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Butyrate and Vitamin D3 Induce

Transcriptional Attenuation at
the Cyclin D1 Locus in Colonic
Carcinoma Cells

SANDRA MAIER,1 M. CECILIA DAROQUI,1 STEFAN SCHERER,2 STEFAN ROEPCKE,3

ANNA VELCICH,1 SHAILESH M. SHENOY,4 ROBERT H. SINGER,4

AND LEONARD H. AUGENLICHT1,2*
1Department of Medicine, Albert Einstein College of Medicine, Bronx, New York
2Department of Cell Biology, Albert Einstein College of Medicine, Bronx, New York
3Max Planck Institute for Molecular Genetics, Berlin, Germany
4Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, New York

In stimulating maturation of colonic carcinoma cells, the short chain fatty acid butyrate, and 1a,25-dihydroxyvitamin D3, were shown to
attenuate transcription of the cyclin D1 gene, giving rise to truncated transcripts of this locus. Moreover, a sequence which is highly
conserved in the human, mouse, rat, and dog genome was found in the 4 kb long intron 3 of the human cyclin D1 gene, and is capable of
forming a hairpin structure similar to that of microRNA precursors. The expression of this sequence is also decreased by the attenuation.
Thus, the transcriptional attenuation at the cyclin D1 locus not only down-regulates the expression of this key gene in mucosal cell
maturation and tumorigenesis, but may also abrogate the generation of a molecule that encompasses this conserved sequence in cyclin D1
intron 3.
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Induction of cell maturation, especially by physiological agents
that are likely to exhibit low toxicity, is an important approach
to chemoprevention of cancer. For example, the short chain
fatty acid butyrate, derived by fermentation of dietary fiber and
a principal energy source for colonic epithelial cells, is a
physiological regulator of colonic cell maturation. Upon
treatment with butyrate, colonic epithelial cells that have
activated the ras signaling cascade are sensitized to respond to
butyrate (Klampfer et al., 2004), and undergo cell cycle arrest,
differentiation along the absorptive cell lineage with
simultaneous repression of secretory cell differentiation, and
eventual apoptosis (Hague et al., 1993; Augenlicht et al., 1995;
Heerdt et al., 1994; Augenicht et al., 2003). Moreover, at least
the apoptotic response appears to be linked to mitochondrial
metabolism of butyrate (Augenlicht et al., 1999).

This response of colonic cells to butyrate is mediated by a
cascade of changes in gene expression that monotonically
increases in complexity as a function of time following
treatment (Mariadason et al., 2000). Among these changes is an
increase in b-catenin-Tcf complex formation and signaling
(Bordonaro et al., 1999). This is counter-intuitive to the affects
of butyrate as a chemoprevention agent, since elevated
b-catenin-Tcf signaling maintains intestinal cells in a
proliferative, progenitor cell phenotype (van de Wetering et al.,
2002). For example, an important target positively regulated by
b-catenin-Tcf signaling is the c-myc gene (He et al., 1998), a gene
whose down-regulation we have identified as tightly linked to
controlling the reprogramming of intestinal epithelial cells in
vivo during their migration and maturation along the crypt-villus
axis (Mariadason et al., 2005). However, we and others have
demonstrated that elevated transcriptional initiation of c-myc
by butyrate is abrogated by transcriptional attenuation of
elongation of the transcript, resulting in decreased steady state
levels of c-myc expression, consistent with the cell cycle arrest
stimulated by the short-chain fatty acid (Heruth et al., 1993;
Keene et al., 1999; Wilson et al., 2002).
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Cyclin D1 is another gene that is transcriptionally induced by
b-catenin-Tcf signaling (Shtutman et al., 1999; Tetsu and
McCormick, 1999). Moreover, cyclin D1 plays a direct role in
intestinal tumorigenesis, since its genetic inactivation reduces
intestinal tumor formation in mice that inherit a mutation in the
Apc gene (Hulit et al., 2004). Here we utilized a unique method
of transcription site imaging to demonstrate that butyrate also
attenuates transcription of the cyclin D1 gene. Moreover, this
attenuation is also seen in response to vitamin D3, another
physiological regulator of colonic cell maturation.

