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HMGN proteins promote chromatin unfolding, enhance access to nucleosomes, and modulate transcription
from chromatin templates. It is not known whether they act indiscriminately as general modulators of
transcription or whether they regulate specific gene expression. Here, we investigated the role of HMGN3, a
recently discovered HMGN family member, in transcription in vivo. We created cell lines overexpressing
HMGN3a or its splice variant, HMGN3b, and analyzed their gene expression profiles using microarrays and
reverse transcriptase PCR. We found that ectopic expression of HMGN3a alters the expression of approxi-
mately 0.8% of genes. Both HMGN3a and HMGN3b upregulate the expression of the glycine transporter 1 gene
(Glyt1). Glyt1 encodes a membrane transporter that regulates the glycine concentration in synaptic junctions.
Both GLYT1 and HMGN3 are highly expressed in glia cells and the eye, and we show that both proteins are
coexpressed in the retina. Chromatin immunoprecipitation assays showed that HMGN3 protein is recruited to
a region of the Glyt1 gene encompassing the Glyt1a transcriptional start site. These results suggest that
HMGN3 regulates Glyt1 expression and demonstrate that members of the HMGN family can regulate the
transcription of specific genes.

In eukaryotes, all of the DNA is complexed with histone
proteins and packaged into a highly folded, well-ordered, and
dynamic structure called chromatin. This packaging modulates
the ability of regulatory factors to access their DNA targets and
plays a major role in regulating various nuclear activities, in-
cluding transcription (18, 48). Chromatin folding is modulated
by numerous nuclear factors including nucleosome remodeling
complexes, histone-modifying enzymes, and architectural pro-
teins such as linker histones and HMG proteins. Members of
the HMG superfamily interact with chromatin and DNA and
affect a wide range of DNA-dependent activities such as tran-
scription, replication, and recombination (9).

One of the HMG families, the HMGN family, is comprised
of small, basic proteins that bind specifically to nucleosomes
(8). HMGN proteins are highly conserved and found only in
vertebrates. The two founding members of the family,
HMGN1 and HMGN2 (formerly named HMG-14 and HMG-
17) (8), have been studied extensively. They contain a highly
conserved nucleosome binding domain, a bipartite nuclear lo-
calization signal, and a C-terminal chromatin-unfolding do-
main (12, 47). When incorporated into minichromosomes,
HMGN proteins confer a more open chromatin structure that
is more sensitive to nucleases and that is transcribed and rep-
licated more efficiently (13, 14, 35, 46, 50). Their ability to
unfold chromatin also enhances the rate of DNA repair, as
recently demonstrated in mice lacking HMGN1 (5).

Although HMGN proteins display little or no DNA se-
quence specificity when binding to nucleosomes (45), several

lines of evidence indicate that HMGN binding within the nu-
cleus is nonrandom. Immunofluorescence studies have shown
that HMGN proteins are localized in many foci within the
nucleus and that the foci contain either HMGN1 or HMGN2
(38). They have a slight preference for binding to transcrip-
tionally active genes (16, 17, 20, 39), and it has also been shown
that they tend to bind in clusters on arrays of approximately six
contiguous nucleosomes (38). However, the organization of
HMGN proteins is highly dynamic in live cells, and their as-
sociation with any specific nucleosome is temporary (37). It is
conceivable that HMGNs are targeted to specific regions by
their association with other nuclear proteins, and indeed, bio-
chemical studies suggest that HMGN proteins form multiple
metastable complexes with a number of as-yet-unidentified
nuclear proteins (29).

An additional member of the HMGN family, HMGN3, was
discovered more recently in a yeast two-hybrid screen for in-
teraction partners of the thyroid hormone receptor (26). The
structure of HMGN3 is very similar to those of HMGN1 and
HMGN2 in that it contains domains homologous to the nu-
cleosome binding domain, the bipartite nuclear localization
signal, and the chromatin-unfolding domain. HMGN3 is ex-
pressed as two splice variants, HMGN3a and HMGN3b, and
the latter lacks most of the C-terminal chromatin-unfolding
domain (53). HMGN3b interacts with TR-RXR in a ligand-
dependent manner and can promote thyroid hormone-depen-
dent transcription from chromatin templates (2). Thyroid hor-
mone can induce HMGN3b expression during tadpole
development, and this induction is highest in tissues undergo-
ing differentiation or remodeling (2). Studies of HMGN2 ex-
pression during mouse development also revealed highest ex-
pression in tissues undergoing differentiation (27, 28).
However, the expression pattern of mouse HMGN3a/b is dis-
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tinct from those of HMGN1 and HMGN2, being highly ex-
pressed in the eye and brain (4, 23, 53). Taken together, the
data raise the possibility that HMGNs function as coactivators
in tissue-specific gene expression. One of the major questions
in the field is whether HMGN proteins act indiscriminately as
general facilitators of transcription during processes such as
differentiation or whether they act specifically to regulate the
expression of particular target genes.

