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Summary

Background: With the advent of genome-wide analy-
ses, it is becoming evident that a large number of non-
coding RNAs (ncRNAs) are expressed in vertebrates.
However, of the thousands of ncRNAs identified, the
functions of relatively few have been established.
Results: In a screen for genes upregulated by taurine
in developing retinal cells, we identified a gene that ap-
pears to be a ncRNA. Taurine Upregulated Gene 1
(TUG1) is a spliced, polyadenylated RNA that does not
encode any open reading frame greater than 82 amino
acids in its full-length, 6.7 kilobase (kb) RNA sequence.
Analyses of Northern blots and in situ hybridization re-
vealed that TUG1 is expressed in the developing retina
and brain, as well as in adult tissues. In the newborn
retina, knockdown of TUG1 with RNA interference (RNAi)
resulted in malformed or nonexistent outer segments of
transfected photoreceptors. Immunofluorescent staining
and microarray analyses suggested that this loss of
proper photoreceptor differentiation is a result of the
disregulation of photoreceptor gene expression.
Conclusions: A function for a newly identified ncRNA,
TUG1, has been established. TUG1 is necessary for the
proper formation of photoreceptors in the developing
rodent retina.

Introduction

Taurine is a cysteine derivative that has been shown to
be necessary for proper neural development (reviewed
in [1]). In addition, taurine deficiency in cats, rodents,
and primates has been linked to both a failure of photo-
receptors to mature correctly and to photoreceptor de-
generation in the adult retina [2–4]. In the rodent retina,
taurine is present at high levels during development,
and the addition of exogenous taurine to developing
retinal cells promotes rod photoreceptor production [5].
The rod induction is due to signals mediated by the
binding of taurine to glycine-receptor α2 and GABA(A)
receptors [6]. We performed a screen to identify the
genes that are regulated after signaling through these
receptors (T.L.Y. et al., unpublished data). One of the
most consistently and significantly upregulated genes
is a novel gene, Taurine Upregulated Gene 1 (TUG1).

Because taurine induces rod production during de-
velopment, the genes that are upregulated by taurine
are candidates for factors involved in photoreceptor
development. Photoreceptors are highly specialized
*Correspondence: cepko@genetics.med.harvard.edu
cells that transduce visual information from light into a
synaptic signal. Multiple proteins specific to the photo-
transduction cascade are localized to a membranous
structure, the outer segment, where light is absorbed
and much of the phototransduction cascade takes
place. Transcription factors such as cone-rod homeo-
box (Crx) and neural retina leucine zipper (Nrl) have
been found to be essential for the proper development
of photoreceptors [7, 8]. Targeted deletion of Crx leads
to a failure to form outer segments [7, 9]. As with Crx
mutant animals, targeted deletion of Nrl leads to a loss
of rod differentiation. However, in contrast to Crx null
animals, there is an increase in the number of cone-like
cells in the Nrl mutant [8]. In addition to TUG1, Nrl was
one of the top genes that we identified in a microarray
analysis as being upregulated by taurine (T.L.Y. et al.,
unpublished data). The current understanding of these
gene regulatory networks is incomplete, and much re-
mains to be learned about the generation and mainte-
nance of these complex sensory cells.

TUG1 does not appear to have significant homology
to other genes in the mouse genome. However, a single
highly conserved homolog of TUG1 is present in hu-
man, rat, cow, and dog genomes. An interesting feature
of TUG1 RNA is that it does not have any open reading
frames (ORFs) larger than 82 amino acids in any of the
six reading frames of its full length, 6.7 kb of sequence.
Therefore, TUG1 either is a noncoding RNA (ncRNA) or
encodes a very short peptide. Small peptides exist in
vertebrates and are involved in a number of signaling
processes. However, the majority of known small pep-
tides, such as neuropeptides and peptide hormones,
are processed from larger proteins (reviewed in [10]).

NcRNAs are emerging as a rapidly growing category
of molecules involved in a number of regulatory pro-
cesses. Traditionally, ncRNAs were thought to be lim-
ited to RNAs involved in the splicing and translation of
messenger RNA (mRNA) into proteins. These included
small RNA-polymerase-III-derived transcripts such as
transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), and
U6 small nuclear RNAs (snRNA). Additionally, RNA
polymerase II transcribes other small regulatory RNAs,
including small nucleolar RNAs (snoRNAs) and four of
the snRNAs. These classes of RNAs function in pre-
RNA splicing, assembly of ribosomes, and RNA folding
and cleavage. Micro RNAs (miRNAs), another class of
ncRNAs, are 22 base pairs (bp) in length and are pro-
cessed from larger RNA transcripts. MiRNAs have been
shown to play roles in the regulation of cellular pro-
cesses by specifically targeting certain mRNA species
for degradation or translational repression.

A number of other RNA-polymerase-II transcripts
have been identified that do not contain an ORF encod-
ing greater than 100 amino acids and do not fit into one
of the above categories. On the basis of analyses of
coding-DNA (cDNA) libraries, it has been estimated that
one-third to one-half of all transcripts in higher verte-
brates do not contain a substantial ORF [11, 12]. In
spite of this seeming abundance, only a small number
of “large” RNA-polymerase-II ncRNAs have been char-
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acterized experimentally (http://biobases.ibch.poznan. H
ppl/ncRNA). One characteristic that should be noted is

that many of the ncRNAs are defined as such on the A
ubasis of the fact that they do not contain a large ORF.

It is difficult, however, to rule out the possibility that the y
esmall ORFs that are present encode functional proteins.