Materials and Methods
Cell lines

SW837 (CCL-235) rectal and Dld-1 (CCL-221) colon
adenocarcinoma cells (American Type Culture Collection) were
grown at 378C, 5% CO2 in RPMI 1640 medium, supplemented with
10% fetal bovine serum, 100 units/ml penicillin, 100 units/ml
streptomycin, 0.25 mg/ml amphotericin (0.25 mg/ml), 100 mM
non-essential amino acids, 1 mM sodium pyruvate, and 10 mM
HEPES buffer solution, either in 175 cm2 flasks, or seeded onto
glass coverslips (for FISH analysis) coated with 0.5% gelatin in 6-well
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plates. Stimulation was with 5� 10�3 M butyrate, or 10�7

M 1a,25-dihydroxyvitamin D3, at 60% confluency for 0–24 h.
RNA was isolated from cultures and assayed for steady state

level of cyclin D1 RNA transcripts by qRT-PCR using SYBR Green
(Applied Biosystems), prior DNase I treatment using the ImProm-II
Reverse Transcription System (Promega). cDNA was amplified
using the Fast Start High Fidelity PCR-System (Roche), with the
following primers, designed by Primer Express Software (ABI):
CCND1 exon 1: forward primer: 50-CCCTCGGTGTCCTACT-
TCAA-30; reverse primer: 50-GGGGATGGTCTCCTTCATCT-30,
exon 1 spanning exon 2: forward primer: 50-CCCTCGGTGTCC-
TACTTCAA-30; reverse primer: 50-GGGGATGGTCTCCTTCA-
TCT-30, exon 2: forward primer: 50-AACAGAAGTGCGAGGAG-
GAG-30; reverse primer: 50-GGATGGAGTTGTCGGTGTAG-30,
exon5: forward primer: 50-TGCCAGGAGCAGATCGAAG-30;
reverse primer: 50-TCCTCCTCCTCCTCTTCCTC-30. Primers
specific for human GAPDH were: forward: 50-TCGGAGTCAAC-
GGATTTGG-30; reverse: 50-CAACAATCCACTTTACCAGAG-
TTAAAA-30. Transcript expression by qRT-PCR was assayed in
duplicate and standardized by GAPDH mRNA expression. Relative
levels were quantified by calculating 2�DDCT , where DDCT is the
difference in CT (cycle number at which the amount of amplified
target reaches a fixed threshold) between target and reference.

