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Fragile X syndrome, the most common form of mental impairment, is caused by expansion of a (CGG),
trinucleotide repeat element located in the 5’ untranslated region of the fragile X mental retardation 1 (FMR1)
gene. Repeat expansion is known to influence both transcription and translation; however, the mechanisms
by which the CGG element exerts its effects are not known. In the current work, we have utilized 5'-RLM-
RACE to examine the influence of CGG repeat number on the utilization of transcription start sites in normal
(n <55) and premutation (54 < n<200) cell lines of both non-neural (lymphoblastoid) and neural (primary
astrocyte) origin. Our results demonstrate that, in both neural and non-neural cells, transcription of the FMR1
gene is initiated from several transcription start sites within a ~50 nt region that lies ~130 nt upstream of the
CGG repeat element. For normal alleles, most transcripts initiate from the downstream-most start site, close
to the single position identified previously. Surprisingly, as the size of the CGG repeat expands into the
premutation range, initiation shifts to the upstream sites, suggesting that the CGG element may act as a
downstream enhancer/modulator of transcription. The shift in start site selection for both neural and non-
neural cells indicates that the effect is general. Furthermore, the correspondence between start site
utilization and the degree of elevation of FMR1 mRNA suggests that a substantial fraction of the increased
message in the premutation range may derive from the upstream start sites.

INTRODUCTION

Fragile X syndrome, the most common inherited form of
mental impairment, is a trinucleotide repeat expansion disorder
in which expansion beyond 200 repeats (full mutation) of a
(CGQG), element in the 5" untranslated (UTR) region of the
fragile X mental retardation 1 (FMRI) gene generally leads to
transcriptional silencing (1,2). Reduced levels, or absence of
FMR]I protein (FMRP), lead to fragile X syndrome (1,3,4).
The FMRI promoter region possesses a CpG-rich island, but
lacks a canonical TATA box (5). Previously, primer extension
studies have identified a transcription initiation site 134 bp
upstream of the CGG repeat (6), which is generally regarded as
being the predominant if not the only point of initiation of
FMR]I transcript synthesis. However, no studies have further
characterized the promoter region of the FMRI gene for the
presence of additional transcription start sites, nor has there

been any determination as to whether the initiation site may be
altered for expanded alleles.

Two major consensus sites, USF1/USF2 and alpha-Pal/Nrf-1,
within the FMRI promoter have been shown to be involved in
positive regulation of FMRI expression (7). A mutation in
either one of these regions results in a more than 5-fold
reduction in promoter activity, whereas mutation of both of
these regions completely abolishes promoter activity (5,7,8);
mutations within a TATA-like element had essentially no
effect on transcriptional activity. Thus, USF1/2 and alpha-Pal/
Nrf 1 appear to be important, positive cis elements for FMRI
alpha-Pal/Nrfl expression.

For CGG repeat expansions in the premutation range
(55-200 CGG repeats), FMRI mRNA levels are elevated by
as much as 5-fold in the upper premutation range (>100 CGG
repeats) (9—11). The basis for the increased FMRI mRNA
levels is not known at present, although the higher levels do not
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appear to be due to increased mRNA stability (10). Moreover,
in spite of the increased levels of FMRI mRNA, FMRP levels
are slightly to moderately reduced in the premutation range
(9,11). A translational deficit directly correlating with CGG
repeat number has been reported for premutation alleles (12).
These findings suggest that the expanded CGG repeat is
capable of influencing both transcription and translation of the
FMRI gene. However, all of these investigations have
implicitly assumed that there is a single site for the initiation
of transcription, and that this site remains unchanged for
expanded alleles.

To address the question of number and position(s) of sites of
transcriptional initiation, we examined transcription initiation
start sites in normal and premutation lymphoblastoid cell lines,
and in primary astrocyte culture derived from post-mortem
tissue, using RNA ligase-mediated rapid amplification of the 5’
c¢DNA end (RLM-RACE). Our analysis reveals that transcrip-
tion of the FMRI gene is initiated from several start sites, and
that start site selection—in both neural and non-neural cells—is
modulated by the number of CGG repeats in the downstream
(CGQG),, element.