A limited number of these larger polymerase-II-tran- c
sscribed ncRNAs have been shown to have a function in

mammals. One of the few demonstrations of a ncRNA a
6function in mammals is Xist, which is an essential com-

ponent of X-chromosome inactivation. Xist is a large
otranscript that is transcribed by and physically coats

the inactive X chromosome in both mice and humans m
T(reviewed in [13]). After the molecular characterization

of Xist, TsiX was identified as another ncRNA that regu- p
elates the function of Xist [14]. A third ncRNA that has

been identified and proposed to have a function is H19. o
aLoss of expression of the imprinted noncoding gene

H19 has been linked to Wilms’s tumors [15]. t
5In this study, we describe the molecular characteris-

tics of TUG1. TUG1 is a gene that is upregulated by k
itaurine and that is spliced and polyadenylated. In its

full-length sequence, the largest ORF is only 82 amino p
bacids, indicating that TUG1 may be a ncRNA. In order

to investigate the possible function of TUG1 in photore- s
tceptor development, we examined the expression of

TUG1 in the developing nervous system and used RNA a
pinterference (RNAi) technology to knock down TUG1 in

the developing retina. n
a

Results
q
tTUG1 Genomic Organization and Predicted
sFull-Length cDNAs
5TUG1 was originally identified in a microarray screen
ifor genes regulated in a heterogeneous culture of post-
pnatal-day-0 (P0) retinal cells upon addition of taurine
lfor 4 hr (T.L.Y. et al., unpublished data). This microarray
sconsisted of approximately 12,000 brain and retinal
scDNAs isolated by Dr. Bento Soares (http://genome.
nuiowa.edu) and 400 additional cDNAs representing
tgenes of interest in our laboratory. TUG1 upregulation
fwas confirmed by quantitative reverse-transcription

polymerase chain reaction (RT-PCR) to be approxi- a
omately 3-fold. Because the observation that taurine

stimulates rod production through activation of glycine w
eand GABA receptors, which leads to depolarization of

immature retinal cells, the regulation of TUG1 by gly- h
fcine, GABA, and KCl also was tested through microar-

ray analyses. TUG1 also was upregulated by these r
ffactors 4 hr after its addition to P0 primary retinal cells

(T.L.Y. et al., unpublished data). g
sMouse TUG1 (mTUG1) is a novel gene, localized to

chromosome 11A1, which is represented by over 200
Texpressed-sequence tags (ESTs) in Unigene (NCBI,

Mm.359796). In order to determine the cDNA structure i
1of TUG1, SeqMan (Lasergene) was utilized to assemble

EST contigs, which were then aligned to the genomic o
asequence of the TUG1 locus (Figure 1A). The TUG1

ESTs assembled into two major contigs (A and B) con- H
ssisting of four and two exons, respectively. Contig A is

4.6 kb and encodes a polyadenylation signal (AATAAA) m
t20 nucleotides from the predicted 3# end, with multiple

ESTs containing a poly-A tract at the indicated 3# ter- p

mination site. Contig B contains 3.6 kb of sequence.
owever, after 2.6 kb, many ESTs terminate and contain
oly-A tracts. In addition, a polyadenylation signal (AAT
AA) is present in the DNA sequence 13 nucleotides
pstream of this poly-A tract. Some ESTs continue be-
ond 2.6 kb, and these ESTs overlap with the 5# end of
xon 4 of TUG1a, suggesting that perhaps exon 2 of
ontig B may extend further in the 3# direction to the
ame terminal location as contig A. This would lead to
prediction of putative cDNAs for contig B of 2.6 and

.7 kb.
Northern blots were performed with RNA from retinas

f different developmental time points and from
ultiple adult tissues in order to confirm the size of the
UG1 RNAs (Figure 2A). TUG1 was found to be ex-
ressed throughout retinal development, with a peak of
xpression between E18 and P6 (Figure 2A). This peak
f expression was confirmed by quantitative RT-PCR
nalysis (data not shown). The major band was be-
ween 6 and 9 kb, and the minor band between 4 and
kb, consistent with the predicted sizes of TUG1a (4.7

b) and TUG1c (6.7 kb). Both cDNAs also were present
n adult tissues (Figure 2B). TUG1 appears to be ex-
ressed in multiple adult-mouse tissues including
rain, heart, kidney, and, to a lesser extent, muscle and
pleen. Thus, TUG1a and TUG1c are the major TUG1
ranscripts present during development in the retina
nd in the mature tissues examined. TUG1b, which was
redicted based on the presence of a putative polyade-
ylation site at its 3# end in several ESTs, may exist at
lower level in these tissues or in other tissue types.
A BLAST (NCBI) search with mTUG1 nucleotide se-

uence revealed multiple mouse ESTs (all representing
he same locus, described above). The 3#-most 3 kb
egment of TUG1 ESTs was identical to the predicted
# end of a gene fragment called TI-227. TI-227 was

dentified in a screen for RNAs that are more highly ex-
ressed in a melanoma line that metastasizes to the

ung than in a line that does not [16]. TI-227 was de-
cribed (by Northern-blot analysis) as a 3.5 kb tran-
cript, present in a metastatic melanoma line that was
ot expressed in “normal” tissues [17]. On the Basis of
he studies presented here, either the analysis of TI-227
ailed to correctly determine the location of the 5# end
nd to detect its normal expression, or there exists an-
ther gene or TUG1 isoform that is not expressed in
ild-type cells and that overlaps the mTUG1 locus and
xtends beyond its 3# end. Other than TI-227, no other
omology for mTUG1 to any known mouse gene was
ound. Highly conserved homologs were identified in
ats, dogs, cows, and humans, but no homolog was
ound in other organisms (e.g., C. elegans, D. melano-
aster, X. laevis, D. rerio, F. rubripes, and G. gallus) in
earches of the Genbank database.
Contigs were assembled of ESTs from the human

UG1 (hTUG1) Unigene cluster via SeqMan (Lasergene)
n order to predict the hTUG1 cDNA sequence (Figure
B). On the basis of the number (over 200) and origin
f the ESTs, human TUG1 appears to be expressed at
very high level and in a variety of tissues (NCBI,

s.158783). The predicted cDNAs contain an exonic
tructure very similar to that of mTUG1a. However,
TUG1a appears to contain an additional 57-nucleo-

ide exon (exon 1). Although this sequence was not
resent in any of the hTUG1 ESTs, the identical 57-
nucleotide sequence was present 5# of hTUG1 contig A,

http://biobases.ibch.poznan.pl/ncRNA
http://biobases.ibch.poznan.pl/ncRNA
http://genome.uiowa.edu
http://genome.uiowa.edu
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Figure 1. Genomic Organization of TUG1