Analysis of transcription sites

Transcription sites in interphase nuclei were detected using a
method of fluorescent in situ hybridization, as previously described
(Femino et al., 1998; Levsky et al., 2002; Wilson et al., 2002).
Probes, 50 nucleotides in length complementary to regions of the
cyclin D1 gene, were synthesized with deoxythymidine (amino-allyl
dT) at defined positions in the sequence, purified by reverse
chromatography, and the activated fluorophores Cy3, Cy3.5, and
Cy5 (Amersham) were chemically coupled to these primary
amines. Each probe was labeled with a total of five identical
fluorophore molecules (detailed methods at http://
protocols.singerlab.org/). The probe set in Figure 2 was: for the
50 end of the cyclin D1 gene (exons 1 and 2), hCy D1-1: 50-
CTACGCGCGGATGGTTTCCACTTCGCAGCACAGGAG-
CTGGTGTTCCATA, hCyD1-2: 50-TTGACAGGAAGCGGTC-
Fig. 1. Decreased expression of cyclin D1 in SW837 cells treated
with 5 mM butyrate. A: RNA was isolated from cultures and assayed
by qRT-PCR for steady state of transcripts of the cyclin D1 gene using
primers that amplified exon 1, exon1/2, exon 2 and exon
5; (B) Western blot analysis of protein.
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CAGGTAGTTCATGGCCAGCGGGAAGACCTCCTCTTCGC
ACTA, hCyD1-3:50-CTTCTTAGAGGCCACGAACATGCAAG-
TGGCCCCCAGCAGCTGC AGGCGGCTCTA and hCyD1-4:
50-ATCTTGAGCTTGTTCACCAGGAGCAGCTCCATT TGC-
AGCAGCTCCTCGGGCCGTC; for the 30 end of the cyclin D1
gene (exon 5): hCy D1-5:50-CTGGGTCCACCATGGCTAAG-
TGAAGCAT-GAGGTATTGTGAAACAGCAACC, hCyD1-6: 50-
GCTGTAAAAACTACTATGATGCTACGCCCCCGATCAG-
ATGAAGTGCCC AG and hCyD1-7: 50-GAAGCTATTCCA-
ATCATCCCGAATGAGAGTCCTACAGGTACA ACGCCGT-
G. For b-actin the following probes were used: hBA-1: 50-GTGA-
ACTTTGG GGGATGCTCGCTCCAAC-CGACTGCTGTCAC-
CTTCACCGT, hBA-2: 50-TCCTTAGAG AGAAGTGGGGTGG-
CTTTTAGGATGGCAAGGGACTTCCTGTA and hBA-3: 50-CT-
TTT ATTCAACTGGTCTCAAGTCAGTGTACAGGTAAGCC-
CTGGCTGCCT. Hybridization of these probes, in different
combinations to untreated and butyrate treated SW 837 cells, was
as described (Wilson et al., 2002). For scoring of transcription sites,
images were captured with a Photometrics Cool SNAP HQ digital
CCD camera (Roper Scientific, Tucson, AZ) mounted on an
AX-70 Provis microscope using a PlanApo 60�, 1.4 NA objective
and 100 W mercury lamp for epi-illumination (Olympus, Melville,
NY). A Uniblitz model VS35S2ZM0 shutter with model VMM-D1
electronic controller (Vincent Associates, Rochester, NY) was
used for capturing of images in three dimensions. These images
Fig. 2. Example of a cyclin D1 transcription site that is labeled with
three fluorophores (yellow arrow) or a single fluorophore (white
arrow).
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were acquired using #31000 (DAPI), #SP-102v1 (Cy3), #SP-103v1
(Cy3.5) and #41008 (Cy5) fluorescence filter sets
(ChromaTechnology, Brattleboro, VT). Acquisition and data
analysis were performed using IPLab Windows version
3.6 software from Scanalytics (Fairfax, VA). Images acquired using
the Cy3, Cy3.5, and Cy5 filters were assigned green, red, and blue
colors for visualization. To be scored as a true transcription site,
the simultaneous detection of at least two colors was required at a
site, independent hybridization events highly unlikely to be
attributable to chance. Only sites in non-overlapping nuclei were
counted. The scoring was performed with the observer blinded to
the identity of the slide; at least 600–1,500 cells were counted per
slide in order to maximize reproducibility of results. For acquisition
of the data, multiple fields on every slide were photographed,
chosen because of their appearance with DAPI staining, as having
multiple, but non-overlapping cells, and intact nuclei; their
appearance in regards to Cy3, Cy3.5, and Cy5 was not considered
in this selection. Different dye combinations were used among
experiments to minimize potential error due to differential affinity
among the dyes. Transcription sites were scored as three-color
(e.g., red/green/blue) or two-color (e.g., red/blue) based on the
intensity of signal in the third channel above background. Sites in
which intensity of signal of the third color was ambiguous (<5% of
nuclei) were not included in the analysis. The number of counted
nuclei (DAPI image) was also scored, to determine the relative
frequency of occurrence of the sites.