RESULTS

Transcription of the FMRI gene is initiated at
multiple sites

The transcription start sites of the human FMRI gene were
determined using 5' RNA ligase-mediated rapid amplification
(RLM-RACE) analysis, which has proven to be a very sensitive
and accurate method to obtain full-length 5" ends of cDNAs,
and to ensure that truncated messages are eliminated from the
amplification reactions (13,14). 5-RLM-RACE analysis was
used to determine the transcription start sites in a lympho-
blastoid cell line with a normal number of CGG repeats
(female, AG; 21, 29 CGG repeats). Sequencing of 27 clones for
the normal cell line has identified the presence of three distinct
clusters (sites) for initiation of MR transcripts, starting at the
positions within —132 to —128, —166 to —162, and —181 to
—177 (where +1 for the translation start site with a reference
CGG repeat number of 16; Fig. 1); these clusters are designated
sites [-I1I, respectively. Site I is close to the previously reported
transcription start site determined by primer extension analysis
(—135; Fig. 1) (6). Our results indicate that site I is the
major transcription start site, represented in 67% of total
clones (Fig. 2). The other two sites (sites II and III) are
represented in 15% and 18% of the clones, respectively, and
are located ~40 and 50 bp upstream of the major transcription
start site (site I).

The length of the downstream CGG repeat element
influences the distribution of transcription start sites

Premutation alleles are known to be associated with elevated
levels of FMRI mRNA (9—11). However, it is generally assumed
that the increased mRNA levels with increasing CGG repeat
are simply quantitative; that is, that the same mRNA species
is/are being produced, independent of CGG repeat length. To
examine this issue in more detail, we determined the relative

utilization of each of the three transcription start sites, for three
lymphoblastoid cell lines harboring premutation alleles (60, 82,
160 CGG repeats; Table 1), using 5-RLM-RACE. As for the
normal allele, transcription initiated at all three sites; however, the
fraction of initiation events from each site differed significantly
between normal and premutation alleles (Fig. 2; Table 2).

We sequenced 27 clones for the 21/29 CGG repeat alleles, 32
clones for the 60 CGG repeat allele, 33 clones for the 82 CGG
repeat allele and 47 clones for the 160 CGG repeat allele
(Table 1). Site I was the major transcription start site for the
normal cell line and was represented in 67% of the clones
(Fig. 2). In contrast, site III was the major transcription start site
for the two largest premutation cell lines (82 and 160 repeats),
represented in 55 and 58% of clones, respectively. For the low
premutation allele (60 repeats), mRNA generated from site II
was the major species, represented in 50% of the clones. As
demonstrated by the % statistics presented in Table 2, start site
utilization undergoes a significant shift to upstream start sites as
the CGG repeat expands from normal to the low premutation
range (normal to 60; P=0.017), and from the low premutation
to mid/high premutation range (60 to 82, 60 to 160; P =0.0001).
These results indicate that start site selection for transcription of
the FMRI gene is influenced by the downstream CGG element.

Transcripts initiated from upstream start sites
(sites II and III) are proportionally represented
within the pool of polyadenylated mRNA

We have investigated the possibility that the RNA species
produced from the upstream sites are the products of abortive
initiation. This possibility is underscored by the observation
that abortive transcripts ~200nt in length are produced from
upstream sites during HIV virus transcription (15). To address
this issue, we repeated the 5'-RLM-RACE experiments with
polyA(+) mRNA isolated from lymphoblastoid lines that
possess either normal (21 or 29 CGG repeats) or premutation
(82 CGQG repeats) alleles. PolyA(+) RNA representing all three
start sites was found for both lines, and in approximately
the same proportions to the fractions initiating at each site in
the total RNA pools. For sites I-III, the polyA(+) RNAs
yielded 16, 5 and 3 clones, respectively, for the normal line
[total versus polyA(+) RNA; P=0.88]; and 3, 6, and 14
clones, respectively, for the 82 CGG allele [total versus
polyA(+) RNA; P=0.86]. Thus, transcripts initiated from all
three sites are processed into polyA(+) message.

The CGG element also influences start site selection
in human primary astrocytes

To determine whether the distribution of start sites, and their
utilization, is similar in neural cells, we performed 5'-RLM-
RACE experiments with primary astrocytes derived from both
normal (15 CGG) and premutation (87 CGQ) alleles (16). In
accord with the results from lymphoblastoid lines, the same
three transcription initiation sites are found in both lines
(Fig. 1). Moreover, as with the lymphoblastoid lines, start site
utilization underwent a significant shift toward the upstream
sites for expanded CGG alleles (87 repeats; Fig. 3; Table 2).
The partitioning among the three sites in the astrocyte line with
87 CGG repeats is closer to the lymphoblastoid cell line with
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Figure 1. Region of the FMRI gene including the CGG element (16 CGG repeats), CpG island, transcription factor binding sites, and translation start sites.
Nucleotide positions are numbered to the right with respect to the start of translation at 4+1 (ATG). The multiple transcription start sites deduced from the current
5'RLM-RACE experiments are noted by the solid triangles, and are designated as site I, site I and site 111. The asterisk marks the previously identified transcription
start site (6). Transcription factor binding sites are indicated by boxes. Initiator-like (Inr-like) sequences are underlined. FMR-specific primer positions are desig-

nated by arrows.