(A) Murine TUG1 was localized to chromosome 11A1. Its genomic sequence was obtained from NCBI. ESTs for mTUG1 were downloaded
from Unigene and assembled into contigs with SeqMan (Lasergene). Two major contigs that represent two presumptive cDNAs were assem-
bled: TUG1a and TUG1b. Visual inspection of the contigs revealed that exon 4 of TUG1a had considerable overlap with exon 2 of TUG1b,
suggesting that a third cDNA, TUG1c, may exist in vivo. Thin black lines show locations of the ESTs in relation to the genomic locus and
putative cDNAs. Solid black lines represent ESTs originally sequenced in the 5#-to-3# direction and dashed lines represent ESTs sequenced
in the 3#-to-5# direction. For each contig, the conflict between the ESTs is represented by a colored bar beneath the presumptive cDNAs
(color scale shown). Orange asterisks in TUG1b and TUG1c represent the location of a genomic poly-T tract consisting of approximately 30
thymidine residues.
(B) Human TUG1 was localized to chromosome 22, and the genomic sequence for this locus was obtained from NCBI. ESTs for hTUG1 were
downloaded from Unigene and assembled into contigs with SeqMan (Lasergene). Five major contigs were assembled. Visual inspection of
the contigs and polyadenylation sites suggested the presence of four presumptive cDNAs.
suggesting that this 57-nucleotide sequence (TUG1a, nt
1–57) may represent an important regulatory region.

Expression of an Opposite Strand Transcript
at the TUG1 Locus
The presence of terminal poly-A tracts in numerous
TUG1 ESTs indicates that the most common isoforms
of TUG1 RNA run in the 5#-to-3# direction, as dia-
grammed in Figure 1A, and are referred to here as the
“+” strand. In the human and mouse genomes, greater
than 98% of splice-donor and -acceptor sites are GT-
AG, and the majority of those remaining are GC-AG [18,
19]. Therefore, one can predict the directionality of a
cDNA on the basis of the intronic sequence that con-
tains the splice donor and acceptor. All three of the

mTUG1 splice junctions have the conserved GT-AG
splice-donor and -acceptor sites in the 5#-to-3# direc-
tion denoted in Figure 1.

Multiple ESTs terminate at the same 5#-end loca-
tion indicated for TUG1b and TUG1c in Figure 1. At
this genomic location, there exists a string of approxi-
mately 30 thymidine residues (see Figure 1A, orange
asterisks). The common use of poly-T primers for gen-
eration of ESTs by reverse transcription may explain
why so many ESTs have an end at this location. How-
ever, in order for priming with a poly-T primer to occur
here, an RNA transcribed from the opposite strand (a
“−” strand transcript) that contained the transcribed-
polyadenosine tract would have to have been pro-
duced. In order to examine whether such a transcript
is made, Northern-blot hybridization analyses were per-

formed with a strand-specific probe that would recog-
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Figure 2. Northern-Blot Analyses of mTUG1 in the Developing Retina and in Adult Tissues

(A) RNA was harvested from murine retinas of several developmental stages and used for Northern blots. Ethidium-bromide staining of the
RNA reveals 28S and 18S ribosomal RNAs in order to provide an estimate of relative RNA levels among samples. A double-stranded probe
that recognizes all presumptive TUG1 cDNAs was used. Arrows mark bands of approximately 6.7 kb and 4.7 kb.
(B) RNA from various adult tissues was harvested, and Northern blots were performed with a full-length double-stranded TUG1c probe.
Arrows mark bands of approximately 6.7 kb and 4.7 kb.
(C) Northern blot probed with a single-stranded-RNA probe that recognizes a transcript that is transcribed in the − direction, opposite to
TUG1a–TUG1c. This transcript is approximately 2.5 kb and is found in both cytoplasmic and nuclear fractions of P0 retinas and in total E16
and P0 brain.
(D and E) RNase protection assays (RPAs) with strand-specific probes that recognize TUG1 RNA transcribed in the − (D) and β-actin (E). Each
set of RPAs consists of the following: −, yeast target RNA (tRNA) without addition of RNase (free probe); +, yeast tRNA with RNase (negative
control); and either P0 retina or brain total RNA as tRNA with addition of RNase.
(F) Schematic of probe locations in relation to TUG1 cDNAs. Northern-blot probes a and b are DNA probes that recognize TUG1 cDNAs in
(A) and (B), respectively. Northern-probe c is an RNA probe used in (C).
nize − strand RNAs. This probe recognized a band of a
papproximately 2.5 kb in P0 retina and E16 and P0 brain

(Figure 2C). The 2.5 kb transcript was not observed with i
full-length, nick-translated double-stranded-TUG1
robe or a 5# TUG1 double-stranded probe, as shown

n Figures 2A and 2B, indicating that the − strand tran-
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script at the TUG1 locus is expressed at a much lower
level than the + strand transcripts, TUG1a and TUG1c.

Ribonuclease (RNase) protection assays were per-
formed with a + strand TUG1 probe (Figure 2D) and a
β-actin probe (Figure 2E) in order to confirm the pres-
ence of a – strand transcript. The probe to TUG1 pro-
tected an RNA fragment that was present in both P0
retina and brain samples. These data suggest the pres-
ence of a TUG1 RNA transcribed from the opposite
strand to that of TUG1a–c.

TUG1 as a Noncoding RNA
Full-length (6.7 kb) TUG1c was assembled by amplify-
ing different regions of TUG1 via PCR and ligating them
with two ESTs that covered the extreme 5# and 3# ends.
Multiple clones were sequenced to confirm the pre-
dicted TUG1 sequence. TUG1 sequence was consis-
tent between the sequencing of our amplified clones,
the contigs of ESTs, and the genomic sequence re-
ported by NCBI.

