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Abstract

The sodium-dependent multivitamin transporter (SMVT) is essential for mediating and regulating biotin entry into mammalian cells.
In cells, biotin is covalently linked to histones in a reaction catalyzed by holocarboxylase synthetase (HCS); biotinylation of lysine
12-biotinylated histone H4 (K12Bio H4) causes gene silencing. Here, we propose a novel role for HCS in sensing and regulating levels of
biotin in eukaryotic cells. We hypothesized that nuclear translocation of HCS increases in response to biotin supplementation; HCS then
biotinylates histone H4 at SMVT promoters, silencing biotin transporter genes. Jurkat lymphoma cells were cultured in media containing
0.025, 0.25, or 10 nmol/I biotin. The nuclear translocation of HCS correlated with biotin concentrations in media; the relative enrichment of
both HCS and K12Bio H4 at SMVT promoter 1 (but not promoter 2) increased by 91% in cells cultured in medium containing 10 nmol/l biotin
compared with 0.25 nmol/l biotin. This increase of K12Bio H4 at the SMVT promoter decreased SMVT expression by up to 86%. Biotin
homeostasis by HCS-dependent chromatin remodeling at the SMVT promoter 1 locus was disrupted in HCS knockdown cells, as evidenced by
abnormal chromatin structure (K12Bio H4 abundance) and increased SMVT expression. The findings from this study are consistent with the
theory that HCS senses biotin, and that biotin regulates its own cellular uptake by participating in HCS-dependent chromatin remodeling

events at the SMVT promoter 1 locus in Jurkat cells.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Biotin uptake into mammalian cells is a carrier-dependent
process [1,2] that is mediated by the sodium-dependent
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multivitamin transporter (SMVT) [3]. The expression of
biotin transporters increases in response to a heightened
cellular demand for biotin such as in proliferating cells [4,5]
and biotin-deficient cells [6,7]. The activity of biotin
transporters is regulated at both the transcriptional and the
posttranscriptional level. For example, the transcriptional
activity of SMVT reporter genes correlates inversely with
biotin supply in human choriocarcinoma cells, and reporter
gene activity is a good predictor for abundance of SMVT and
transport rates of biotin [7]. The 5’-regulatory region of the
human SMVT gene comprises two distinct promoters, each
containing regulatory cis elements such as AP1 and Spl1 sites
[8]. Some of these elements are known to be biotin-
responsive. For example, biotin deficiency is associated with
increased DNA-binding activities of transcription factors Fos
and Jun, enhancing the activity of reporter gene constructs
driven by AP1 [9]. Not withstanding the regulation of biotin
transporters at the level of transcription, posttranscriptional
events also participate in transporter regulation. For example,
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SMVT contains two putative protein kinase C phosphorylation
sites [10,11]. Activators of protein kinase C inhibit biotin
uptake, whereas inhibitors of protein kinase C stimulate biotin
uptake in colorectal adenocarcinoma cells [12].

Recently, evidence emerged that covalent modifications
of proteins in chromatin are an important mechanism of gene
regulation by biotin. Chromatin comprises DNA, histones
HI1, H2A, H2B, H3, and H4, and non-histone proteins [13].
DNA and histones form repetitive nucleoprotein units, the
nucleosomal core particles [13]. The amino terminal tails of
histones protrude from the nucleosomal surface; covalent
modifications of these tails (e.g., methylation and biotinyla-
tion) affect the structure of chromatin and form the basis for
gene regulation [14-16]. Site-specific modifications of
histones have distinct functions; for example, trimethylation
of lysine (K) 4 in histone H3 is associated with transcrip-
tional activation of surrounding DNA [17,18], whereas
dimethylation of K9 is associated with transcriptional
silencing [19,20].

