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Neuronal differentiation is a tightly regulated process charac-
terized by temporal and spatial alterations in gene expression. A
number of studies indicate a significant role for histone acetyla-
tion in the regulation of genes involved in development.Histone
acetylation is regulated by histone deacetylases and histone
acetyltransferases. Recent findings suggest that these catalytic
activities, in turn, aremodulatedby yet another set of regulators.
Of considerable interest in this context is the possible role of the
INHAT (inhibitor of histone acetyltransferase) complex, com-
prised of a group of acidic proteins that suppress histone acety-
lation by a novel “histone-masking” mechanism. In this study,
we specifically examined the role of the leucine-rich acidic
nuclear protein (LANP), a definingmember of the INHAT com-
plex whose expression is tightly regulated in neuronal develop-
ment. We report that depleting LANP in neuronal cell lines
promotes neurite outgrowth by inducing changes in gene
expression. In addition, we show that LANP directly regu-
lates expression of the neurofilament light chain, an impor-
tant neuron-specific cytoskeletal gene, by binding to the pro-
moter of this gene and modulating histone acetylation levels.
Finally, we corroborated our findings in vivo by demonstrat-
ing increased neurite outgrowth in primary neurons obtained
from LANP null mice, which is also accompanied by
increased histone acetylation at the NF-L promoter. Taken
together, these results implicate INHATs as a distinct class of
developmental regulators involved in the epigenetic modula-
tion of neuronal differentiation.

Development of the nervous system is a well coordinated
process that relies on the ability of neurons to differentiate,
migrate, extend neurites, and form synapses. Each of these
events is regulated by a series of intracellular events that are
choreographed by alterations in gene expression. It is becoming

increasingly clear that gene expression is regulated not only by
the transcriptional machinery per se, but also by chromatin
modifications, in particular alterations in DNA methylation
and post-translational modifications of histone tails (1, 2).
One of the best characterizedmodifications of histone tails is

the dynamic acetylation of the N-terminal domains of histones
on a few specific lysine residues (2). Histone acetylation has
been traditionally thought to be regulated by a fine balance of
two classes of enzymes: histone acetyltransferases (HATs)2 that
incorporate acetyl groups into specific lysine residues of his-
tone tails; and histone deacetylases (HDACs) that reverse these
marks (2). Histone acetylation correlates remarkably well with
increases in gene expression, both by altering the conformation
of chromatin, and also by creating a primed platform for the
docking of factors that enable gene expression.
There is considerable evidence, both pharmacologic and

genetic, for the role of HATs and HDACs in normal differenti-
ation. For instance, drugs that inhibit HDACs affect the ability
of cell lines to differentiate in culture (3, 4), whereas genetically
modulating the levels of HATs and HDACs in engineeredmice
causes significant developmental defects (5). Indeed, defects in
histone acetylase enzymes such asCREB-binding protein (CBP)
cause developmental syndromes typified by the Rubinstein-
Taybi syndrome, where lack of even a single copy ofCBP causes
mental retardation and developmental delay (6). Indeed, much
like human patients, mice are finely attuned to the levels of
p300/CBP dosage, with haploinsufficiency and nullizygosity
showing worsening degrees of pathology (7, 8).
Despite our knowledge of the importance of HATs and

HDACs, remarkably little is known about proteins that regulate
their activity. In this report, we have focused our studies on
elucidating the role of HAT regulators by studying LANP
(leucine-rich acidic nuclear protein; also known as ANP32-A,
PHAPI, and pp32). LANP is a nucleocytoplasmic shuttling pro-
tein with a diverse array of functions, including an ability to
modulate the cytoskeletal compartment by binding tomicrotu-
bule-associated proteins (9, 10).However, in the nucleus, one of
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the best characterized functions of this acidic protein is its abil-
ity to inhibit HATs, such as CBP, p300, and PCAF and conceiv-
ably others by binding to the basic histones and preventing
HAT access to chromatin (11, 12).
Although LANP is ubiquitously expressed, its levels of

expression are under tight spatial and temporal control. For
instance, in the developing brain, LANP is abundantly
expressed during the early weeks of postnatal life, decreasing to
adult levels as neurons extend neurites and form synapses with
one another (13). This temporal expression pattern suggested
to us that it might play a role in sculpting brain cytoarchi-
tecture, by regulating gene expression. This would serve as a
mechanism to fine-tune neurite outgrowth in the developing
brain. To test this notion, we probed the effects of depleting
LANP on gene expression, histone acetylation, and neurite
outgrowth.
Using the PC12 cell line, a well establishedmodel of neuronal