Within each of the predicted cDNAs (mTUG1a–c), no
ORF encoding more than 100 amino acids was ob-
served. ORFs greater than 50 amino acids in both ori-
entations are shown in Figure 3A. Alignment of mouse
and human putative full-length cDNAs revealed a high
level of conservation between the TUG1 homologs in
multiple regions of the cDNAs (Figure 3A). However,
only one of the mouse ORFs, Mouse ORF1, is in the
same reading frame as its corresponding human ORF.
This ORF is the best candidate for a true coding region,
with 40 of its 51 amino acids being identical between
mouse and human (Figure 3C). Mouse ORF1 is en-
coded only by TUG1b and TUG1c; TUG1a, a major
transcript in most tissues (Figure 2B), splices around
the ORF sequence and would therefore not encode the
putative peptide. TUG1 homologs were not identified in
the incomplete genomes for chimpanzees, cats, sheep,
or pigs. TUG1 loci were identified in rats, dogs, and
cows, and these homologs were over 85% identical in
the region of ORF1. However, in the cow, a homologous
ORF to ORF1 was identified but terminated prematurely
after only 31 amino acids (Figure 3C). In both rats and
dogs, a homologous start methionine was not found in
the vicinity of the identified TUG1 locus.

In vitro transcription and translation experiments per-
formed with TUG1c failed to produce any protein pro-
duct (data not shown).

TUG1 Is Expressed in Multiple Regions of the CNS
In situ hybridization analyses were performed with
TUG1 probes in order to investigate more specifically
where TUG1 is expressed in the CNS. These studies
indicated that TUG1 is expressed within the developing
retina from E14 to P0 in retinal regions where progenitor
cells reside (Figures 4A–4C). However, as the retina
matures, expression of TUG1 becomes most highly ex-
pressed in the inner nuclear layer and in the ganglion-
cell layer (Figure 4D). TUG1 expression also was ana-
lyzed in the P0 mouse nervous system. Figure 4 shows
that TUG1 is expressed at P0 in multiple regions, in-
cluding the spinal cord (E), olfactory epithelium (F), hip-
pocampus (G), and cortex (H).
TUG1 Is Required for Normal
Photoreceptor Development
Gain- and loss-of-function experiments were per-
formed in order to investigate the function of TUG1 in
the developing retina. A full-length TUG1c cDNA driven
by a ubiquitous promoter (CAG) was coelectroporated
with CAG-GFP in vivo into the P0 rat retina [20]. The
coelectroporation rate has been found to be over 85%
under the conditions applied here [20]. Retinas were
harvested, fixed, and sectioned at P14. No obvious
phenotype was observed among the electroporated
cells; this might have been predicted given the rela-
tively high endogenous levels of TUG1 in the retina at
this time. An RNAi construct was thus constructed to
determine whether a reduction in TUG1 would reveal a
requirement for TUG1.

A small interfering RNA (siRNA) hairpin that targets
exon 2 of TUG1a and exon 1 of TUG1b and TUG1c
(TUG1-RNAia, see Experimental Procedures) was driven
by the RNA-polymerase-III-driven U6 promoter [21].
This construct was electroporated in vivo into the
mouse retina at P0. Membrane bound green fluorescent
protein (mGFP) driven by the CAG promoter was
coelectroporated in order to visualize which cells were
electroporated. As a control for nonspecific effects of
electroporation and activation of the RNAi machinery,
retinas were coelectroporated with a U6 vector
targeting GAPDH and with CAG-mGFP. Retinas were
collected and sectioned at P25, and GFP was visual-
ized in order to examine the morphology of transfected
cells. Results of these experiments are shown in Figure
5. As previously described, retinal cells electroporated
in vivo at P0 via this method are primarily mitotic pro-
genitor cells or newly postmitotic cells [20]. The major-
ity (over 70%) of these electroporated cells ultimately
become rod-photoreceptor cells. This is true for
coelectroporation of CAG-GFP and an empty U6 vector
[20] as well as for coelectroporation of CAG-GFP with
an RNAi targeting GAPDH (Figures 5A and 5E). This
RNAi construct for GAPDH has been shown to effec-
tively knock down RNA levels of GAPDH but to have no
cellular phenotype in the retina [20]. Similar to control
electroporations, the majority of retinal cells electropor-
ated with TUG1 RNAi resided in the outer nuclear layer,
where photoreceptor cells reside. However, unlike con-
trol electroporated cells, which extended long, rod-like
outer segments (Figure 5A), TUG1 RNAi-electroporated
cells appeared abnormal. Many of the photoreceptors
completely lacked inner or outer segments (Figure 5B).
In addition, some of the cell bodies electroporated with
TUG1 RNAi were present in the inner nuclear layer or
inner plexiform layer but, similar to photoreceptor cells,
extended processes through the outer nuclear layer
(Figure 5B). In addition to the results shown for the
TUG1 RNAi construct shown in Figure 5, a second RNAi
construct targeting TUG1 (TUG1 RNAib, see Experi-
mental Procedures) also resulted in the loss or short-
ening of outer segments, although with a lower pene-
trance.

The experiment described above was performed by
coelectroporating either TUG1 RNAi or GAPDH RNAi
with CAG-mGFP in order to molecularly analyze which
cell types were generated after TUG1 RNAi. Instead of
being sectioned at P21, the electroporated retinas were



Current Biology
506
Figure 3. Possible Open Reading Frames at the mTUG1 Locus

(A) Relative locations of open reading frames (ORFs) greater than 50 amino acids in length in all six reading frames in relation to the mTUG1
genomic locus and presumptive cDNAs. ORFs in the + strand are represented by red boxes, and those in the − strand are outlined in green.
Open boxes are those ORFs that overlap with TUG1 cDNAs. Open blue boxes represent regions of highest homology between mTUG1 and
hTUG1, with percentage of homology listed.
(B) Table describing the characteristics of the nine ORFs greater than 50 amino acids in length present at the murine TUG1 locus. Kozak
quality was determined based on guidelines previously described [41].
(C) Alignment of mTUG1 ORF1 with the homologous TUG1 ORFs in rats (Rattus norvegicus), humans (Homo sapiens), cows (Bos taurus), and
dogs (Canis familiaris). Asterisks denote stop codons.
dissociated, plated, and stained with antibodies that p
smark different retinal cell types. After TUG1 RNAi trans-

fection, the majority of retinal cells expressing GFP also C
cexpressed rhodopsin. However, a significant decrease

of approximately 10% in the percentage of rhodopsin- A
apositive cells that were also GFP positive was observed