To determine whether HMGN proteins can regulate specific
gene expression, we generated several cell lines expressing
either HMGN3a or HMGN3b and performed microarray and
reverse transcriptase PCR (RT-PCR) analyses to study the
gene expression profiles within these cells. The results show
that the two splice forms regulate the expression of distinct
subsets of genes. We focused our attention on one of the gene
targets identified by this screen: the glycine transporter 1 gene
(Glyt1). Glyt1 is expressed in the eye and in glia cells, tissues
that also have a high content of HMGN3. GLYT1 regulates
the extracellular glycine concentration at synaptic junctions in
the central nervous system. Glycine is an inhibitory neurotrans-
mitter, and its concentration within the synapse is critical for
the appropriate processing of motor and sensory information.
Very little is known about the molecular mechanisms regulat-
ing Glyt1 expression. Here we demonstrate that both
HMGN3a and HMGN3b upregulate Glyt1 expression. We
show that HMGN3 binds the Glyt1 gene in vivo and that
HMGN3 and GLYT1 proteins are coexpressed in the mouse
retina. Our study shows that HMGN3 is a potential regulator
of Glyt1 gene expression in vivo and indicates that HMGN
proteins can specifically regulate individual gene expression.

MATERIALS AND METHODS

Plasmid construction. The insulator sequences from plasmid pBAW3 (a kind
gift from G. Felsenfeld, National Institutes of Health [NIH]) were inserted on
either side of the expression cassette of plasmid pCI (Promega) to minimize
chromatin position effects after random integration into the genome. Two tan-
dem copies of the 250-bp core insulator from HS4 of the chicken �-globin locus
(11) were inserted in the same orientation in the BglII and SpeI sites of pCI to
create pCI-INS2. The open reading frames of mouse HMGN3a and -b were
amplified by PCR and inserted into the Mlu I and SalI sites of pCI-INS2 to create
pCI-INS2-N3a and pCI-INS2-N3b, respectively.

Creation of stable cell lines. Hepa-1 cells were transfected with linearized
pTK-Hyg and either pCI-INS2, pCI-INS2-N3a, or pCI-INS2-N3b and then se-
lected in the presence of 400 �g of hygromycin (BD Biosciences) per ml. Col-
onies were expanded and screened by Western blot analysis of 5% perchloric
acid extracts using antibody 2752 against HMGN3 (36, 53). The number of
integrated plasmid copies in the clones selected for further study was estimated
by Southern analysis to be between 1 and 10.

Microarray analysis. RNA was purified from 90% confluent cells by using
Trizol (Invitrogen) followed by RNeasy (Qiagen) as recommended by the man-
ufacturers. The protocol for microarray hybridization was derived from that
published by Hegde and coworkers (21). Fluorescently labeled cDNA was pre-
pared by using the Cyscribe first-strand cDNA labeling kit according to the
manufacturer’s instructions (AP Biotech). Mouse expression arrays were manu-
factured by the Advanced Technology Center at the National Cancer Institute,
NIH (Gaithersburg, Md.) and contained 2,704 cDNA spots. After hybridization,
the microarrays were scanned and quantified, using a GenePix 4000A microarray
scanner (Axon Instruments, Foster City, Calif.). Data were analyzed with Gene-
Pix Pro 3.0 software and mAdb online software run by the NIH Center for
Information Technology in collaboration with the National Cancer Institute
Center for Cancer Research. Two separate reverse-fluor hybridizations were
performed for each experiment, such that RNA samples A and B were labeled
with Cy3 and Cy5, respectively, in the first hybridization but were labeled with
Cy5 and Cy3, respectively, in the second hybridization. For data analysis, data
were normalized such that the median Cy5/Cy3 ratio was set to 1. Two selection

criteria were used to identify genes altered by HMGN3a or -b expression. First,
any gene which was altered by more than 1.5-fold in four of the six arrays
(standard and reverse fluor for three clones) was selected. Second, Student’s t
test had to show a significant (P � 0.05) difference between either the ratios from
these six arrays and the four arrays from the two control cell lines or between the
six arrays for HMGN3a and the six for HMGN3b. Hierarchical clustering was
performed using the programs Cluster and Treeview (Michael Eisen, Lawrence
Berkeley National Laboratory, University of California, Berkeley).

RT-PCR. Reverse transcriptase reactions were carried out using Multiscribe
reverse transcriptase (Applied Biosystems) and oligo(dT)16 according to the
manufacturer’s instructions. An aliquot of the cDNA was used in real-time PCR,
using SYBR green (Applied Biosystems) in an ABI PRISM 7900HT sequence
detection system according to the manufacturer’s instructions. The PCR primers
were designed by using Primer Express (Applied Biosystems), and sequences are
available on request. Efficient amplification of each mRNA was confirmed using
a cDNA dilution series. For each sample, the mean threshold cycle (Ct) from
three replicate PCRs was taken. Expression levels were normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) and the control sample using
either the comparative ��Ct method (30) or by comparison with standard curves
as described by the manufacturer (Applied Biosystems).