development, we show that depleting LANP has a remarkable
ability to induce neurite outgrowth. These changes are closely
aligned with robust changes in the expression of genes involved
in neuronal differentiation. In addition, we examined the role of
LANP in regulating the Neurofilament light chain gene (Nf-L),
one of the genes that shows an early up-regulation when LANP
is depleted. We show that LANP directly associates with the
promoter of the Nf-L gene and regulates the acetylation of his-
tones in the vicinity of the NF-L promoter. These results pro-
vide strong evidence that the Nf-L gene is a direct target of the
INHAT activity of LANP. Finally, we have confirmed our find-
ings in vivo by demonstrating that primary neurons derived
fromLANPnullmice have accelerated neurite outgrowth com-
pared with neurons derived from their wild-type littermates.
Importantly, this neurite outgrowth is accompanied by in-
creased histone acetylation at the promoter of Nf-L gene with
increasedNF-L expression. These novel findings demonstrate a
pivotal role for HAT regulators in neuronal differentiation, and
will have significant impact in understanding the epigenetic
regulation of this class of proteins in neuronal development.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Lines—The rat pheochromocytoma
PC12 cells were grown in Dulbecco’s modified Eagle’s medium
containing 8% horse serum and 8% fetal bovine serum (FBS).
These cells were induced to differentiate by the addition of
nerve growth factor (NGF; Roche) and by reducing the serum in
the media (5% FBS; no horse serum). The mouse neuroblas-
toma N2A cells were grown in Dulbecco’s modified Eagle’s
mediumcontaining 10%FBS and induced to differentiate by 0.3
mMBt2cAMP (adenosinemonophosphate) (Sigma) in the pres-
ence of 1% FBS containing Dulbecco’s modified Eagle’s
medium.
Transfections—For immunofluorescence, PC12 or N2A cells

were seeded onto coverslips in 35-mmdishes and transfected at
a density of 175,000 or 125,000 cells/dish, respectively, using
Lipofectamine 2000 (according to the manufacturer’s instruc-
tions; Invitrogen). For optimal knockdown, transfections were
performed on two consecutive days. Two days after transfec-
tion, the cells were fixed and stained with primary antibodies
(anti-LANP; 3118 (10) and anti-tubulin (T-8660; Sigma)) and

fluorescently labeled secondary antibodies (Jackson Immuno-
chemicals) (10).Microscopy was performed using a Zeiss Axio-
vert microscope. Images were processed with Adobe Photo-
shop 7.0 software. Statistical analysis was performed using the
unpaired t test.

For biochemical experiments, PC12 cells were seeded in the
samemanner, with the only difference being that they were not
plated onto coverslips. ForWestern blots protein samples were
run on a 10% polyacrylamide gel andWestern blot analysis was
performed using antibodies against LANP and actin (A-5441;
Sigma).
RNA Interference (RNAi) Duplexes—Knockdown of LANP

was induced by transfecting small interfering RNA (siRNA) at a
concentration of 100 nM. For these experiments cells were
transfected with siRNA 1, 5�-AAGCUGGUCCUGGAUAAC-
UGU-3�; siRNA 3, 5�-AGAGAAAUGUCCGAACCUUA-3�; or
a pool of four duplexes targeting LANP (siGENOME SMART-
pool; Dharmacon). They were transfected at a concentration of
100 nM (each component duplex at 25 nM concentration to
reduce the off-target effects). The sequence of four duplexes
were as follows: 1) 5�-GAACUGGAAUUCCUAAGUAUU-3�;
2) 5�-GGACAAACGGAUUUAUUUAUU-3�; 3) 5�-GGAUA-
ACUGUCGGUCAAUUUU-3�; 4) 5�-GCCUAGACCUGUUU-
AACUGUU-3�. For control commercial siRNA (Dharmacon)
5�-UAGCGACUAAACACAUCAA-3� was used (this control
siRNAhas been engineered to have at least 4mismatches to any
human, mouse, or rat gene).
Chromatin Immunoprecipitations (ChIP)—Chromatin pre-

cipitations from cultured cells were performed using estab-
lished techniques (14, 15). Briefly, 2 � 106 PC12 cells/10-cm
dishwere plated. 24 h after plating (or in the transfection exper-
iments, 48 h post-transfection), cells were cross-linked in 1%
formaldehyde for 10 min at room temperature with gentle
shaking. The reaction was stopped by adding glycine to reach a
125 mM final concentration. Cells were scraped, washed in ice-
cold phosphate-buffered saline, and lysed in 400 �l of lysis
buffer (50 mM Hepes-KOH, pH 7.9, 10 mM EDTA, pH 8.0, 1%
SDS with protease inhibitors). For chromatin precipitations
from mouse brain we instituted the following modifications
(16): mouse brains were flash frozen on dry ice, cut into small
cubes, and cross-linked by adding 1 ml of 1% formaldehyde per
100mg of tissue. Tissuewaswashed twicewith cold phosphate-
buffered saline and lysed with 1 ml of lysis buffer. Lysates, both
cell and tissue, were sonicated until cross-linked DNA was
sheared to an average size of 0.5 kb (�25 pulses with 10 s/pulse
at 40% amplitude). Samples were centrifuged at 4 °C for 10
min at 16,000 � g, and supernatants with cross-linked DNA
were diluted 1:10 in immunoprecipitation buffer (10 mM
Hepes-KOH, pH 7.9, 1% Triton X-100, 150 mM NaCl, and
protease inhibitors). Chromatin samples were precleared
with 200 �l of a 50% slurry of Protein A-agarose/salmon
sperm DNA (Upstate) for 1 h at 4 °C.
The pre-cleared lysates were then divided into three aliquots