(Figure 5E). With this decrease, a concomitant increase i
Fto approximately 10% in the percentage of transfected

cells expressing peanut agglutinin (PNA), a cone-pho- p
wtoreceptor marker, was observed (Figures 5C–5E). No

significant change was observed in the percentage of c
wcells expressing Chx10 (which marks bipolar cells),

Pax6 (which marks amacrine cells), or glutamine syn- t
bthetase (which marks Müller glial cells and undifferenti-

ated cells). a
tThe effects of TUG1 knock down 3 days after in vivo

electroporation of the construct were analyzed in order b
ato begin to study the molecular events that lead to the
roduction of cells with cone properties. In a manner
imilar to that of the experiments described above,
AG-mGFP was coelectroporated either with the RNAi
onstruct targeting TUG1 or with an empty U6 vector.
fter three days, retinas were harvested, dissociated,
nd then sorted with fluorescence-activated cell sort-

ng (FACs) to collect GFP-positive electroporated cells.
or each independent experiment, 3–4 retinas were
ooled and approximately 500,000–1,000,000 cells
ere collected. From these cells, RNA was purified and
DNA was synthesized and amplified. Amplified cDNA
as directly labeled with Cy3 or Cy5 and hybridized

o cDNA microarrays containing approximately 12,000
rain and retinal cDNAs, isolated by Dr. Bento Soares,
nd 400 lab clones. This experiment was performed
wo independent times, and Cy dyes were inverted for
oth experiments to yield four data points for each vari-
ble. TUG1 was found by microarray analysis to be
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Figure 4. In Situ Hybridization Analysis of
mTUG1 in the Developing Nervous System

(A–D) In situ hybridizations with TUG1 spe-
cific probes, a − strand probe to recognize
TUG1a–c (see Experimental Procedures) on
retinal sections at E14 (A), E16 (B), P0 (C),
and P10 (D) showing TUG1 expression in ret-
inal progenitor and precursor cells (A–C) and
in inner nuclear layer and ganglion-layer
cells (D).
(E–H) In situ hybridizations with TUG1-spe-
cific probes. The hybridizations show TUG1
expression at P0 in spinal cord (E), olfactory
epithelium (F), hippocampus (G), and cor-
tex (H).
knockdown were the transcription factors cone-rodupregulated after TUG1 knock down, and this is consis-

Figure 5. Knockdown of TUG1 from P0 by
RNAi Constructs Targeting TUG1 in the
Retina

(A and B) A construct encoding GFP was
coelectroporated in vivo into P0 retinas
along with a control hairpin targeting GAPDH
(A) or a TUG1 RNAi construct (B). Retinas
were harvested at P25 and sectioned and
stained for DAPI (blue). Electroporated cells
were visualized by GFP fluorescence (green).
Rod-photoreceptor outer segments were
immunostained with anti-rhodopsin (red). At
least three independent retinas were ana-
lyzed for each variable. The following abbre-
viations are used: OS, outer segments; IS,
inner segments; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear
layer; and GCL, ganglion-cell layer.
(C–E) P0 retinas were coelectroporated with
GFP and a GAPDH RNAi U6 vector or with a
TUG1 RNAi U6 vector. Retinas were har-
vested at P21, dissociated, and immuno-
stained for cell-type-specific markers. Ex-
amples are shown of PNA staining (red) of
dissociated cells in GAPDH RNAi-electro-
porated cells (C) and in TUG1 RNAi cells (D).
Electroporated cells are marked with GFP
(green), and nuclei are stained with DAPI
(blue). Arrows indicate a PNA+GFP− cell in
(C) and a PNA+GFP+ cell in (D). GFP-positive
cells were counted to analyze the percen-
tage of electroporated cells that expressed
markers of different cell types (E). Three
independent retinas were analyzed for
each combination. Error bars represent the
standard deviation for three independent ret-
inas. Significance tests comparing control
GAPDH U6-electroporated cells with TUG
RNAi-electroporated cells were performed.
* p < 0.05; ** p < 0.001.
downregulated between 5.3-fold and 5.9-fold after
TUG1 RNAi electroporation. In addition, a number of
other genes were found to be changed reproducibly.
Table 1 shows a partial list of the genes found to be
consistently upregulated (upper section of Table 1) or
downregulated (lower section of Table 1) upon TUG1
RNAi transfection. Cone arrestin was reproducibly
tent with the hypothesis that TUG1 is involved in regu-
lating photoreceptor-gene expression. However, rod
genes including rod outer-segment-membrane protein
1 (ROM1), phosphodiesterase 6B (Pde6b), and cyclic-
nucleotide-gated channel α1 (Cnga1) also were upregu-
lated (upper section of Table 1). In addition, two genes
that were consistently downregulated with TUG1
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Table 1. Genes Changed after Knockdown of TUG1

P0 retinas were coelectroporated in vitro with a construct encoding GFP along with an empty U6 vector or a U6 RNAi construct targeting
TUG1. Retinas were harvested at P3 and dissociated. Retinal cells were sorted by fluorescence-activated cell sorting (FACs), and GFP-
positive cells were collected. From these samples, GFP-positive cells were lysed, RNA was purified, and cDNA was synthesized. cDNA
samples were amplified and labeled with Cy3 or Cy5 and hybridized to a cDNA microarray. Two independent experiments comparing TUG
RNAi-electroporated cells (Cy5) to U6-empty-vector-electroporated cells (Cy3) were performed (arr1 and arr3). Microarrays 2 and 4 (arr2 and
arr4) are replicate hybridizations of arr1 and arr3 with the fluorescent labels reversed; the inverse values are shown. Numbers represent the
multiple of the change over the baseline of expression of the indicated gene upon TUG1 RNAi transfection. Genes highlighted in yellow are
photoreceptor genes; genes in blue are cell-death-linked genes.
The upper section of this table shows genes upregulated after knockdown of TUG1, and the lower section of this table shows genes
downregulated after knockdown of TUG1.
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homeobox protein (Crx) and orthodenticle homolog 2
(Otx2) (lower section of Table 1).