60 CGG repeats than to the lymphoblastoid cell line with 82
CGG repeats, which may explain the absence of elevated
FMRI1 mRNA in the premutation (astrocyte) line. In this regard,
the fractional utilization of site III is unchanged from the
normal control, suggesting that the most upstream site may
have a significant influence on translation. Taken together,
these observations demonstrate that the number of CGG
repeats, per se, is responsible for differences in transcription
initiation, and that either the level or specificity of some
additional factors are likely to play a role in FMR] transcription
initiation.

DISCUSSION

In the current study, we have utilized 5-RLM-RACE to
demonstrate that transcription of the FMRI gene is initiated at
multiple transcription start sites for both neural (primary

cultured astrocytes) and non-neuronal (lymphoblastoid) cells.
We have also observed that the relative utilization of the three
principal start sites is significantly altered for expanded-CGG
alleles in the premutation range compared with normal alleles,
indicating that the downstream CGG element has a direct
influence on transcriptional initiation. The similar distributions
of site utilization for cultured astrocytes and lymphoblastoid
lines establish that the mechanism of start site selection for the
FMR]I gene is not cell-type-specific. Furthermore, the elevated
levels of total FMRI mRNA in the premutation alleles, relative
to the normal control, are consistent with an absolute increase
in the utilization of sites II and III, not simply a shift away from
site I. This latter observation suggests that the CGG element
may be acting as a downstream enhancer for initiation at the
more upstream sites (sites II and III).

No clones were identified that correspond precisely to the
published transcription start site (6), although the principal start
site in the control cell lines (site I) lies within Snt of the
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Figure 2. Distribution of transcription start sites for normal (21 or 29 CGG), and premutation (60, 82 or 160 CGG repeats) lymphoblastoid cell lines; 100% is the
total number of sequenced clones for each lymphoblastoid cell line. Site I (black); site 1I (light gray); site III (dark gray).

Table 1. Summary of cell lines used in 5'-RLM-RACE experiments

Table 2. ;> and P-values for differences in start site utilization for various pairs
of alleles

Cell line Cell type CGG mRNA No.
repeat®  level® clones® CGG transition Ve P
AG (normal, female)  Lymphoblastoid 21, 29 1.24+0.19 27 Human lymphoblastoid lines
SR (premutation) Lymphoblastoid 60 2.50+0.14 32 Normal to 60 8.14 0.017
EB (premutation) Lymphoblastoid 82 2.70£0.19 33 Normal to 82 19.2 0.0001
MM (premutation) Lymphoblastoid 160 4.48+044 47 Normal to 160 20.7 0.0000
SC21 (normal) Astrocyte 15 1.61+£021 31 82 to 160 0.128 0.94
SC17 (premutation) Astrocyte 87 1.43+£0.04 28 60 to 82 17.8 0.0001
60 to 160 18.0 0.0001
2CGG repeat number determined by PCR. Primary (human) astrocyte
®FMRI mRNA levels reported as relative value compared to normal controls Normal to 87 7.71 0.021
(9,10). Lymphoblastoid versus astrocyte
“Number of sequenced clones in 5RLM-RACE experiments using total RNA. Normal versus normal 0.839 0.66
60 (lymph) versus 87 (astrocyte) 0.806 0.67
82 (lymph) versus 87 (astrocyte) 14.3 0.0008

previously reported start site (6). It is possible that this residual
difference is due to the lower precision of the primer extension
method used previously, which was based on gel sizing. In
addition, it is likely that the primer extension method lacked
sufficient sensitivity to detect the minor transcription start sites
(sites IT and III) in a cell harboring normal alleles. An important
advantage of 5-RLM-RACE, relative to primer extension
analysis as a means for accurate determination of the legitimate
5" ends of mRNAs, is that all non-capped RNAs are eliminated
as candidates for RACE by calf intestinal protein (CIP)
dephosphorylation (13,14).

The FMRI promoter does not possess a typical TATA
element, and deletion of the putative TATA-like sequence and
an initiator-like (Inr) sequence (corresponding to site I only)
does not dramatically reduce promoter activity (7). These
observations support the idea that other transcription start sites

as well as other important regulatory sequences are operating
during transcriptional initiation from the FMRI gene. In this
regard, our observation of multiple start sites is not surprising,
since many TATA-less promoters transcribed by RNA poly-
merase Il initiate transcription at multiple start sites (17).