and precipitated with the indicated antibodies (5 �g of anti-
LANP antibody (sc-5652, Santa Cruz), 5 �g of anti-acetyl-his-
tone H3 (06599; Upstate), or 5 �g of anti-H3 (05928; Upstate);
with 5 �g of normal IgG (Santa Cruz) used as controls).
Immune complexes were further incubated with Protein
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G-Sepharose beads (GE Healthcare) for 2 h at 4 °C. An aliquot
of 40�l of cell lysate was taken from diluted precleared samples
prior to immunoprecipitations, and processed and treated as
the immunoprecipitated sample. This served as the input con-
trol for the PCR component of the chromatin precipitations.
Immunoprecipitates were washed three times sequentially

with 1 ml of each: (i) immunoprecipitation buffer, (ii) wash
buffer (10 mM Tris-HCl, pH 8.0, 0.25 mM LiCl, 0.5% Nonidet
P-40, 0.5% sodium deoxycholate, 1 mM EDTA, pH 8.0), and (iii)
TE buffer (10mMTris, 1mMEDTA, pH 8.0). Pellets were resus-
pended in 500 �l of TE buffer and digested with 50 �g/ml
RNase A at 37 °C (30 min). SDS was added to a final concentra-
tion of 0.125%, and associated proteins were digested awaywith
250 �g/ml proteinase K (incubating for 1 h at 37 °C). Formal-
dehyde cross-links were reversed by addingNaCl to a final con-
centration of 200 mM and by incubating at 65 °C for 4 h. DNA
was extracted oncewith an equal volume of phenol-chloroform
and once with chloroform alone. 10 �g of glycogen was added
to the extracted DNA. The extracted DNA was then precipi-
tated with ethanol, and resuspended in 30 �l of TE. 2 �l of
resuspended DNA was used as a template for the PCR compo-
nent of the chromatin precipitation. PCR was performed with
primers to amplify the promoter region of theNeurofilament light
chain gene and other control promoters using the PCR mixture
(Fermentas). The following primers were used: rat NFL-F, 5�-
GGTATTGACAGGCAGGATGG-3�; rat NFL-R, 5�-AAGAG-
GGAAAGGGAAGGATG-3�; rat GAPDH-F, 5�-CCTTAAAC-
AGGCCCACTTGA-3�; rat GAPDH-R, 5�-CCTTCCACAAT-
GCCAAAGTT-3�; rat actin-F, 5�-CGCCGTTCCGAAAGT-
TGCC-3�; rat actin-R, 5�-AAGGTTGTACTCGCGGGTGG-
3�; rat �-globin-F, 5�-ACATTGCCCAATCTGCTCAC-3�;
rat �-globin-R, 5�-AACACAACAGTATCAGAAGCAAAT-
3�; mouse NFL-F, 5�-CAGGGAAGTTATGGGGGTCT-3�;
mouse NFL-R, 5�-AGAAGAACGGGGGAGAAGAG-3�;
mouse GAPDH-F, 5�-GCTCACTGGCATGGCCTTCCG-
3�; mouse GAPDH-R, 5�-GTAGGCCATGAGGTCCAC-
CAC-3�; mouse �-globin-F, 5�-TTACTTGAGAGATCCTG-
ACTCAACAATAA-3�; and mouse �-globin-R, 5�-TCAAT-
AACTGCCTTCAGAGAATCG-3�. 2 �l of immunoprecipi-
tated DNA was used for real time PCR employing the SYBR
Green quantitative PCR kit (Applied Biosystems) using
primers for NF-L and GAPDH (serving as control).
The PCR component of the ChIP was quantified by qPCR.

For the analyses, we normalized the qPCR results first to
GAPDH (an internal control gene) and then to input. For
experiments with transfected cells, the data were presented as
-fold enrichment of the PCR product in the cells transfected
with siRNA targeting LANP compared with cells treated with
control siRNA. For the ChIP on brain we performed a similar
quantitation except the -fold enrichment was compared with
ChIP from wild-type brains.
Quantitative RT-PCR—RNA was isolated from the cells

using the RNeasy kit (Qiagen) and from brain tissue (TRIzol)
according to the manufacturer’s instruction. 1 �g of DNase
(Ambion)-treated RNA and oligo(dT) primers (Invitrogen)
were denatured by incubating at 65 °C for 10 min. cDNA was
synthesized using a reverse transcriptase (RT) kit according to
the manufacturer’s instructions (Roche). RT catalytic activity

was inactivated by incubating the cDNA at 85 °C for 5min. Real
time PCR was performed using the SYBR Green quantitative
PCR kit (Applied Biosystems).
Microarray Analysis—The cells were collected 48 h after