Transient transfection. Hepa-1 cells (90 to 95% confluent) were transfected
with PCI-INS2, PCI-INS2-N3a, or PCI-INS2-N3b, using Lipofectamine 2000
according to the manufacturer’s instructions (Invitrogen), and RNA was har-
vested 48 h later. Transfection efficiency was 60%, as assayed by transfection with
pEGFP.

Immunofluorescence. (i) Cultured cells. Cells were grown in chamber slides,
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), and then
permeabilized with 1% Triton X-100 in PBS. The primary antibody against
GLYT1 (GLYT11a from Alpha Diagnostics International) was used at 10 �g/ml
in PBS with 10% fetal bovine serum. The secondary antibody was AlexaFluor 488
conjugated anti-rabbit immunoglobulin G (IgG) (Molecular Probes, Eugene,
Oreg.) diluted 1:500 in PBS with 10% fetal bovine serum. DNA was stained with
Hoescht stain (1:3,000 dilution in PBS with 20 mM glycine; Molecular Probes).
Confocal microscopy was performed with a Zeiss 510 LSM confocal microscope
configured with an argon/krypton and a helium/neon laser (Carl Zeiss).

(ii) Mouse eyes. Unfixed eyes from 3-week-old C57BL/6J mice were embedded
in tissue-freezing medium, and 16-�m sections were generated as described
previously (43). HMGN3 was detected with antibody 2752 raised in rabbit (53).
GLYT1 protein was detected with an antibody raised in rabbit by using a
synthetic peptide corresponding to the final 15 amino acids on the carboxyl
terminus of GLYT1 (41). The primary antibody for HMGN3 was diluted 1:5,000
and the GLYT1 antibody was diluted 1:200 in PBS with 1% bovine serum
albumin (BSA). The primary antibodies were visualized after incubation with the
appropriate secondary antibody (AlexaFluor 568 conjugated anti-rabbit IgG,
diluted 1:50 in PBS with 1% BSA; Molecular Probes). Cell nuclei were detected
with To-Pro-3 (1:3,000 dilution in PBS with 1% BSA; Molecular Probes). Sec-
tions were mounted as described previously (43) and stored at �20°C. Confocal
microscopy was performed as described above.

Chromatin immunoprecipitation analysis. Chromatin immunoprecipitations
were performed by using a modification of the protocol described by Orlando et
al. (34). Cells were grown to 70 to 80% confluence, harvested with trypsin, and
resuspended in growth medium at 5 � 106 cells/ml. Formaldehyde was added to
a final concentration of 0.35%, and the suspension was rocked at room temper-
ature for up to 240 s. Approximately 1 � 108 cells were used for each time point.
Reactions were stopped with glycine (final concentration, 0.125 M). Cells were
washed at 4°C in PBS, in TEG (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl
[pH 8]) containing 0.25% Triton X-100, and then in TEG containing 0.2 M NaCl
and resuspended in 2 ml of TEG. Cells were sonicated in the presence of 0.5-
mm-diameter microglass beads (Sigma). Sodium lauryl sarcosine was added to
0.5%, and the suspension was incubated at room temperature for 15 min and
then centrifuged at 15,000 � g for 15 min. Each sample was made up to 13 ml in
TEG plus 0.5% sarcosyl containing 1.42 g of cesium chloride/ml and adjusted to
a refractive index of 1.3735. Samples were centrifuged in an SW40Ti rotor for
99 h at 40,000 rpm, and fractions were collected. The chromatin fragment length
was assayed by electrophoresis after reversal of cross-links and purification of
DNA. Chromatin fragments used for immunoprecipitation were shorter than 2
kb. Additional sonication was carried out to reduce fragment size if necessary.

Chromatin was dialyzed into ChIP buffer (0.01% sodium dodecyl sulfate, 1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.1], 167 mM NaCl). Aliquots
of 100 �l of chromatin were diluted into 1 ml of ChIP buffer and precleared at
4°C with 4 �g of rabbit IgG for 2 h, followed by 2 h with 50 �l of protein
A-agarose slurry blocked with salmon sperm DNA (Upstate Biotech). After the
protein A-agarose was collected, immunoprecipitations (IPs) were performed
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overnight at 4°C using 5 �g each of two anti-HMGN3 antibodies, 2751 and 2752
(53). A “no-antibody” control was also set up. Protein A-agarose (50 �l) was
added for 2 h, and antibody complexes were collected by centrifugation. The
supernatant of the no-antibody control was collected as the input DNA. Com-
plexes were washed and eluted, cross-links were reversed, and DNA was purified
as described by Upstate Biotech. DNA was quantified with Picogreen as de-
scribed by the manufacturer (Molecular Probes).

Real-time PCR. Primer sets were created corresponding to 27 points across the
Glyt1 gene locus. Sequences are available on request. PCRs contained SYBR
green master mix and were carried out as described above. Results from the
experimental IPs were normalized to the input DNA and then to a control
primer set (set 1) using the ��Ct method (30).