Biotin is covalently linked to €-amino groups in distinct
lysine residues in histones [21,22]; the binding of biotin to
histones is mediated by holocarboxylase synthetase (HCS)
and, perhaps, biotinidase [21,23]. The following biotinyla-
tion sites have been identified: K9, K13, K125, K127, and
K129 in histone H2A [24]; K4, K9, and K18 in histone H3
[25]; and K8 and K12 in histone H4 [26]. Importantly,
biotinylation of K12 in histone H4 is associated with
heterochromatin structures and gene silencing in human
cells [27]. Here, we propose a novel mechanism by which
cells maintain biotin homeostasis. The test hypothesis is
that HCS senses biotin, and that biotin regulates its own
cellular uptake by participating in HCS-dependent chro-
matin remodeling events at SMVT promoter loci. Specifi-
cally, we determined (i) whether nuclear translocation of
HCS depends on biotin, (ii) whether the cellular
concentration of biotin affects HCS-dependent biotinyla-
tion of K12 in histone H4 at SMVT promoter loci, (iii)
whether increased biotinylation of histone H4 at SMVT
promoter loci is associated with decreased expression of
SMVT, and (iv) whether knockdown of HCS disrupts the
feedback loop by which cellular biotin regulates uptake of
biotin from the extracellular space.

2. Materials and methods

2.1. Cell culture

Jurkat lymphoblastoma cells were obtained from ATCC
(Manassas, VA, USA). HCS-deficient Jurkat cells were
generated by using the pSilencer 4.1-CMV neo vector
according to the manufacturer’s instructions (Ambion,
Austin, TX, USA); the following oligonucleotides were
used for generating the siRNA-producing HCS knockdown
vector (denoted “siRNA-HCS”): sense=5"-GAT CCG GAC
TCC ACT CTG AAG GAA TTC AAG AGA TTC CTT
CAG AGT GGA GTC CTGA-3’; antisense=5"-AGC TTC

AGG ACT CCA CTC TGA AGG AAT CTC TTG AAT
TCC TTC AGA GTG GAG TCC G-3'. As controls we used
commercial pSilencer 4.1-CMV neo vectors containing
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
sequences (denoted “pSilencer 4.1-CMV neo GAPDH”)
and a hairpin (denoted “pSilencer 4.1-CMV neo negative
control”) with limited homology to sequences in the human
genome (Ambion). Jurkat cells were transfected with
pSilencer vectors, and transformed cells were selected
using 0.3 g/l G418 for 10 days. Expression of HCS and
GAPDH was quantified by real-time polymerase chain
reaction (PCR) and Western blot analysis as described below.

Cells were cultured in the following biotin-defined
media for at least 5 weeks before sample collection [6]:
0.025 nmol/l of biotin (denoted “deficient”), 0.25 nmol/l of
biotin (“physiological”), and 10 nmol/l of biotin (“phar-
macological”). These concentrations represent plasma from
biotin-deficient individuals, normal subjects, and users of
biotin supplements [6]. Biotin concentrations in media
were confirmed by avidin-binding assay [28] with
modifications [6].

2.2. Biotin-dependent carboxylases

HCS mediates the covalent attachment of biotin to
acetyl-CoA carboxylases a and P, pyruvate carboxylase,
propionyl-CoA carboxylase (PCC), and 3-methylcrotonyl-
CoA carboxylase in addition to mediating biotinylation of
histones [29]. Holocarboxylases are reliable markers for
both biotin concentration and HCS activity [29]. Holo-
carboxylases in cell extracts were probed using gel
electrophoresis and streptavidin peroxidase [6]. PCC and
3-methylcrotonyl-CoA carboxylase contain biotinylated
and nonbiotinylated subunits; only the biotin-containing
o subunits are detectable in streptavidin blots.

2.3. Real-time PCR

The abundance of mRNA coding for HCS and GAPDH in
knockdown cells and wild-type controls was quantified by
real-time PCR, using primers “HCS Trans” and “GAPDH
Trans” (Table 1). The abundance of mRNA coding for
SMVT was quantified by using the “SMVT Trans” primers.
ABsolute QPCR SYBR Green fluorescein mix (ABgene,
Rochester, NY, USA) was used for real-time PCR reactions.