LANP depletion by RNAi (previously described). RNAwas iso-
lated from the cells using RNeasy kit (Qiagen) and the quality of
the RNA was assessed by a Agilent 2100 Bioanalyzer (28 S/18 S
ratios of �2.0 suggesting high quality). We synthesized biotin-
labeled cRNA that we subsequently hybridized to the Affymetrix
GeneChipRatGenome2302.0 containing 31,042probe sets (each
probe set contains 11 pairs of perfect match andmismatch oligos
that differ by a single central nucleotide). Sequences used in the
design of the array were selected from GenBank�, dbEST, and
RefSeq. The sequence clusters were created from the UniGene
data base (Build 99, June 2002) and then refined by analysis and
comparison with the publicly available draft assembly of the rat
genome from the Baylor College of Medicine Human Genome
Sequencing Center (June 2002).
An estimate of signal for each transcript was calculated based

on the difference of the perfect match and mismatch signals at
each of the probe pairs using theMicroarray Suite 5.0 algorithm
(Affymetrix). Raw -fold change for each transcript was calcu-
lated by taking the simple ratio of the geometric means of the
signal values for each respective group. Differential expression
was determined using a robust implementation of permutation
testing described here (expressionanalysis.com/pdf/PADE_
technote.pdf). In brief, a modified t-statistic (�i) was calculated
for each transcript when comparing groups, and a difference
(�) was computed between �i and the average or expected
t-statistic ordered values from a reference distribution (�(i))
calculated by computing all possible random permutations of
our samples.
Preparation of Hippocampal Cultures—We prepared pri-

mary neuronal cultures from hippocampi of perinatal mice
(embryonic day E16 to postnatal day P3) using established tech-
niques with a few modifications (17, 18). Briefly, mouse hip-
pocampi were dissected and freed of meninges. The cells were
dissociated by trypsinization in 0.25% trypsin, then gently
pipetted with a 5-ml pipette and filtered through a 40-�m cell
strainer to yield a single cell suspension. These hippocampal
neurons were then plated onto poly-L-lysine-coated coverslips
in Neurobasal media (Invitrogen) supplemented with B27
(Invitrogen) and 5% FBS (the latter for the first hour only). To
monitor neurite outgrowth, neuronswere fixed at days 1, 4, and
8 post-plating in vitrowith 4% formaldehyde and processed for
immunofluorescence with an antibody against LANP and
neuron-specific tubulin antibody �III tubulin (TuJ) (Sigma).
Images were analyzed using Metamorph Image analysis soft-
ware (Universal Imaging Corporation, Fryer Company Inc.,
Huntley, IL). Neurite outgrowth was monitored by measuring
the length of the longest process in neurons of each genotype.
The data represent average of those lengths by counting at least
60 neurons. Statistical comparisons were performed using the
unpaired t test.

Tails of the pups or embryos were used for genotyping by
PCR using one forward primer (F) and two reverse primers
(R2 and R3) that were used to amplify the mutant and wild-
type alleles, respectively. The sequence of the primers were
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as follows: primer F, 5�-ACAGCAAAGCCTACTGGATA-
3�; primer R2, 5�-GAAGAACCTCTGTGTGGGTA-3�; and
primer R3, 5�-ATGTTGGATAAGCACACCTC-3�.

RESULTS

RNAi to Knock Down LANP Levels Results in Increased Neu-
rite Outgrowth—To understand the role of LANP, we focused
our efforts on the PC12 cell line, a rat chromaffin cell line that is
especially well suited for the study of neuronal differentiation,
based on its ability to take on many of the morphological and
functional characteristics of neurons upon addition of NGF
(19).
In this differentiation model, we took a loss of function

approach using RNA interference to study the effects of deplet-
ing endogenous LANP.Using a commercially generated pool of
four duplexes that target distinct domains of the LANP mes-
sage, we could achieve at least a 75% level of knockdown of
protein as estimated by Western blotting technique (Fig. 1A)
and 80% knockdown of RNA as estimated by quantitative RT-
PCR (p � 0.0001) (Fig. 1, B and C).

Even in the absence of NGF, PC12 cells with depleted LANP
could be readily distinguished morphologically from those
treated with control siRNA or cells that underwent a mock
transfection. PC12 cells in the absence of NGF are typically
rounded and do not extend neurites. However, when LANP is
depleted, the cells were flatter and extruded short neurites (Fig.
2,A and B, tabulated in E). The data are shown for two different
siRNAs targeting LANP compared with control siRNA (44.9 �
3.3% in the case of siRNA1 and 41.1� 4.5% in the case of siRNA

3; compared with 20.6 � 1.1% of cells transfected with control
siRNA; p � 0.005 in both instances). This differentiation phe-
notype was further exaggerated in the presence of NGF (93.3�
1.8% in the case of siRNA 1; and 91.2 � 2.1% in the case of
siRNA 3 of cells compared with only 64.1 � 4.6% in cells trans-
fected with control siRNA; p � 0.001 in both instances) (Fig. 2,
F andG; tabulated in J). The typical level of knockdownwith the
two individual siRNA 1 and 3 are shown by semi-quantitative
Western blots using an anti-LANP antibody (Fig. 2K).