RESULTS

Microarray analysis of cells constitutively overexpressing
HMGN3a or HMGN3b. To test whether HMGN3 regulates
the expression of specific genes, we generated stable cell lines
overexpressing HMGN3a or HMGN3b. A mouse hepatoma
cell line, Hepa-1, was used, as these cells have very low levels
of endogenous HMGN3 (53). The expression of HMGN3a or
-b in the transfected clones was assayed by Western blotting.
Three stable lines constitutively expressing HMGN3a (4112,
4151, and 41515) and three lines expressing HMGN3b (6447,
64519, and 64520) were selected for further study. The level of
HMGN3a or -b expression in these lines was comparable to
that in HeLa cells (Fig. 1). Two lines containing an empty
expression vector were selected as controls (lines 12 and 16).

Two-color microarray analysis was performed with RNA
from each clone, using RNA from the parent Hepa-1 cell line
as the control in each hybridization. In cells expressing the
full-length isoform, HMGN3a, the expression of 22 genes was
altered (approximately 0.8% of the 2,704 cDNAs analyzed on
the microarray chip) (Fig. 2). The microarray data was con-
firmed by real-time RT-PCR analysis of several of the genes
with altered expression (data not shown). Seven of the genes
were upregulated, and 15 were downregulated. In HMGN3b-
expressing cells, six genes were upregulated and three genes
were downregulated. There is no overlap between the genes
upregulated by HMGN3a and HMGN3b, whereas 2 of the 15
genes downregulated by HMGN3a are also downregulated by
HMGN3b. (Fig. 2). Overall, the results suggest that the two
HMGN3 splice variants regulate the expression of distinct, but
overlapping, subsets of genes. The 30 genes identified in total

have a wide variety of functions within the cell, and there
appears to be no selection for genes with related activities.

Glyt1 expression is increased in cells expressing HMGN3a
or -b. Among the genes with an altered expression pattern was
the glycine transporter 1 gene (Glyt1). Glyt1 is known to be
highly expressed in the brain and the eye, two tissues which
also have high levels of HMGN3 expression (23, 53). Real-time
RT-PCR analysis confirmed the microarray data. Expression
of Glyt1 was increased in all three HMGN3a lines, with in-
creases of between 1.9- and 2.8-fold as assayed by microarrays
(Fig. 3A) and larger increases of between 7- and 19-fold when
quantified more accurately by RT-PCR (Fig. 3B). In two of the
three lines expressing the splice-form HMGN3b, Glyt1 expres-
sion was upregulated (2.9- to 3.7-fold increase assayed by RT-
PCR), whereas it was downregulated in the third (2.4-fold
decrease assayed by RT-PCR). This indicates that either
HMGN3b does not affect Glyt1 expression or that its effect is
weak and can be masked by variation between cell lines.

Glyt1 is expressed as three splice forms, Glyt1a, Glyt1b, and
Glyt1c, which differ at their 5� ends. Glyt1a and Glyt1b/c are
transcribed from two different promoters (see diagram in Fig.
7A). In Hepa-1 cells, Glyt1a is the predominant isoform and is
expressed at approximately 10,000-fold-higher levels than
Glyt1b (data not shown); the level of Glyt1b mRNA was too
low to quantify accurately. Similar RT-PCR results were ob-
tained with primers specific for Glyt1a and with primers that
detect all splice forms.

Immunofluorescence was used to investigate expression of
GLYT1 protein. Increased GLYT1 expression can be seen in
64519 cells (Fig. 4, middle panel), which express HMGNb, as
compared with the parent Hepa-1 cell line (Fig. 4, top panel).
This is consistent with the 3.7-fold increase in Glyt1 mRNA
observed in these cells. Increased GLYT1 protein was also
observed in 41515 cells (Fig. 4, bottom panel), which express
HMGN3a and have a 10-fold increase in Glyt1 mRNA.

Glyt1 expression is altered in cells transiently expressing
HMGN3a or HMGN3b. To further verify that HMGN3 en-
hances Glyt1 expression and to exclude the possibility that the
elevated levels of Glyt1 are due to selection pressure during the
lengthy process of clone selection, we transiently transfected
the parent Hepa-1 cell line with expression vectors for
HMGN3a or -b and harvested RNA 48 h later. RT-PCR re-
vealed similar changes in gene expression in the transiently
transfected cells and in the stable transgenic lines (Fig. 5).
Glyt1 expression was increased by 3.4-fold in cells transiently
expressing HMGN3a, and a significant increase of 2-fold was
observed in cells expressing HMGN3b. The observation that
Glyt1 expression is altered in cells both stably and transiently
expressing HMGN3a strongly indicates that this gene is regu-
lated, either directly or indirectly, by HMGN3a. The observa-
tions that HMGN3b increases Glyt1 expression in transient
transfection assays and in two of three stable cell lines indicates
that HMGN3b also regulates Glyt1 expression, although its
effect is weaker than that of the full-length HMGN3a isoform.