TUG1 Is Involved in Cell Survival
TUG1 electroporation yielded fewer GFP-positive cells
than did control electroporations in a subset of retinal
sections, suggesting that electroporation of TUG1 RNAi
can result in cell death. In addition, several genes in-
volved in the cell-death pathway are upregulated 3 days
after TUG1 RNAi electroporation. These upregulated
genes include programmed cell death 8 (AIF), pro-
grammed cell death 6 interacting protein (AIix/AIP1),
Bcl2 (NIP3), CUG triplet repeat, and RNA-interacting
protein 2 (NAPOR) (upper section of Table 1, [22–26]).
Therefore, a TUNEL assay was performed to determine
whether TUG1 RNAi resulted in an increase in apopto-
sis. P0 retinas were coelectroporated with CAG-mGFP
and either the GAPDH RNAi construct or the TUG1
RNAi construct. Retinas were harvested after 4 days
and fixed, sectioned, and stained for TUNEL (Roche).
Transfected cells were visualized by GFP fluorescence.
At P4, many of the transfected cells would still be pro-
genitor cells. Retinal progenitor cells have processes
that extend throughout the radial dimension of the ret-
ina, with the nuclei migrating up and down with the cell
cycle (Figure 6). The morphology of cells electroporated
with the TUG1 RNAi construct was similar in most of
Figure 6. TUG1 Knockdown Results in an Increase in TUNEL-Posi-
tive Cells

P0 retinas were coelectroporated in vivo with constructs encoding
GFP and an RNAi construct targeting either GAPDH (A, C, and E)
or TUG1 (B, D, and F). At P21, retinas were dissected, fixed, and
sectioned. Electroporated cells were visualized by GFP, and sec-
tions were stained with TUNEL to mark dying cells. In three inde-
pendent retinas, no TUNEL-positive cells were observed in
GAPDH-electroporated regions. In TUG1 RNAi-electroporated reti-
nas, varying numbers, ranging from none (B) to moderate numbers
(D) to high numbers (F), of TUNEL-positive cells were observed.
the cases to the morphology of control transfected
cells at P4 (Figure 6). In three GAPDH RNAi-electropor-
ated retinas, no TUNEL-positive cells were observed
within the main body of the retinas (Figures 6A, 6C, and
6E). However, TUNEL-positive cells were observed
where the retinas had been damaged (Figure 6C). In
contrast, TUNEL-positive cells were observed within
the retina after TUG1 RNAi electroporation (Figures 6D
and 6F). The extent of the TUNEL staining varied in
TUG1 RNAi-electroporated regions of three indepen-
dent retinas. Some regions of electroporation con-
tained no TUNEL-positive cells (Figure 6B), whereas
others had scattered positive cells (Figure 6D) or nu-
merous positive cells (Figure 6F).

Discussion

Expression of TUG1 Is Induced by Depolarization
TUG1 was identified in a screen for genes upregulated
in developing retinal cells upon addition of taurine. Tau-
rine has been shown to activate both glycine and
GABA(A) receptors [27–31]. In the developing retina,
taurine has been shown to act through glycine and
GABA receptors to stimulate rod-photoreceptor devel-
opment [6]. In the mature nervous system, stimulation
of glycine and GABA receptors results in a hyperpolar-
ization of cells expressing these receptors. However,
during development, stimulation of glycine or GABA re-
ceptors on an immature neuron results in a depolariza-
tion of the cell owing to the gradient of chloride present
in immature neuronal cells [32–34]. The application of
KCl is a standard method used to depolarize cells.
Therefore, during development, the common cellular
response to the addition of taurine, glycine, GABA, or
KCl is an increase in intracellular calcium levels. TUG1
was induced by all of these factors (T.L.Y. et al., unpub-
lished data), suggesting that TUG1 expression is upreg-
ulated in response to calcium influx. Thus, we specu-
late that taurine, through glycine and GABA receptors,
stimulates TUG1 expression in the developing retina.

The observation that TUG1 is expressed in multiple
regions of the nervous system during development is
interesting in light of the fact that taurine, glycine re-
ceptors, and GABA receptors also are present in these
regions during development. Taurine is present at high
levels throughout the developing brain, and a role for
taurine in CNS development has been suggested by
nutrition-deprivation studies [4, 35, 36]. In these studies,
pregnant cats were fed a diet that lacked taurine but
was otherwise normal. Many of the fetuses of the ani-
mals with highly reduced taurine levels were aborted,
and those that survived to birth had severely mal-
formed brains and retinas. In addition to the retina, en-
dogenous activation of glycine and GABA receptors by
taurine in several regions of the developing nervous
system may stimulate TUG1 expression, in which it also
may play a role in the development of these tissues in
these regions.

TUG1 Plays a Role in Photoreceptor Development
TUG1 knockdown affected the morphology of photore-
ceptor cells, with a loss or shortening of outer seg-
ments and a thinning of inner segments relative to con-
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trol electroporated rod photoreceptors. In rod and cone d
gphotoreceptors, outer segments are the specialized
astructures that contain all of the phototransduction ma-