The FMRI promoter region possesses three Inr sequences that
correspond to sites I-III. The Inr-like sequences were identified
by sequence similarity search using the Inr consensus sequence
[YYAN(T/A)YY] (18,19) (Fig. 1). Inr sequences are usually
located near transcription start sites and have been implicated in
transcription initiation from TATA-less promoters (18,20). For
the TATA-less promoters, binding of Inr-binding proteins to the
Inr-elements on the promoter is thought to facilitate pol II
complex formation either via interaction with TBP (TFIID) and/
or other general and specific transcription factors, or by
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Figure 3. Distribution of transcription start sites for normal (15 CGG), and premutation (87 CGG) primary cultured astrocytes; 100% is the total number of
sequenced clones for each primary astrocyte cell culture. Bars are as represented in Figure 2.

interacting with the CTD of RNA pol II (18). Among the several
putative cis-regulatory elements within the promoter region of the
FMR]I gene, USF1/USF2 and alpha-Pal/Nrf-1 appear to be major
regulatory factors that are involved in activation of the FMR1 gene
(7). Interestingly, USFs have been reported to be Inr-element-
binding proteins (21,22), suggesting that these factors may be
playing a role, perhaps via the Inr-like sequences associated with
sites =11, in the regulation of FMRI transcription.

Although we have demonstrated that transcriptional initiation
from the FMRI gene is modulated by the downstream CGG
repeat, the mechanism by which the CGG element influences
start site selection is not known. One intriguing aspect of this
coupling of CGG repeat size and start site utilization is that
repeat expansion appears to direct the activation of the more
upstream start sites. A precedent for such a modulator is
the downstream element associated with the TATA-less
promoter of the rat xanthine dehydrogenase/oxidase gene
(XDH/XO), which contains four functional initiator sequences
(Inrl, Inr2, Inr3 and Inr4) (20). In the absence of the
downstream element, Inr 3 and Inr 4 are the major start sites;
however, in the presence of the downstream element, the start
site usage is shifted to Inr 1 and Inr 2, owing to YY-1 binding to
the downstream element (23).

One possible mechanism by which the downstream CGG
element could influence start site utilization would be through
the interaction of a CGG binding protein with both the CGG
element itself and components of the transcriptional regulatory
machinery (e.g. USFs); such an interaction could be altered as a
consequence of the increased length of the CGG repeat
element. It is conceivable that the binding of additional CGG-
BPs to the expanded repeat would lead to enhanced recruitment
of pol II and increased production of FMRI mRNA, as is
observed among premutation carriers (9,11).

It is also possible that the expanded CGG repeat element exerts
a direct effect, in cis, by modulating the local chromatin

architecture (e.g. nucleosome positioning), thus altering acces-
sibility of transcription factors to regions within the proximal
FMR1 promoter. Previous studies have suggested that there may
be a subtle effect of expanded CGG repeats on nucleosome
affinity and/or positioning (24,25), and such positioning effects
may influence start site selection.

In a more recent study of the effects of expanded CGG
repeats on promoter activity, it was found that expanded CGG
repeats had a repressive effect on HSV thymidine kinase
activity upon injection of a reporter construct into Xenopus
oocytes (26). Whereas the repressive effect was thought to be
mediated by histone deacetylation, it is likely to be a specific
phenomenon of the Xenopus system, or the use of a
heterologous 5'-UTR, since such repressive effects are not
observed for premutation alleles in patients (9,11) or in
cultured cells that have been transfected with CGG repeats
within the FMRI 5'-UTR context (27). However, the Xenopus
study does raise the separate issue of how the CGG element
may be contributing to the silencing process.

Finally, the use of post-mortem human brain tissue for the
generation of cultured primary astrocytes with premutation
CGG expansions represents an important advance in the study
of fragile X syndrome. Using cultured astrocytes derived from
brains with both normal and premutation alleles, we have shown
that start site utilization in neural cells mirrors
the pattern of initiation in peripheral tissues (lymphoblastoid
cells). These results affirm that the mechanisms responsible for
the differential distribution of these transcriptional start sites are
functional in the brain and may thus represent a novel target for
therapeutic intervention. These data also suggest that the
harvesting of neural progenitor cells from these same tissues
(16) may provide a preparation with which to investigate the
effects of CGG expansions on both neuronal and astrocytic
lineages. This latter capability should allow us to investigate the
role of the CGG repeats per se, or the alternative start sites, in
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the pathogenesis of the newly-discovered fragile X-associated
tremor/ataxia syndrome (FXTAS) (28-30). These studies are
currently underway.