HMGN3 and GLYT1 are coexpressed in the mouse retina.
We have previously demonstrated that HMGN3 is expressed
most highly in the mouse eye and brain (53) and that within the
brain, expression is highest in glia cells expressing glial fibril-
lary acidic protein (23). GLYT1 is also expressed very highly in
glia cells and in retinal neurons (1, 33, 54). We used immuno-

FIG. 1. Western blots showing expression of HMGN3a or -b in
transgenic cell lines. The mobilities of HMGN3a (N3a) and HMGN3b
(N3b) are indicated on the left. The recombinant protein expressed in
each cell line is indicated above the respective lane. The cell type or
clone number is indicated below each lane. Lane 1, HeLa cell extract,
positive control. Lane 2, Hepa-1 cell extract, parent cell line. Lanes 3
and 4, extracts from control cells containing empty vector. Lanes 5 to
7, cells expressing recombinant HMGN3b. Lanes 8 to10, cells express-
ing recombinant HMGN3a. Lane 11, 5 �g of recombinant HMGN3a.
Equal loading was confirmed by Coomassie blue staining of parallel
gels (results not shown).
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FIG. 2. Changes in gene expression in cells expressing HMGN3a or HMGN3b. (A) Hierarchical clustering of genes whose expression was
altered in HMGN3a or -b transgenic lines. Each vertical column represents a different transgenic cell line, and each horizontal row represents a
gene. Red squares represent upregulation, green squares indicate downregulation, and black indicates no change in gene expression. The intensity
of the color represents the magnitude of the change, which is calculated from the average of the two microarrays performed for each cell line. The
results of Student’s t tests for each gene are represented to the right of the cluster diagram. a or b indicates that the expression ratios for that gene
in the microarrays for HMGN3a or HMGN3b lines, respectively, were significantly different from those in the microarrays for control lines (P �
0.05). The squares corresponding to these genes are outlined in white boxes on the cluster diagram for clarity. x indicates that the ratios for that
gene in arrays for HMGN3a lines were significantly different from those for HMGN3b cell lines. The glycine transporter gene is marked in red.
(B) Venn diagram to show intersections of gene subsets whose expression was altered in HMGN3a or -b transgenic lines.
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fluorescence to test whether HMGN3 and GLYT1 are coex-
pressed in the same cells in the retina (Fig. 6). HMGN3 was
localized to the nuclei of cells in the inner nuclear layer, which
includes amacrine, bipolar, and horizontal neurons, and in the
nuclei of ganglion neurons (Fig. 6D to I). In agreement with
previous reports (33, 41, 42), the membrane protein GLYT1
was located predominantly in the inner plexiform layer (IPL)
(Fig. 6A to C), corresponding to the location of the axons and
dendrites projected by the amacrine, bipolar, and ganglion
neurons. The absence of cell bodies in the IPL is demonstrated
by lack of DNA staining in this region (Fig. 6B). Previous
studies have shown that GLYT1 is expressed predominantly by
amacrine neurons (33, 41, 42), which form the inner two rows
of cell bodies of the inner nuclear layer next to the IPL. In-
deed, colocalization of GLYT1 and DNA at the right-hand
edge of the inner nuclear layer (see arrow in Fig. 6C) corre-
sponds to the perikaryal localization of GLYT1 around these
cell bodies. The strongest expression of HMGN3 also occurs in
the same inner two rows of cell bodies (arrow in Fig. 6I) as the
GLYT1 perikaryal staining. Thus, the immunolocalization
studies demonstrate nuclear staining of HMGN3 and

perikaryal GLYT1 staining at the edge of the inner nuclear
layer and dendritic localization of GLYT1 in the IPL. While
proof of exact colocalization would require double immuno-
fluorescence, these data suggest that amacrine cells express
both HMGN3 and GLYT1, as shown diagrammatically in Fig.
6J.

HMGN3 binds to the Glyt1 gene in vivo. Taken together with
our analysis of the genes induced by stable and transient ec-
topic expression of HMGN3, the colocalization of GLYT1 and
HMGN3 suggests a role for HMGN3 in regulating Glyt1 ex-
pression. Since HMGNs are nucleosome binding proteins, we
used chromatin IP (ChIP) assays to determine whether
HMGN3 binds directly to the Glyt1 gene. HMGN proteins do
not bind chromatin with any sequence specificity (45), and
although there is some evidence that they bind preferentially to
active genes rather than inactive genes (39), it is not known
whether they are targeted to promoters or transcribed regions.
Therefore, we tested for the presence of HMGN3 at several
sites in the 35-kb Glyt1 gene. Assays were carried out using cell

FIG. 3. Increase in Glyt1 expression in transgenic cell lines express-
ing HMGN3a or HMGN3b. (A) Glyt1 expression in transgenic cell
lines was assayed by microarrays. The ratio of expression in each cell
line compared to the parent Hepa-1 line is shown. h, parent Hepa-1
cell line; 12 and 16, empty vector control lines. 6447, 64519, and 64520
all express HMGN3b. 4112, 4151, and 41515 express HMGN3a.
(B) Real-time RT-PCR quantification of Glyt1 expression in trans-
genic cell lines. RNA samples were the same as those used for mi-
croarray analysis in panel A. Glyt1 mRNA levels were normalized to
GAPDH and to expression in the parental cell line (Hepa-1). The
average and standard deviation of triplicate assays are shown. The data
are representative of results of several experiments done with different
RNA preparations.