We also found similar results with the N2A mouse neuro-
blastoma cell line, another cell line that can be induced to dif-
ferentiate, albeit with a different stimulus: the cyclic AMP ana-
logue Bt2cAMP (supplemental Fig. S1). Using siRNA 1 that also
targets mouse LANP, we can demonstrate that LANP-depleted
N2A cells had significantly longer neurites than control trans-
fected cells; p � 0.005 (supplemental Fig. S1, A–E). A Western
blot shows the level of knockdown achieved in these cells (sup-
plemental Fig. S1F). Together these results demonstrate that
depleting LANP promotes neurite outgrowth in at least two
well established neuronal differentiation paradigms.
Alterations inGene Expression—InPC12 cells, NGF interacts

with its cell-surface receptor (TrkA) to initiate changes in neu-
ron-specific gene expression via the mitogen-activated protein
kinase signalingmodule (20). One of the effects of this signaling
cascade is the triggering of a HAT-mediated transcriptional
module leading to a neuronal phenotype.Given that LANP is an
effective inhibitor of HATs such as CBP, p300, and PCAF (11),
we hypothesized that LANP serves to inhibit HAT-mediated
neurite outgrowth in undifferentiated PC12 cells. Once LANP
is depleted, inappropriate gene expression occurs thus enabling
neurite outgrowth.
To test this hypothesis and determine which genes are mis-

regulated when LANP levels are altered, we performed
microarray experiments that query the gene expression profile
of PC12 cells when LANP is depleted. Once again, we used
RNAi to deplete LANP (as described in Fig. 1). RNA was iso-
lated from LANP-depleted cells 48 h post-transfection. After
the quality of the RNA was assessed by Agilent 2100 Bioana-
lyzer, we synthesized biotin-labeled cRNA targets that we sub-
sequently hybridized to the Rat Genome 230.2 gene chips
(Affymetrix) that contains 31,042 probe sets.
Before performing detailed statistical analysis on our

microarray data, we first analyzed the level of expression of
LANP on the microarray. This served as an important internal
control demonstrating knockdown of LANP. We discovered
that there is approximately a 6-fold decrease (85% knockdown)
in the levels of LANP transcripts bymicroarray analysis (similar
to the knockdown observed in Fig. 1). Importantly, the knock-
down of LANPwas not associated with significant depletion of
two of its closely related family members (ANP 32 B and
ANP 32 E), addressing the specificity of the RNAi-induced
knockdown (see Fig. 3).
We performed two-group comparison analysis to detect and

estimate changes in expression between the two experimental
groups, i.e. those treated with control siRNA and those treated
with siRNA targeting LANP. The final datawere analyzed using
the Affymetrix Microarray Suite 5.0 software. We found that
depleting LANP does not lead to global alterations in gene

FIGURE 1. Knockdown of LANP by RNA interference. A, PC12 cells trans-
fected with a pool of siRNA targeting LANP show reduced expression at the
protein level as demonstrated by Western blot (WB). As expected, no reduc-
tion of LANP is found with control siRNA or cells transfected in a mock manner
(no siRNA). Western blot performed with an anti-actin antibody serves as a
loading control. B, PC12 cells transfected with siRNA targeting LANP show
reduced expression at the RNA level as demonstrated by RT-PCR. Once again,
no reduction of LANP is found with control siRNA or cells transfected in a
mock manner (no siRNA). In these experiments, the GAPDH message was
measured as an internal control. C, quantitative RT-PCR comparing PC12 cells
transfected with LANP siRNA and control (C) siRNA. Ct (threshold cycle) value
of each sample is normalized to GAPDH and -fold change is relative to control
transfected PC12 cells. *, p � 0.0001.
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expression. Instead, only a relatively small subset, 3,187 genes,
were altered (with a false discovery rate of 9.24%). This list was
further narrowed by selecting for transcripts with an estimated
absolute raw -fold change �1.50 and with a higher � (thresh-
old) value to obtain 102 genes with median false discovery rate
of 1.96%. Identity of transcripts was based on annotation by
Affymetrix (affymetrix.com/analysis/netaffx/index.affx). Fig. 3
and Table S1 (supplementary information) shows a select set of
genes with readily assignable functions.
We next validated a subset of genes by qRT-PCR as an inde-

pendentmethod to estimate the level of alteration. As shown in
Fig. 4, genes that are up-regulated in the microarray are also
up-regulated in quantitative reverse transcriptase assays. Like-
wise genes that are down-regulated are also similarly decreased.
Fig. 4 shows a few examples of (a) up-regulated genes (left of
vertical line): Neurofilaments light (p � 0.005), medium (p �
0.005), and heavy (p � 0.0005), BDNF (p � 0.05), Synapsin I
(p � 0.05),Map1a (p � 0.005), and GAP43 (p � 0.05); and (b)

down-regulated genes (right of vertical line): VEGF-A (p �
0.005) and Synapsin II (p � 0.0005).
LANP Resides at the Promoter of the NF-L Chain Gene—The

microarray analyses suggested to us that the expression levels of
numerous key genes involved in neuronal differentiation are
indeed regulated by LANP. Next we sought to identify if LANP
directly targets any of the genes that are up-regulated. Because
LANP is a transcriptional repressor, we started with the
assumption that genes that demonstrate an increased expres-
sion immediately after LANP is depleted are likely to be direct
targets. In the course of validating genes up-regulated upon
LANP depletion, we found that among the seven genes that we
tested in Fig. 4, there was a consistent early up-regulation of
neurofilament light and medium chain genes. The Neurofila-
ment light chain gene, in particular, has been especially well
studied as a marker of neuronal differentiation in PC12 cells
(21). This up-regulation of NF-L is readily detectable at 24 h
post-transfection the time point at which significant depletion