Results and Discussion

Consistent with numerous reports, 6 h following treatment of
SW837 with 5 mM of the short chain fatty acid butyrate, cells in
Fig. 3. FISH analysis for detection of active cyclin D1 transcription sites (
SW837 cells. Sites were detected in nuclei using two differentially labeled p
probe complementary to the 3( end. Data were calculated as percent of n
colored (completed) or free of detectable, active transcript sites, mean W
length) totwocolor (initiated)cyclinD1transcriptionsitesasa functionof ti
to 2B, but ratios of nuclei containing full length to initiated transcripts as a fu
(D)similar to2B,butratiosofnuclei containing full lengthto initiatedtransc
DLD-1 (right) cells with 10�7 M vitamin D3.
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the G1 phase of the cell cycle increased by 40% (data not
shown). Using sets of primers that assay exon 1, exon 1 to 2,
exon 2, and exon 5 of the human cyclin D1 gene by qRT-PCR,
steady state levels of expression of cyclin D1 mRNA were found
to decrease progressively beginning at 2 h post-treatment,
reaching approximately 20% of control value by 12 h (Fig. 1A),
leading to decreased cyclin D1 protein levels (Fig. 1B). Similar
results were seen for DLD1 cells, for which the increase of cells
in G1 was 137% following butyrate treatment, again paralleled
by a decrease in cyclin D1 steady state levels (not shown). Thus,
these cell lines undergo standard cell cycle arrest and coincident
decrease in cyclin D1 expression in response to butyrate. We
have previously reported that steady state levels of c-myc
mRNA and protein, also encoded by a Wnt target gene, also
decreased in SW837 cells in response to butyrate. However,
interrogation of the minor c-myc RNA fraction localized at the
site of transcription in the interphase nucleus revealed that
transcriptional attenuation was a mechanism that contributed
substantially to this decrease in c-myc steady state levels
(Wilson et al., 2002).

To investigate whether transcriptional attenuation was also
triggered at the cyclin D1 locus by butyrate, we utilized the
same fluorescence based method we previously reported to
image nuclear transcription sites of the cyclin D1 gene within
individual cells (Femino et al., 1998; Levsky et al., 2002; Wilson
et al., 2002). This method takes advantage of the fact that the
highest concentration of any specific mRNA sequence is at the
site of synthesis, and thus fluorescent probes hybridizing to
these molecules emit a bright flash of light localized to the
cognate gene in the nucleus. Oligonucleotide probes, which
recognized exon 1 or exon 2 of the growing cyclin D1 RNA
A) FISH analysis of cyclin D1 transcription sites in untreated, growing
robes complementary to the 5( end of the cyclin D1 mRNA, and a third
uclei containing transcript that were two colored (initiated) or three
standard error; (B) The ratio of nuclei that contained three color (full
mefollowingtreatmentofSW837cellswith5mMbutyrate; (C)similar
nction of time following treatment of DLD-1 cells with 5 mM butyrate;
riptsasa functionof time following treatmentofeitherSW837(left)or
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transcripts were labeled with two spectrally distinct
fluorophores; these interrogated initiation of cyclin D1
transcription. The 30 end of the RNA encoded by exon 5 was
evaluated using probes labeled with a third distinct fluorophore.
These exon 5 probes could only hybridize when full length, or
almost completed transcripts, were present at the site of
transcription. Therefore the detection of three colors at the
nuclear site of transcription indicated the presence of full-length
transcripts at the cyclin D1 locus, and the detection of a
two-colored site indicated initiation, but attenuation, of cyclin
D1 transcription. We have published images of such
differentially labeled transcription sites (Wilson et al., 2002),
and an example of a single color and three color cyclin D1
transcription site is shown in Figure 2. As described in
Methods, the site showing only a single color would not have
been scored as a true transcription site. Figure 3A shows the
Fig. 4. A: Predicted secondary structure of a sequence in intron 3 (1,260
conservedbetweenthehumanandmousegenome;(B)sequencehomologi
gene.
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distribution of transcription sites detected in control,
untreated SW837 or DLD-1 cells. For each cell line, we
detected no active cyclin D1 transcription sites in
approximately 70% of the nuclei examined, consistent with the
fact that even expressed loci cycle between active transcription
and no transcription, especially in an unsynchronized cell
population. For SW837 cells, those active sites generating only
initiated (i.e., two color) transcripts were approximately
equivalent to those that generated full-length (three color)
transcripts (Fig. 3A). For DLD-1 cells, there was a bias towards a
larger fraction of active transcription sites generating full-length
transcripts (Fig. 3A).