FIG. 4. Detection by immunofluorescence of GLYT1 protein in
transgenic cell lines. GLYT1 immunofluorescence in the parent
Hepa-1 line, 64519 cells (expressing HMGN3b), and 41515 cells (ex-
pressing HMGN3a) is shown. Scale bar 	 2 �m. Each image is rep-
resentative of 10 images of randomly selected cells. Cell line 4151 also
had increased GLYT1 protein expression compared to Hepa-1 and
empty vector controls (data not shown).
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line 64519, which expresses HMGN3b and has a 3.7-fold in-
crease in Glyt1 expression. HMGN3 binding was assayed at 27
different regions across the Glyt1 gene locus by quantitative
PCR (Fig. 7A). The average size of the chromatin fragments
used was 1.2 kb, corresponding to approximately six nucleo-
somes (Fig. 7B).

We find that HMGN3b binding is enriched relative to the
input and the no-antibody control over a 3.5-kb region around
the start of Glyt1a transcription (see marked region in Fig. 7A).
This region spans bases �328 to � 3170 relative to the Glyt1a
transcription start site. ChIP assays were then performed on
cells expressing HMGN3a to determine whether the longer
splice form also binds to this region. Enrichment of HMGN3a
was observed at primer set 2 relative to the no-antibody control
and the control primer set 1 (Fig. 7C). These data demonstrate
that HMGN3a also binds the Glyt gene in the vicinity of the
Glyt1a start site, in agreement with the ChIP data for
HMGN3b. These results show that both HMGN3a and
HMGN3b bind to the Glyt1 gene in vivo, supporting the pos-
sibility that HMGN3 directly affects Glyt1 expression.

DISCUSSION

Identification of Glyt1 as a specific gene target for HMGN3.
HMGN proteins unfold chromatin and promote transcription
and replication from chromatin templates in vitro (13, 35, 46,

FIG. 5. Increase in Glyt1 expression after transient transfection
with HMGN3a or HMGN3b. Cells were transfected with plasmids
expressing HMGN3b or HMGN3a, and RNA was harvested 48 h later.
mRNA was quantified by RT-PCR and was normalized to GAPDH
and to expression in cells transfected with empty vector. Results show
the averages and standard deviations from triplicate PCRs from two
experiments.

FIG. 6. Colocalization of HMGN3 and GLYT1 in 3-week-old mouse retina. (A, B, and C) GLYT1 protein localization in the IPL, where the
axons of bipolar and amacrine neurons connect to the dendrites of ganglion cells. (A) GLYT1, red; (B) To-Pro-3 DNA stain, blue; (C) merge of
GLYT1 and DNA staining. (D, E, F, G, H, and I) HMGN3 protein localization in the nuclei of bipolar, amacrine, and ganglion cells. (D and G)
HMGN3, red; (E and H) To-Pro-3 DNA stain, blue; (F and I) merge of HMGN3 and DNA staining, with the HMGN3/DNA overlap staining pink.
Abbreviations: g, ganglion cells; ipl, inner plexiform layer; in, inner nuclear layer; o, outer plexiform layer; pr, photoreceptors; e, epithelial cells;
s, sclera. Scale bars for panels A to F 	 77 �m; scale bars for panels G to I 	 38 �m. Arrows in panels C and I indicate cell bodies in the inner
rows of the inner nuclear layer (see text for discussion). (J) Diagrammatic representation of the arrangement of cells within the retina. HMGN3
(blue) is located in the nuclei of bipolar, amacrine, and ganglion cells, whereas GLYT1 (red) is located on the cell membranes of amacrine cells.
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49, 50). They are associated with sites of transcription within
the nucleus (22) and have been shown to bind to and increase
the nuclease sensitivity of chromatin regions containing active
genes (39, 51, 52). However, it is still not known whether they
are indiscriminate transcriptional regulators, designed to stim-
ulate overall gene expression during a particularly active pe-
riod, such as differentiation, or whether they specifically target
individual genes. Because HMGN3 has a tissue-specific expres-
sion pattern (53) and binds to a hormone receptor (2, 26), we
chose to investigate whether this member of the HMGN family

regulates the expression of individual genes. Microarray anal-
ysis of transgenic cell lines show that HMGN3a and HMGN3b
do indeed regulate the expression of individual genes, rather
than having a broader, more general effect on transcription.