FIGURE 2. Knockdown of LANP promotes neurite outgrowth in PC12 cells. PC12 cells were transfected with either control siRNA (A, C, F, and H) or siRNA
targeting LANP (panels B, D, G, and I) both in the absence (A–E) and presence (F–J) of NGF. The cells were fixed and stained with anti-tubulin to monitor the
contours of the cells to evaluate neurite outgrowth (compare panels A and B, F and G). Anti-LANP immunofluorescence demonstrates significant LANP
depletion (compare panels C and D, H and I). These results are quantified (histograms E and J) by counting the number of cells displaying neurites longer than
one cell body length. siRNA 1 and siRNA 3 represent two different siRNA duplexes targeting LANP. Scale bar � 20 �m. Cells were counted in 3 sets of high power
fields representing triplicate transfections (typically 6 fields or more were counted with total number of cells �75 per set). Error bars represent S.E. *, p � 0.001.
K, PC12 cells transfected with individual siRNA 1 and 3 show reduced protein expression by Western blot (WB) analysis. No reduction of LANP is found with
control siRNA or cells transfected in a mock manner (no siRNA). A Western blot performed with an anti-actin antibody serves as a loading control.
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of LANP is observed (supplemental Fig. S2). This led us to test
the idea that the Nf-L gene might be a direct target of LANP-
induced repression.
To test whether theNf-L genemight indeed be a direct target

of LANP, we performed chromatin immunoprecipitation using
antibodies to LANP and IgG (as a negative control), followed by

PCR using primers to the promoter region of Nf-L chain gene.
We observed that the NF-L promoter was co-immunoprecipi-
tated by an LANP antibody (Fig. 5A). Quantitative PCR repre-
sented 4-fold enrichment of the NF-L promoter with LANP anti-
body (p � 0.005) (Fig. 5B) suggesting that LANP resides in this
region of theNf-L gene and likely regulates its expression directly.

FIGURE 3. Clustergram of the genes altered upon LANP knockdown. Each column depicts the signal from individual transfection with siRNA control
(first three columns) or siRNA LANP (last three columns). Color in rows indicates relative expression level of the altered genes: red showing an increase and
green depicting a decrease in LANP-depleted samples compared with control transfected samples. Genes are grouped according to their major
biological functions.
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LANP Depletion Increases Histone Acetylation Status of the
NF-L Promoter—Acetylation status of the histones can serve as
an indicator of the transcriptionally active state of a promoter.
Histones are acetylated when the gene is transcriptionally
active. Because the binding of LANP as an INHAT has been
best established for histone H3 (22), we performed ChIP with
acetyl-H3 antibody to determine whether depletion of LANP
increases the histone H3 acetylation status of the promoter of
Nf-L chain (22, 23). To this end, cells transfected with siRNA
targeting LANP and control siRNAwere exposed to cross-link-
ing agents, chromatin was precipitated with H3-acetyl, H3-to-
tal, or IgG (control) antibodies and the promoter region of the

Nf-L chain gene was amplified. In LANP-depleted cells, ChIP
using an anti-H3-acetyl antibody shows an increase in theNF-L
promoter as amplified by PCR (Fig. 6A, compare lanes 2 and 6).
Quantitative PCR showed 5-fold enrichment inNF-L promoter
upon LANP knockdown (p� 0.01) (Fig. 6B). There is no differ-
ence in the levels of enrichment of the NF-L promoter by ChIP
when a control total H3 antibody is used.We also did not detect
any increase in histone acetylation on a control �-globin pro-
moter (supplemental Fig. S3), demonstrating that depleting
LANP increases histone acetylation only on promoters of genes
such as Nf-L, whose expression is up-regulated upon LANP
depletion. Taken together, these observations strengthen the
notion that LANP directly influences the expression of theNf-L
chain gene by altering the histone acetylation status of the pro-
moter region in PC12 cells.
Role of LANP in Primary Hippocampal Neurons—We have

recently established a colony of LANP null mice by genetic
engineering (24). It is intriguing that depleting LANP does not
lead to a significant adverse behavioral phenotype. However,
because of the significant effects of LANP on neuritic extension
we tested if primary neurons from these mice can be distin-
guished from those derived from wild-type littermates. For
these experiments, we focused on analyzing the properties of
hippocampal neurons, neurons that are relatively easy to cul-
ture and analyze by morphometric criteria (17, 18). Unlike
PC12 cells, hippocampal primary neurons at baseline begin to
extend neurites in culture. However, in this system as well, we
found that hippocampal neurons from mice lacking LANP
significantly differed from those derived from wild-type lit-
termates. Specifically, they displayed an enhanced ability to
generate neurites compared with wild-type littermates as
shown in Fig. 7 (mean length: day 1 in culture, wild-type 23.6
�m � 1.2 versus LANP null 34.9 �m � 1.6; day 4 in culture,

FIGURE 4. Knockdown of LANP results in alterations in expression of
numerous genes. RNA was isolated from PC12 cells 48 h after transfection
with siRNA targeting LANP and control siRNA. DNase-treated RNA was sub-
jected to quantitative RT-PCR analysis employing primers to amplify the indi-
cated transcripts. Ct value of each sample is normalized to GAPDH and fold-
change is relative to control transfected PC12 cells.