chinery necessary to absorb light and transform it into
na chemical signal that is then transmitted to other cells.
dRod and cone photoreceptors share many similar com-
tponents of this signal-transduction pathway, but they
nalso express unique proteins; for example, rhodopsin
His the photopigment in rods, and cone opsins are the
sphotopigments in cones. In addition, rod and cone
aouter segments appear to be morphologically distinct,
swith cones having shorter and fatter outer segments
tthan those of rods [37]. In control electroporated retinas
vat P0, very few to no cones are transfected (Figure 5E).
pWith TUG1 knockdown, approximately 14% of the
ielectroporated cells expressed PNA, a cone-cell-spe-
tcific marker (Figure 5E). These results, in conjunction
Rwith microarray data, suggest that TUG1 may normally
iact to promote rod-photoreceptor genesis and inhibit
pcone-photoreceptor gene expression within rods.
pTUG1 RNAi transfection resulted in an increase in
eTUNEL-positive cells at P3, which raised the possibility
sthat the photoreceptor phenotype observed after TUG1
Tknockdown may be a result of these cells being sick or
tdying. However, in retinal-degeneration models, there
mis no evidence that sick or dying rod photoreceptors
abegin to express cone markers or that they morphologi-
ically resemble cones. In addition, when harvested at
cP14, the same outer-segment phenotype that was ob-
iserved at P21 was observed (data not shown), suggest-
ting that the P21-transfected cells never developed
fouter segments.
fAnalysis of gene-expression changes upon TUG1
pknockdown revealed that the expression of a number
eof photoreceptor genes was altered. Some markers of
Tdifferentiated photoreceptors, such as cone arrestin,
oROM1, Pde6b, and Cnga1 were upregulated, whereas
Othe transcription factors Crx and Otx2 were signifi-
ccantly downregulated. Crx and Otx2 have been shown
tto be required for proper rod development. Conditional
pknockout of Otx2 in rod-precursor cells resulted in an
aincrease in amacrine cells and a loss of rod-photore-
pceptor cells [38]. In contrast, targeted deletion of Crx
a

did not inhibit photoreceptors from forming but did pre-
s

vent their proper differentiation, with a defect in forma-
t

tion of outer segments [7]. In these mutant retinas, the c
development of other cell types did not appear to be p
affected. Thus, disregulation of rod and cone genes, i
along with the lack of proper rod outer-segment forma-
tion, may be downstream effects of a reduction in Otx2 t
and Crx in the absence of TUG1. e

i
TUG1 Appears to Function as a ncRNA s
It is estimated that only 2% of the human genome en- m
codes proteins. In addition, it has been estimated that b
98% of the transcribed sequence in eukaryotes does N
not encode protein, with approximately 95% of pre- t
mRNA transcribed sequence being intronic sequence t
[18, 39]. Analyses of mammalian genomes led to esti- m
mates of approximately 30,000–40,000 genes [18, 39]. l
However, these estimates are in contrast to the number f
of Unigene cDNA clusters, which are between 65,000 a

Fand 70,000 genes [40]. This discrepancy is most likely
ue to the biases and assumptions used to predict
enes and may falsely label regions encoding miRNAs
nd other ncRNAs as being intergenic.
As a result of the nature of our past molecular tech-

iques and biases, very little is known about the abun-
ance or importance of ncRNAs. Biochemical and bio-
echnological methods have recently identified a large
umber of miRNA species that are fairly abundant.
owever, the identification of large (>1 kb) ncRNA tran-
cripts has been limited to the fortuitous discovery of
small number of regulated or functional RNAs. Analy-

is of the RIKEN collection of 60,770 full-length cDNAs
hat represent 33,409 transcriptional units (TUs) re-
ealed that approximately one-third of these TUs ap-
eared to be ncRNAs [12]. Less than 1% of the noncod-

ng TUs did not appear to be polyadenylated, indicating
hat a large number of these may be transcribed by
NA polymerase II. However, only 29% of the ncRNAs

dentified were spliced, compared to 82% of known
rotein-coding transcripts [12]. Although ncRNAs ap-
ear to be abundant, very few have been studied in
nough detail to show a function of the ncRNA. In this
tudy, we have identified and characterized a gene,
UG1, that is spliced and polyadenylated, suggesting
hat it is transcribed by RNA polymerase II. Although

TUG1 sequence is highly conserved between mouse
nd human, only a single ORF (ORF1) of 51 amino acids

s conserved between the two species, and this peptide
ontains no homology to any known protein. This ORF

s in a favorable context for translation because it con-
ains an adequate Kozak sequence and is the first ORF
rom the 5# end of TUG1b and TUG1c [41]. It is there-
ore possible that this ORF produces a 51 amino acid
eptide in vivo although it failed to do so in vitro. How-
ver, this ORF is only contained within TUG1b and
UG1c and not in TUG1a. There are very few examples
f peptides this small being coded directly by a short
RF. Rather, the majority of small peptides are pro-
essed from larger proteins. There are limited excep-
ions to this, with the smallest known ORF encoding a
eptide being L41, a ribosomal protein of 25 amino
cids [42]. We performed a search of the annotated
roteins in RefSeq to find small proteins (less than 60
mino acids in length) that are encoded directly by
mall ORFs and not processed from a larger protein. In
he mouse, only 26 proteins were found that met these
riteria. Of these 26, only 16 (including three ribosomal
roteins) were confirmed to produce proteins

n vivo.
TUG1 represents one of a limited number of ncRNAs

hat have been shown to have a function in vivo. How-
ver, how TUG1 is acting as a ncRNA is unclear. TUG1

s a spliced and polyadenylated polymerase-II tran-
cript that does not appear to be processed into a
iRNA. As a potential ncRNA, TUG1 may function glo-
ally to alter chromatin configurations to aid Crx and
rl in the activation of photoreceptor-specific genes in

he retina. It is intriguing that, on the 3# side of TUG1,
here is an overlapping locus, TI-227, which a study of
etastatic melanoma cells found to be altered in its

evel of expression. A recent study of a ncRNA in yeast
ound that a ncRNA regulated the transcription of an
djacent locus through transcription interference [43].
urther studies to understand the mechanism of TUG1
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action will be required in order to explore this and other
mechanisms that are employed by the thousands of
putative ncRNAs that are expressed in higher verte-
brates.

Experimental Procedures

Animals
Timed pregnant Sprague Dawley rats were purchased from Taconic
farms. Animals were treated as per the guidelines set by the Institu-
tional Animal Care and Use committee at Harvard University.