The changes in gene expression that we observed were in the
range of 2- to 11-fold, depending on the cells used and the gene
studied. These values are in the same range as those obtained
in previous studies of enhancement of transcription or repli-
cation from minichromosomes by HMGN proteins, which var-
ied between 2.2- and 9-fold, depending on the system used (2,

FIG. 7. ChIP assays show that HMGN3 binds the Glyt1 gene in vivo. (A) ChIP assay for HMGN3 in 64519 cells expressing HMGN3b.
Enrichment of each DNA sequence in the HMGN3 immunoprecipitate relative to the input DNA was normalized to the no-antibody control and
is plotted against the position of the PCR primer pair within the Glyt1 gene locus. Enrichment at primer pair 1 (arrow) was set to 1. Error bars
represent standard deviations between identical PCRs. Asterisks indicate primer sets where the HMGN3 IP is significantly different from that of
the no-antibody control (P � 0.05). The positions of the two Glyt1 promoters (1a and 1b/c) and exons are shown at the bottom. Arrows 1 and 2
correspond to the primer pairs used in panel C. (B) Agarose gel showing the length of chromatin fragments prepared from cells expressing
HMGN3b or HMGN3a. The fragments were prepared by sonication of formaldehyde-cross-linked chromatin. The cross-links were reversed and
the DNA was purified prior to agarose gel electrophoresis. The same cross-linked chromatin populations were used for IP in panels A and C.
(C) ChIP assays done with 41515 cells expressing HMGN3a. Enrichment in IP DNA versus input is shown for the no-antibody control (white bars)
and anti-HMGN3 (grey bars) at two positions on the Glyt1 gene. The positions of primer sets 1 and 2 are shown at the bottom of panel A. Primer
pair 1 is the control, and pair 2 corresponds to the region of HMGN3 enrichment. Error bars represent standard deviations of identical PCRs.
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13, 15, 46, 47, 49, 50). This is consistent with the role of HMGN
proteins as architectural elements, unfolding chromatin to im-
prove access by other regulatory factors, and thus differs from
the greater levels of transcriptional activation observed for
sequence-specific transcriptional activators, for example. The
access of both transcriptional activators and repressors to the
DNA will be equally improved, and the overall effect of
HMGN3 on the transcription of a particular gene is likely to
depend on the DNA sequence elements within the gene and
how the balance of activator and repressor binding is altered.
The ability of HMGN3 to promote both gene activation and
repression is analogous to that of linker histone H1. Ablation
of histone H1 results in activation and repression of different
genes in Tetrahymena (44). Similarly, the chromatin remodel-
ing enzymes Swi/Snf and Rsc have also been shown to both
activate and repress transcription (3, 32). Not all the observed
changes in gene expression are likely to be a direct conse-
quence of HMGN3 binding to those genes, however. HMGN3-
dependent changes in the expression levels of regulatory fac-
tors will have knock-on effects on the genes those factors
regulate, resulting in increased or decreased expression de-
pending on the factors involved.

Glyt1 was of particular interest among the genes identified in
the microarray screen, since its expression pattern is similar to
that of HMGN3. RNA dot blots, Western blotting, and immu-
nohistochemistry studies have shown that HMGN3 is highly
expressed in the mouse eye and brain (23, 53). Glyt1 is known
to be predominantly expressed in glia cells in the central ner-
vous system and in retinal neurons (1, 7, 19, 33, 54). The Glyt1a
splice form has also been detected in the liver and the lung,
which is consistent with our results showing expression of
Glyt1a but not Glyt1b in the hepatoma cell line used here.
RT-PCR analysis of cells stably and transiently expressing
HMGN3 showed that both splice forms upregulate Glyt1a ex-
pression.

HMGN3 binds the Glyt1 gene in vivo. To gain insights into
the molecular mechanism whereby HMGN3 affects Glyt1 ex-
pression, we used ChIP assays to determine whether HMGN3
was bound to the Glyt1 gene in vivo. Glyt1 is expressed in glia
cells as three splice forms, Glyt1a, Glyt1b, and Glyt1c. Glyt1a
and Glyt1b/c are transcribed from two different promoters, 1a
and 1b/c. GLYT1a and GLYT1b proteins differ from each
other by 10 and 15 amino acids, respectively, at the N terminus,
while GLYT1c has an extra exon encoding 40 amino acid
residues inserted after the first 15 residues of GLYT1b (6, 7,
31, 54). Glyt1a is expressed in grey matter in the brain, whereas
Glyt1b/c is expressed in white matter (7). Very little is known
about how these promoters are regulated, although it has been
shown that a 2.5-kb fragment from the 5�-flanking region of
Glyt1a can drive transcription from a transiently transfected
reporter plasmid (6).