FIGURE 5. LANP resides at the promoter of the Nf-L gene demonstrated by
chromatin immunoprecipitation. A, chromatin bound to LANP was immu-
noprecipitated from PC12 cell lysates (input) with an anti-LANP antibody (or
IgG serving as a control). PCR was performed to amplify the promoter regions
of NF-L or two control genes, GAPDH and actin. B, the neurofilament pro-
moter bound to LANP by ChIP was quantified by qPCR by normalizing to one
of the controls (GAPDH) with the results graphed as -fold enrichment com-
pared with pulldown by IgG. *, p � 0.005.

FIGURE 6. Knockdown of LANP results in hyperacetylation at the NF-L
promoter. A, PC12 cells were transfected with siRNA targeting LANP or con-
trol siRNA. 48 h post-transfection, cells were processed for chromatin immu-
noprecipitation with anti-acetyl H3 (H3 ac), anti-H3 total antibody, or IgG
(serving as a negative control). PCR was performed to amplify the promoter
region of NF-L and GAPDH (control). Pre-immunoprecipitated lysate served
as input. B, qPCR analysis quantified the pulldown. *, p � 0.01. This figure is
representative of three individually performed transfection experiments.
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wild-type 39.4 �m � 3.9 versus LANP null 57.4 �m � 5.5;
and day 8 in culture, wild-type 119.2 �m � 7.1 versus LANP
null 198.2 �m � 14.6; p � 0.001 in all instances). These

results once again substantiate the role of LANP in modulat-
ing neurite outgrowth.
LANP Deletion in Mice Alters Histone Acetylation Status of

theNF-L Promoter and IncreasesNF-L Expression—The altered
phenotype of neurons from LANP null mice and our results in
PC12 cells prompted us to investigate the histone acetylation
status of the promoter of the Nf-L chain in a in vivo situation.
We performed chromatin immunoprecipitation with acetyl-
H3 antibody from the brains of wild-type and LANP null mice
at postnatal day 2, the time at which cultured neurons depict
phenotypic changes. Brain tissuewas cross-linked and chroma-
tin was precipitated with H3-acetyl, H3-total, or IgG (control)
antibodies and the promoter region of theNf-L chain gene was
amplified. Similar to results obtained from PC12 cells, we
observed an increased amount of NF-L promoter amplified by
H3-acetyl antibody from LANP null mice (Fig. 8A, compare
lanes 3 and 7). Immunoprecipitation with H3-total and IgG
served as the controls. Quantitative PCR on DNA pulled down
by H3-acetyl antibody showed �2-fold enrichment in NF-L
promoter in LANP null mice (p � 0.005) (Fig. 8B). Similar to
our in vitro studies, we did not observe any increase in histone
acetylation at the promoter of the �-globin gene in LANP null
mice (supplemental Fig. S4). Next we wished to determine
whether increased histone acetylation at the NF-L promoter in
LANP null mice is accompanied by an increased level of NF-L
transcripts.We extracted RNA from the brains of postnatal day
2 wild-type and LANP null mice and subjected the RNA to
qRT-PCR analysis. We observed a significant increase in the
levels of NF-L in LANP null pups compared with wild-type
littermates (p � 0.01) (Fig. 8C). These observations in vivo pro-
vide convincing evidence that LANP influences the expression
of genes such as Nf-L, by altering the histone acetylation status
of the promoter region.

DISCUSSION

In this study, we have established a role for LANP in regulat-
ing neuronal development, specifically neurite outgrowth both
in vitro and in vivo. In addition, we have mechanistically begun
to understand how LANP represses genes central to the devel-
opmental program.
These novel findings tie in well with known properties of

LANP, yet open novel avenues of study. LANP is a nucleocyto-
plasmic shuttling protein with a propensity to move into the
cytoplasm, when neurons are in the process of differentiating
(10). In the past, we had related this movement to the ability of
LANP to modulate cytoskeletal networks by interacting with
microtubule-associated proteins (10). The current studies sug-
gest that LANP also plays a role in suppressing expression of
genes involved in neurite outgrowth.
We provide evidence to suggest that the nuclear function of

LANP in developing neurons revolves around stabilizing the
gene expression signature. Indeed, the ability of LANP-de-
pleted PC12 cells to show increased neurite outgrowth in the
absence of NGF points to LANP acting as a repressor of neu-
ron-specific transcription machinery. This basal state is suffi-
cient to be unleashed into a neuronal mode when LANP is
depleted. This ability to regulate ormaintain the differentiation
status of cells may also explain why LANP expression levels