Northern-Blot Analyses of m Transcripts
Standard Northern-blot practices (Ambion) were performed for
analysis of mTUG1 transcripts in the developing brain and retina.
Ten micrograms of total RNA was loaded into each well of a 1%
formaldehyde gel. After transfer to a nylon membrane, blots were
probed for mTUG1 transcripts. Probes used for analysis included
two double-stranded-DNA probes labeled with [α-32P]dCTP and
the Rediprime kit (Amersham). These probes were: mTUG1 full
length (nt 1–6, 721 of TUG1c) and mTUG1 partial (nt 203–1688 of
mTUG1c) (see Figure 2F). For strand specificity, an RNA probe was
synthesized by in vitro transcription with the MaxiScript Kit (Am-
bion). This probe was synthesized in the − direction, opposite to
that of TUG1a–c from nt 1020–4628 (mTUG1c) (see Figure 2F).

mTUG1 cDNA Cloning
Full-length mTUG1c was cloned by ligation of three PCR products
and two EST clones. These mTUG1 fragments include: EST
AI842058, EST BE981391, TUG partial (nt 203–1688), TUG1 beg (nt
1020–4628), and TUG end (nt 3040–6585). PCR products were am-
plified from E16 and P0 mouse total-brain cDNA or from a bacterial
artificial chromosome (BAC) containing the TUG1 locus (Genbank
ID AL691413). Sequencing of multiple clones of full-length cloned
mTUG1c confirmed the predicted genomic sequence and pre-
dicted Unigene sequence (Mm.359796).

RNase Protection Assays
RNase protection assays were performed with the RPA III kit from
Ambion. Ten micrograms of total RNA were used for target RNA.
The utilized mouse TUG1 probes covered the following sequences:
TUG1 RPA probe, nt 3040–3461 of TUG1c, transcribed from the +
strand in the − direction, as indicated. For β-actin, a control probe
that recognizes a protected fragment of 188 nt was also used (Am-
bion). RNA probes were synthesized via standard in vitro-transcrip-
tion protocols with [α-32P] (Ambion). Samples were electropho-
resed on a 6% TBE-Urea gel. After electrophoresis, gels were dried
and exposed to Hyperfilm (Amersham).

In Vivo Electroporations
In vivo electroporations were performed at P0 as described [20],
and retinas were harvested at P3, P4, P21, or P25. The TUG1a
RNAi target sequence was 5#-GGGCCAGAGACAAATGGTTTCC-3#;
the TUG1b RNAi target sequence was 5#-GGGTTACTCAGGAAC
CAAAAC-3#. RNAi constructs were cloned into the pBSU6 vector
[21] and coelectroporated with membrane bound GFP driven by a
ubiquitous CAG promoter [44]. One microliter of DNA was injected
into the subretinal space of Sprague Dawley rats. Each DNA was
electroporated at 1 mg/ml.

For microarray experiments, two independent experiments were
performed. For each of these experiments, three P0 retinas per
variable were coelectroporated with CAG-mGFP and either TUG1
RNAi or an empty U6 vector. At P3, retinas were harvested, dissoci-
ated with papain, and sorted by FACs to collect GFP-positive cells.
RNA was prepared via the Trizol method (GibcoBRL), and cDNA
was synthesized and amplified via the SMART amplification proto-
col (Clontech). Amplified cDNA was directly labeled with Cy3 or
Cy5 and hybridized to a cDNA microarray as described [45]. Slides
were scanned in an Axon GenePix 4000B Scanner (Axon Instru-
ments), and data were extracted from the resulting images with the
GenePix software package (Axon Instruments).

For immunocytochemistry, at least three independent P0 retinas
per variable were electroporated in vivo as described above and
harvested at P25. Retinas were fixed in 4% paraformaldehyde for
30 min, cryoprotected with 30% sucrose in PBS overnight at 4°C
and then 1–2 hr in 1:1 30% sucrose:OCT, and embedded in OCT
(TissueTek). Retinas were then sectioned (20 �m) and stained with
antibodies as described below.

In Situ Hybridizations and Immunocytochemistry
In situ hybridization and immunofluorescent staining were per-
formed on cryosections (20 �m). Section in situ hybridizations were
performed as described [46]. Probes used for in situ analysis were
mTUG1 (nt 436–1072 of and nt 3040–6585), each synthesized in
the direction opposite to TUG1a–c. These probes should recognize
mTUG1a–c. Images were taken on a Nikon Eclipse E1000 micro-
scope with a Leica DC200 digital camera.

For immunofluorescent staining, retinal cryosections (20 �m) or
dissociated retinal cells were blocked with 2% goat serum/2%
donkey serum/0.1% Triton X-100 for 1 hr at room temperature.
Slides were incubated in primary antibody overnight at 4°C. The
primary antibodies used were: anti-rhodopsin, Rho4D2 (mouse mo-
noclonal, 1:250 [47]), anti-Chx10 (rabbit polyclonal, 1:500 [A. Chen
and C.L.C., unpublished data]), anti-Pax6 (mouse monoclonal,
1:500, University of Iowa Developmental Studies Hybridoma Bank,
deposited by Atsushi Kawakami), anti-cone opsins (rabbit poly-
clonals, 1:1000, gift of J. Nathans), anti-PNA (rhodamine-conju-
gated, 1:1000, Vector Labs), anti-glutamine synthetase (mouse mo-
noclonal, 1:200, PharMingen), and anti-GFP (mouse monoclonal,
rabbit polyclonal, both 1:500, Molecular Probes). After several
washes (PBS, 0.1% Triton X-100), slides were incubated in goat
anti-mouse or goat anti-rabbit Cy3 or Cy5 (Jackson Immunore-
search Laboratory 1:200) for 1–2 hr at room temperature. Cells were
counterstained with DAPI and washed several times. Dissociated
samples were visualized and quantified on a Nikon Eclipse E1000
microscope. Immunofluorescent stainings of retinal cryosections
were photographed on an Axioplan 2 microscope with a LSM 510
Meta module for confocal imaging.

TUNEL Assays
P0 rat retinas were electroporated as described above. At P4, reti-
nas were harvested and sectioned as described above. TUNEL as-
says were performed on retinal cryosections (20 �m) as per manu-
facturer’s instructions (In Situ Cell Death Detection Kit, TMR red,
Roche).
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