The frequency of cell nuclei containing active cyclin D1
transcription sites (either 2- or 3-colored) remained constant
following butyrate treatment of SW837 cells (28� 3%—not
shown). However, the ratio between cells with cyclin D1 loci
–1,300 bp) of the human cyclin D1 gene, a portion of which is highly
eswithinintron3(human,mouse,rat)andintron2(dog)ofthecyclinD1
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generating full length transcripts in SW837 cells to those in
which transcription was initiated, but not completed, decreased
as a function of time. The ratio of full-length to initiated
transcription sites decreased by 30% relative to untreated cells
within 1 h of butyrate stimulation (Fig. 3B). This decrease
reached 50% relative to control by 3 h (P< 0.05), with a
maximal decrease of 78% at 6 h, and a recovery thereafter
(Fig. 3B). Similar results were seen for DLD-1 cells, although the
decrease appeared to be more rapid (�50% decrease by 1 h),
reaching a 75% decrease in the ratio of full length to initiated
sites at 6 h post-butyrate treatment, relative to control cells
(Fig. 3C).

Treatment of colon carcinoma cells with
10�7 M 1a,25-dihydroxyvitamin D3 also induces a cell cycle
arrest (Diaz et al., 2000). Figure 3D illustrates that vitamin D3

also decreased the ratio of full length to initiated transcription
sites within an hour in both SW837 and DLD-1 cells,
respectively, with a maximum decrease again at 6 h, although
again, the decrease appeared to be more rapid in DLD-1 cells
than in SW837.

Transcriptional attenuation of the cyclin D1 gene therefore
makes a substantial contribution to the reduced steady state
levels of cyclin D1 that accompany the cell cycle arrest of colon
carcinoma cells induced by butyrate or
1a,25-dihydroxyvitamin D3.

We also investigated sequence elements of the primary
transcript of the cyclin D1 gene in relation to the transcriptional
attenuation. Using the pre-computed multiple species
alignments provided by the UCSC Genome Browser
(Karolchik et al., 2003), we found two regions of pronounced
sequence conservation between the human and mouse genome
in the 4 kb long intron 3 of the mouse cyclin D1 gene. We then
used the Zuker’s Mfold program to predict the most favorable
secondary structure (Zuker, 2003). The first sequence
(encircled area, Fig. 4A) forms a longer hairpin structure that is
highly conserved between human, mouse, rat, and dog cyclin D1
loci, although for the dog, the sequence is present in intron
2 rather than intron 3, which is the longest intron in the dog, as is
intron 3 in the other species (Fig. 4B) (Altschul et al., 1997).
qRT-PCR analysis shows that this sequence is transcribed, and,
like exons 1–5, is decreased in expression by butyrate (not
shown). However, although it has a secondary structure similar
to known microRNA precursors (Bartel, 2004), and its high
conservation across species suggests functional significance, we
have not found evidence that it exists as an independent
non-coding small RNA molecule.

In conclusion, we have now demonstrated that
transcriptional attenuation triggered by butyrate or vitamin D3

plays an important role in the down regulation of two key genes
that regulate colonic cell maturation and
transformation—c-myc and cyclin D1 (Wilson et al., 2002), and
data above—therefore eliminating the increased steady state
levels of c-myc and cyclin D1 which might be expected from the
elevation in Wnt signaling. Recent data (Daroqui and
Augenlicht, unpublished work) demonstrate that this
mechanism of transcriptional attenuation appears to be
involved in regulating the expression of a significant percent of
genes for which expression is altered in the extensive
reprogramming initiated by butyrate (Mariadason et al., 2000).
In this regard, it has been reported recently that a high
percentage of developmentally regulated sequences in
embryonic stem cells are initiated in transcription but fail to
produce full length transcripts by a mechanism associated with a
unique pattern of histone acetylation (Guenther et al., 2007),
which likely influences chromatin structure and interaction
with other transcription factors. It is important to note that
butyrate, an HDAC inhibitor, is present at very high
JOURNAL OF CELLULAR PHYSIOLOGY
concentrations in the lumen of the colon, where SCFAs are
generated by fermentation of fiber and serve as the principal
energy source for colonic epithelial cells. Therefore, butyrate,
like vitamin D3, is a physiological agent that provides an extrinsic
signal important in establishing and maintaining colonic mucosal
homeostasis. Thus, transcriptional attenuation may be a
common mechanism involved in normal, well integrated, finely
balanced programs of cell maturation in both embryogenesis
and in response to physiological inducers of cell maturation in
the adult, such as butyrate and vitamin D3 in the intestine.
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