FIGURE 7. Primary hippocampal neurons from LANP null mice show enhanced
neurite outgrowth. Primary hippocampal neurons were prepared from P1 pups.
After days 1, 4, or 8 in culture, cells were fixed and stained for neuron-specific tubulin
as a marker for neurite outgrowth. A, immunofluorescence microscopy of neurons
derived from both wild-type mice (A, C, and E) and LANP null littermates (B, D, and F)
(day1,AandB;day4,CandD;day8,EandF, inculture).Scale bar�20�m.G,neurons
from LANP null mice have longer neurites on average. Data are presented as the
length of the longest neurite determined using Metamorph software. 100 cells were
measured for each condition on day 1, 60 cells on day 4, and 80 cells on day 8. All
LANP null-derived neurons differ from wild-type littermate-derived neurons with
p � 0.001 (*). Error bars represent standard error.
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have been correlated with the grade and tumorigenicity in a
variety of cancers (25–27). These properties of LANP are also
likely to play a role in pathogenesis of neurodegenerative dis-
eases, such as Spinocerebellar Ataxia Type 1, where LANP has
been implicated in pathogenesis (14, 28, 29).
In some respects our results on differentiation are reminis-

cent of treating neuronal cells with HDAC inhibitors that, like
LANP depletion, also bring about an increase in histone acety-
lation and a similar pro-neuritic phenotype. It would be impor-
tant to test if there exists a subset of genes jointly modulated by
HDACs and INHATs, or whether there is cross-talk between
these two activities to coordinate gene expression.
Although, this study was not designed to comprehensively

identify the targets of the INHAT function of LANP, we envis-

age that like the neurofilament light
chain gene, several of the genes that
show an increased expression upon
LANP depletion will be LANP tar-
gets. More stringent experiments
using techniques such as chromatin
precipitation followed by microar-
ray-based techniques, also known as
theChIP onCHIP technique, will be
required to truly delineate LANP
targets in a more comprehensive
manner (30). Alternatively, recent
efforts to establish the transcription
factors that recruit LANP might
help identify gene networks regu-
lated by LANP (14).
Although many of the genes

induced by NGF treatment are up-
regulated upon LANP depletion, we
noticed that the changes in gene
expression caused by depleting
LANP do not have a direct one-to-
one correspondence with treating
PC12 cells with NGF (31–35). One
possible explanation is that NGF
regulates several signaling mecha-
nisms with different dynamics (36,
37), whereas LANP plays a role in a
subset of gene expression changes
involved in differentiation.
It would be interesting to ascer-

tain the identity of the histone
acetyltransferases targeted by
LANP. Because LANP inhibits
HATs via a histone masking mech-
anism, it is not surprising that
LANP inhibits the activity of a vari-
ety of HATs (11, 12). The fact that
LANP regulates histone acetylation
in the vicinity of the NF-L promoter
and influences NF-L expression
suggests that HATs modulating
neurofilament light chain expres-
sion would be the candidate HATs

affected by LANP in vivo. Unfortunately, the HATs regulating
the neurofilament light chain acetylation are not well charac-
terized, but CREB-binding protein (CBP) is likely to be a candi-
date given that the promoter of NF-L gene contains a CREB
binding (CRE) element (38). Moreover, CREB appears to be
important for inducing the transcription program involved in
neurite outgrowth (39). Another approach to identify HATs
affected by LANP might be to compare our gene expression
alterations upon LANP depletion to alterations of gene expres-
sion upon modulating the levels of individual HATs.
Finally, even beyond its effects on the cytoskeleton and its

nuclear functions as an INHAT, there is evidence to suggest
that LANP might play a role in cell signaling by inhibiting the
protein phosphatase PP2A and regulating the stability of RNA

FIGURE 8. Deletion of LANP in mice results in hyperacetylation at the Nf-L promoter and increase in NF-L
message. A and B, neurons from LANP mice demonstrate increased acetylation at the Nf-L promoter. Postnatal
day 2 mice were sacrificed and brains were processed for chromatin immunoprecipitation with anti-acetyl H3
(H3 ac), anti-H3 total, or IgG (serving as control) antibody. PCR was performed to amplify the promoter region
of Nf-L and GAPDH (control). Pre-immunoprecipitated lysate served as input. A, semi-quantitative PCR. B, qPCR
analysis quantified the pulldown. *, p � 0.005. This figure is representative of two individually performed
chromatin immunoprecipitation experiments. C, neurons from LANP null mice demonstrate an increase in the
NF-L message. RNA was isolated from brains of postnatal day 2 wild type (	/	) and LANP-null (
/
) mice.
DNase-treated RNA was subjected to quantitative RT-PCR analysis employing primers to amplify NF-L and
GAPDH transcripts. Ct value of each sample is normalized to GAPDH and -fold change is relative to RNA from
wild-type brain (*, p � 0.01).
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by binding to RNA-binding proteins (reviewed in Ref. 40). Our
studies were not aimed at studying these properties of LANP.
However, future studies will have to be designed to address the
differential contributions of each of these processes to neurite
outgrowth and how they are coordinated in space and time.
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