The high-resolution ChIP results presented here show
HMGN3 binding to a 3.5-kb region encompassing the start site
of Glyt1a transcription, supporting a direct role for HMGN3 in
Glyt1a expression. Although we have not shown that the profile
of HMGN3a is identical to that of HMGN3b throughout the
Glyt1 gene, we expect the two to be very similar, as they both
contain the nucleosome binding domain. The nucleosome
binding domain is an independent functional domain, and its
interaction with chromatin is identical to that of the corre-

sponding full-length protein in all respects (12, 40, 47). The
specific recruitment of HMGN3 to a relatively small region of
the Glyt1 gene is intriguing, and we are investigating whether
particular protein-protein interactions or histone tail modifi-
cations are responsible.

The binding of HMGN3 over part of the Glyt1a promoter
and for up to 3 kb downstream suggests that HMGN3 may be
important for transcription initiation and/or elongation. Previ-
ous studies have shown that HMGN proteins can increase the
efficiency of either transcription initiation (35) or elongation
(14, 15), depending on the system studied. HMGN proteins
also increase the initiation of replication and the rate of rep-
lication fork movement (49). The splice variant HMGN3b
lacks most of the C-terminal chromatin-unfolding domain (53),
which is required for HMGN proteins to unfold chromatin (14,
47). Truncation of HMGN2 at the same point abolishes its
ability to open up chromatin or to compete with histone H1,
although its affinity for nucleosomes is unaffected (10, 14, 47).
However, both HMGN3b and HMGN2 are able to interact
with TR/RXR and to stimulate thyroid hormone- and TR/
RXR-dependent transcription from chromatin templates (2,
26). HMGN3b can thus promote transcription through mech-
anisms other than direct unfolding of chromatin. HMGN3b
could also regulate transcription by influencing modifications
of the core histone N-terminal tails; for example, HMGN1
inhibits phosphorylation of histone H3 on serine 10 (J. H. Lim
and M. Bustin, unpublished results). Modulation of the histone
code (24) by HMGN3b could influence the recruitment of
other factors and thus alter the level of gene expression.

HMGN3 and GLYT1 are coexpressed in vivo. To confirm
whether GLYT1 and HMGN3 were indeed coexpressed in the
same cells, we performed immunofluorescence on mouse ret-
inas. In the retina, bipolar and amacrine cells transfer infor-
mation from activated photoreceptors to the IPL, where the
signal is transferred to ganglion cells. The cell bodies of ama-
crine neurons lie in a narrow layer between the bipolar cells
and the IPL, and their dendrites extend into the IPL. Our
results are consistent with previous studies showing that
GLYT1 is predominantly located on nerve fibers in the IPL
and on plasma membranes surrounding the cell bodies of am-
acrine neurons (33, 41, 42). We show that the strongest
HMGN3 expression is in the innernuclear layer, where the cell
bodies of bipolar and amacrine neurons are located, and in the
ganglion cell layer. HMGN3 expression is particularly strong in
a narrow layer of cells where the cell bodies of the amacrine
neurons are located (33). These data strongly suggest that
HMGN3 and GLYT1 are coexpressed in the same cell types.
The antibody used detects both HMGN3a and HMGN3b, and
previous work has shown that HMGN3a and HMGN3b are
always expressed together (53). In mouse tissues, the level of
HMGN3b is always greater than that of HMGN3a, and this
ratio does not change between the different tissues examined
(53). Thus, the immunolocalization most likely reflects the
expression patterns of both HMGN3a and HMGN3b. The
coexpression of HMGN3 and GLYT1 in the retina supports
the conclusion that HMGN3 regulates Glyt1 expression in vivo.

Examination of previous expression studies reveals that
Hmgn3 and Glyt1 may be coexpressed in some other tissues
within the body, including the kidney and the pancreas (25, 53).
However, it is clear that their expression patterns do not always
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overlap, as can be seen from the expression of HMGN3 but not
GLYT1 in bipolar and ganglion cells in this study. The high
expression of Glyt1 in amacrine and glia cells is likely to be
regulated by several sequence-specific transcription factors
with their own tissue-specific patterns of expression. As a chro-
matin-unfolding protein, HMGN3 is likely to modulate the
abilities of the sequence-specific factors to activate Glyt1 ex-
pression and thus refine its tissue-specific expression pattern.

In summary, the use of a microarray screen followed by
RT-PCR analysis identified several target genes for HMGN3.
Our data support the possibility that HMGN proteins can act
specifically to regulate the expression of individual genes. We
have shown that both HMGN3 splice forms upregulate Glyt1
expression and that they are bound to the endogenous Glyt1
gene in vivo. We have also demonstrated that both HMGN3
and GLYT1 are expressed in the same cell types in the mouse
retina. Taken together, our data show that HMGN3 is a po-
tential regulator of Glyt1 expression in vivo, although further
investigations will be required to prove this relationship in
mice. The Glyt1 locus will now provide a model system for the
study of how HMGN proteins are recruited to specific genes
and how they influence the different stages in transcription
initiation and elongation. Given the known role of GLYT1 in
neurotransmission, an understanding of the molecular mech-
anisms regulating Glyt1 expression may also have important
implications for several disease conditions, including schizo-
phrenia (31).
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