induced neuronal transdifferentiation.
Three days after differentiation with LV-Dlx2-GFP, Ink4a/Arf-
null cultures exhibited �10-fold higher levels of Dlx1, Dlx5, and
Dlx6 (Fig. 3C). To analyze gene expression related to the enforced
expression of Dlx2 rather than the resultant neuronal differenti-
ation, we analyzed cultures before the onset of neurogenesis.
Even before the emergence of Tuj1-positive cells, LV-Dlx2-GFP
induced nearly sixfold higher levels of Dlx1 and Dlx5/6 expres-
sion in Ink4a/Arf-null cultures (Fig. 3D). Thus, Ink4a/Arf-
deficient astroglia are more competent to upregulate DLX2
downstream targets.
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Figure 4. Ink4a/Arf is a barrier to fibroblast neuronal reprogramming. A, Transdifferentiation efficiencies from Ink4a/Arf-null and WT MEFs infected with lentivirus expressing Brn2, Myt1l, and
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Ink4a/Arf is a barrier to direct neuronal reprogramming
of fibroblasts
To further explore whether the Ink4a/Arf locus is a barrier to
direct neuronal transdifferentiation, we investigated direct neu-
ronal transdifferentiation of non-neural cells. MEFs can be con-
verted into neurons via overexpression of the transcription
factors Brn2, Ascl1, and Myt1l (Vierbuchen et al., 2010). We in-
fected MEFs from Ink4a/Arf-null and WT littermates with lenti-
viruses expressing the reverse tetracycline transactivator, and a
pool of lentiviruses expressing Brn2, Ascl1, and Myt1l under the
control of the tetracycline response element. As expected, 19 d
after transcription factor induction with doxycycline, we ob-
served Tuj1-positive cells with neuronal morphologies in WT
MEF cultures; from Ink4a/Arf-null MEF cultures, neuronal
transdifferentiation was nearly sixfold greater (Fig. 4A,B). Thus,
Ink4a/Arf is a barrier to neuronal transdifferentiation in both
neural and non-neural cell types.

Discussion
A major challenge to the direct conversion of one mature cell type
into another is that the identity of differentiated cells is generally
very stable and difficult to alter (Zhou and Melton, 2008; Vier-
buchen and Wernig, 2012). How cells achieve and maintain such
stable, mature phenotypes is poorly understood. We show that
Ink4a/Arf-deficient cells exhibit greatly increased competence for
direct neuronal transdifferentiation. In addition to enabling
greater efficiencies of neuronal conversion for the advancement
of cell reprogramming technologies, our findings suggest that
Ink4a/Arf is a genetic requirement for the proper stabilization of
mature astrocyte identity.

Astrocytes arise from radial glia, the primary multipotent
embryonic neural stem cell population (Kriegstein and Alvarez-
Buylla, 2009). In the postnatal mouse cortex, astrocytes prolifer-
ate through symmetric division (Ge et al., 2012). As others
(Palmer et al., 1999; Laywell et al., 2000; Heins et al., 2002;
Berninger et al., 2007; Heinrich et al., 2010) and we have shown
here, early postnatal cortical astroglia still exhibit developmental
plasticity. However, astroglia isolated from later postnatal ages
have greatly diminished neurogenic competence (Laywell et al.,
2000; Heinrich et al., 2011). Interestingly, cortical astroglia be-
came increasingly resistant to neuronal conversion through serial
passage, suggesting that this lineage restriction is progressive in
nature and related to their proliferation. In contrast, the neuro-
genic competence of Ink4a/Arf-null astroglia did not diminish
with serial passage, indicating that Ink4a/Arf is required for the
observed restriction to astrocyte identity.

Using Dlx2, one of the major transcription factors that con-
trols inhibitory interneuron fate, we were able to generate neu-
rons that display markers of an inhibitory interneuron identity. It
is feasible that the use of other lineage-specific transcription fac-
tors alone or in combination may yield other neuronal subtypes.
Additionally, astroglial heterogeneity related to location or em-
bryonic origin may play a role in the responsiveness to these
factors, as transdifferentiation efficiency of striatal astrocytes ap-
peared to be �60% higher than those derived from the cortex.

Ink4a/Arf-null astrocytes are immortal (Bachoo et al., 2002),
and this nonsenescent proliferation may also relate to their per-
sistent neurogenic competence. Ink4a/Arf is a key mediator of
senescence (Collado et al., 2007), and Ink4a/Arf as well as other
senescence mediators are barriers to iPSC production (Banito et
al., 2009; Li et al., 2009; Utikal et al., 2009). Reintroduction of
p16 Ink4a and p19 Arf transcripts into Ink4a/Arf-null cells restores
replicative senescence; and, indeed, astroglial neurogenic compe-

tence was inhibited by lentiviral expression of Ink4a/Arf tran-
scripts. Although WT cortical astroglia became refractory to
proliferation after Passage 5, we did not observe any classical
markers of senescence (e.g., �-galactosidase activity, heterochro-
matin foci) in WT astrocyte cultures before this point (data not
shown). Thus, we suggest that proliferation toward Ink4a/Arf-
dependent senescence limits the neurogenic competence of astro-
glia. Interestingly, astroglia in the adult subventricular zone repress
Ink4a/Arf via Polycomb-dependent mechanisms (Molofsky et al.,
2003), and these subventricular zone astrocytes maintain neuro-
genic competence, generating large numbers of neurons throughout
life (Kriegstein and Alvarez-Buylla, 2009).

Overall, our results indicate that inactivation of Ink4a/Arf
greatly improves transcription factor-mediated neuronal trans-
differentiation. This finding not only has important implications
for the advancement of direct cell conversion methodologies, our
data also implicate Ink4a/Arf as a key genetic locus in the normal
developmental lineage-restriction of astroglial cells in non-
neurogenic brain regions.
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