2.4. Western blot analyses

Whole-cell extracts and nuclear extracts were prepared
as described [9,30]. Proteins were resolved using 4—12%
Bis-tris gels and 18% Tris-glycine gels (Invitrogen,
Carlsbad, CA, USA), as described [26,30]. SMVT was
probed using polyclonal rabbit antthuman SMVT serum
[31]. HCS was probed using antiserum to a peptide
spanning amino acids 58—77 in the N-terminus of human
HCS (denoted “anti-HCS/N”) [24]. Alternatively, HCS was
probed using a novel antiserum to a peptide spanning amino
acids 707—726 in the C-terminus of human HCS (denoted
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Table 1

PCR primers used for quantification of DNA from ChIP experiments and transcripts (denoted “Trans”)

Target Experiment Size Forward primers Reverse primers

Location® Sequence Location Sequence
Chrlalpha®  ChIP 136 bp  N/A 5’-TCATTCCCACAAACTGCGTTG-3’ N/A 5’-TCCAACGAAGGCCACAAGA-3’
GAPDH*¢ ChIP 294bp  +1399 5’-CCCAACTTTCCCGCCTCTC-3' +1692 5’-CAGCCGCCTGGTTCAACTG-3'
GAPDH Trans 78 bp +292 5’-TCCACTGGCGTCTTCACC-3’ +369 5’-GGCAGAGATGATGACCCTTT-3’
HCS® Trans 102bp  +1 5’-ATGGAAGATAGACTCCACAT-3’ +102 5’-TGAGACCTGATCCTTAACTTCC-3’
SMVT P1¢  ChIP 226 bp  —5556 5’-AATGGCCTGTATCCAGCATC-3’ —5331] 5’-TCGCCGTTTGTTCTTTTCTT-3’
SMVT P2f  ChIP 129bp  —4249 5’-CATCCGCCCTCAGTAAACAT-3’ —4121 5’-ACACGTGGGTAGCCAGAGC-3’
SMVT# Trans 150 bp  +420 5’-TGTGCGAGTGTGTGGAAC-3’ +569 5’-TAGACGGTACAGACAATGCC-3’

Chrlalpha, chromosome 1 alpha satellite repeats; SMVT P1, SMVT promoter 1; SMVT P2, SMVT promoter 2; N/A, not applicable.

? Relative to transcription start site (>1).
® GenBank M26919.

¢ GenBank AY340484 for ChIP; GenBank NM_002046 for real-time PCR.

9 GenBank NM_000411.
¢ GenBank AF442738.
f GenBank AF442738.
& GenBank NM_021095.

“anti-HCS/C”): VHPDGNSFDMLRNLILPKRR. Anti-HCS/C
was generated in a commercial facility as described [24]. In
control experiments, transblots were probed by using goat
antihuman histone H3 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), goat antihuman GAPDH (Santa Cruz
Biotechnology), or secondary antibodies in the absence of
primary antibodies. The antibody to histone H3 targets an
epitope that does not contain any known biotinylation sites;
hence, altered biotinylation of histone H3 in HCS- or biotin-
deficient cells is an unlikely confounder in control experi-
ments using antihistone H3.

2.5. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were
conducted as described [32], using the following antibodies:
(i) rabbit antthuman K12-biotinylated histone H4 (K12Bio
H4) serum [26], (ii) rabbit antthuman HCS/C (see above),
(ii1) affinity-purified rabbit antihuman K9-dimethylated
histone H3 (K9Me2 H3) (Abcam; Cambridge, MA, USA),
and (iv) affinity-purified rabbit anti-human K4-trimethylated
histone H3 (K4Me3 H3) (Abcam). Precipitation of chroma-
tin with bulk rabbit IgG (background control) yielded
negligible amounts of DNA and was not considered for
further analyses. Total DNA from Jurkat cells served as input
control (denoted “input DNA”).

2.6. Reverse-transcriptase PCR

The relative abundance of the following genomic
sequences in immunoprecipitated DNA and input DNA
was quantified by PCR, using the primers listed in Table 1:
SMVT promoters 1 (locus-5705 to locus-5172 relative to the
transcriptional start site) and 2 (locus-4276 to locus-4103)
[8], alpha satellite repeats in chromosome 1 (heterochroma-
tin), and GAPDH (euchromatin). PCR analyses were
conducted as described [33] with the following modifica-
tions: genomic DNA was amplified for 10 PCR cycles using
the above loci-specific primers; 20 ng of DNA from each of

these reactions was used as a template in a second round
of PCR amplifications using the same primer pairs.
Platinum 7aqg DNA Polymerase (Invitrogen) was used for
all PCR reactions. The relative enrichment of select
genomic sequences (amplicons) is expressed as ratio of
antibody-precipitated DNA over an equal amount of input
DNA in the starting material.