In conclusion, this work extends our understanding of the
mechanism of transcription initiation of the FMRI gene. Our
results indicate that the CGG repeat element in the FMRI gene
directly influences transcription initiation, raising the possibi-
lity that redistribution of the 5’ ends of the FMRI message
could play a role in the reduced translation efficiency observed
for premutation alleles.

MATERIALS AND METHODS

Cell culture

Lymphoblastoid cell lines established by Epstein—Barr virus
transformation were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (Gibco BRL), glutamine,
and penicillin-streptomycin (Sigma) at 37°C in a humidified
atmosphere of 5% CO,.

Primary astrocyte cell cultures were established in accord
with UC Davis IRB-approved human subjects protocols from
post-mortem normal and premutation human brain tissue
following the Schwartz protocol (16). Primary astrocytes were
maintained in DMEM medium supplemented with 15% fetal
bovine serum (Gibco BRL), glutamine and penicillin—streptomycin
(Sigma) at 37°C in a humidified atmosphere of 5% CO,. All
lymphoblastoid cell lines and primary astrocytes cultures used
in 5'-RLM-RACE studies are specified in Table 1.

PCR Southern blot hybridization analysis

DNA was extracted from cultured cells (Puregene DNA-isolation
kit, Gentra) and analyzed by PCR with oligonucleotide primers
specific for a portion of the FMRI genomic DNA sequence that
includes the CGG repeat region. The PCR primers used were ¢
and f as described by Fu (31). PCR products were separated on
a 6% polyacrylamide sequencing gel and transferred to a
nylon membrane (Roche). Hybridization was performed with
DIG labeled oligonucleotide probe (CGG);o overnight in DIG
Easy Hyb solution (Roche) at 42°C. Probe detection utilized
anti-DIG antibody-alkaline phosphatase conjugate (Roche)
with CDP-Star substrate (Roche). Further details of the PCR
Southern blot hybridization method are reported by Tassone
and Hagerman (32).

5-RLM-RACE analysis of capped-RNA

Total RNA was isolated from lymphoblastoid cells and primary
astrocytes using the Trizol method (Invitrogen). 5'-RLM-
RACE was performed using GeneRacer kits (Invitrogen)
according to the manufacturer’s instructions. Three micrograms
of total mRNA, or 0.5pug of polyA(+) RNA, were used
for each sample. Briefly, total mRNA, or polyA(+) RNA, was
treated with calf intestinal phosphatase (CIP) to remove the 5’
phosphates from any truncated (i.e. non-capped) mRNA.
Dephosphorylated RNA was treated with tobacco acid pyropho-
sphatase (TAP) to remove the 5’ cap from full-length mRNA,
leaving a 5" phosphate. The GeneRacer™ RNA oligomer was

then ligated to the 5" end of the mRNA using T7 RNA ligase.
First-strand cDNA was produced with AM V-reverse-transcrip-
tase using random hexamer primers. The regions correspond-
ing to the legitimate 5’ ends of the capped-RNA species were
PCR amplified from ¢cDNA templates using the GeneRacer 5’
primer (5'-CGACTGGAGCACGAGGACACTGA-3) and an
FMRI1 gene-specific primer (5-CTCGCCGTCGGCCCGC
CGCC-3). Nested PCR was performed with the GeneRacer
5" nested primer (5-GGACACTGACATGGACTGAAGGAGT
A-3") and the nested FMRI gene specific primer (5'-CCT
CCACCGGAAGTGAAACCGAAA-3"). The position of both
FMR1-specific primers is indicated in Figure 1. The PCR
products of the 5-RLM-RACE RT-PCR reactions were cloned
into pCR 4.1 vector (TA Cloning Kit, Invitrogen), and ligated
products were transfected into One-Shot chemically competent
cells (Invitrogen). Plasmids were purified using plasmid mini or
midi kits (Promega), and were screened for insertions following
EcoRI digestion. Positive clones for each transfection reaction
were sequenced by means of an automated sequencer (ABI
PRISM 310 Genetic Analyzer, Perkin Elmer) with T7 or T3
primers. Table 1 lists the number of clones that were sequenced
for each lymphoblastoid line and primary astrocyte culture.

Preparation of polyA(+) RNA

PolyA(4) mRNA from lymphoblastoid cell lines with normal
(21 or 29 CGQG) and premutation (82 CGG) alleles was prepared
using the PolyAPure mRNA Isolation System (Ambion), which
is based on the elution of polyA mRNA from oligo (dT)
cellulose columns, according to the manufacturer’s protocol.
~5 ug of PolyA(4) mRNA were isolated from 10° cells for each
lymphoblastoid cell line.

Statistical analysis

Chi-squared analyses were performed by global comparison of
the site distributions (number of clones for each site) between
pairs of alleles.
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