2.7. Biotin transport

Biotin transport rates were quantified by using a
physiological concentration of [3H]biotin (0.475 nmol/l),
as described previously [34].

2.8. Statistics

Homogeneous variances were detected by using Bartlett’s
test, and data were log-transformed if applicable [35]. Effects
of the “HCS expressionxbiotin concentration” interaction on
dependent variables were analyzed by analysis of covar-
iance. Effects of the biotin concentration in culture media on
dependent variables were analyzed by one-way analysis of
variance; Fisher’s protected least significant difference
procedure was used for post hoc testing [35]. Effects of
HCS expression on dependent variables were analyzed by
paired ¢ test in samples matched for biotin concentration.
StatView 5.0.1 (SAS Institute, Cary, NC, USA) was used to
perform all calculations. Differences were considered
significant at P<.05.

3. Results

Stable transformation of Jurkat cells with the siRNA-HCS
vector decreased HCS expression. This observation is
important for evaluating the studies of SMVT regulation
described below. The abundance of HCS mRNA in knock-
down cells decreased to <30% of the abundance in wild-
type controls in biotin-matched samples (Fig. 1A). The
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abundance of HCS mRNA increased significantly in
response to supplementation with pharmacological doses
of biotin in wild-type cells but not in knockdown cells.
Transformation of cells with the control vectors pSilencer
4.1-CMV neo GAPDH and pSilencer 4.1-CMV neo negative
control did not affect the abundance of HCS mRNA (data not
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Fig. 1. Expression of HCS decreases in response to both biotin deficiency
and HCS siRNA in Jurkat cells. Wild-type cells and siRNA-treated cells
were cultured in biotin-defined media for 5 weeks. (A) Abundance of HCS
mRNA was quantified by real-time PCR. Values are meansS.D. “"Bars not
sharing the same superscript are significantly different in cells matched for
HCS expression. P<.05, significantly different from knockdown cells
matched for biotin in medium (#=3). (B) HCS protein in whole cell extracts
was detected by Western blot analysis: (Top) N-terminus probed with anti-
HCS/N. (Middle) C-terminus probed with anti-HCS/C. (Bottom) Equal
loading of lanes was confirmed by probing blots with anti-histone H3. Ctrl.
indicates control (blot probed with secondary antibody in the absence of
anti-HCS/N and anti-HCS/C). Anti-HCS/N and Ctrl. samples were run on
the same gel, but the Ctrl lane was processed separately after electroblotting.
Samples probed with anti-histone H3 were run on the same gel, but the
sequence of lanes was electronically rearranged after autoradiography.
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Fig. 2. Biotinylation of carboxylases decreases in response to biotin
deficiency and HCS deficiency in Jurkat cells. Wild-type cells and HCS-
deficient cells were cultured in biotin-defined media for 5 weeks. Cellular
proteins were resolved by gel electrophoresis and biotin was probed by using
streptavidin peroxidase. Acetyl-CoA carboxylase was not detectable, but its
expected location on the gel is indicated.

shown). The abundance of mRNA coding for GAPDH did
not decrease in response to transformation with siRNA-HCS
(data not shown), suggesting specificity. In contrast, if
biotin-normal cells were transformed with the pSilencer 4.1-
CMV neo GAPDH vector, the abundance of GAPDH
mRNA decreased to 50+2.2% of wild-type controls (P<.05;
n=3). The abundance of mRNA coding for biotinidase, a
suspected histone biotinyl transferase [21], did not decrease
in response to transformation with the siRNA-HCS vector
(data not shown).

The abundance of HCS protein showed a pattern similar
to that observed for HCS mRNA. Full-length HCS (82 kDa)
was detectable in bulk extracts from wild-type cells probed
with anti-HCS/N, but not in extracts from HCS knockdown
cells (Fig. 1B, upper panel). Secondary antibody alone did
not produce a detectable signal (negative control). The
abundance of 82-kDa HCS in wild-type cells depended
on the concentration of biotin in culture media: 0.025<0.25<
10 nmol/l biotin. If extracts from wild-type cells were probed
with anti-HCS/C, we detected a 76-kDa variant of HCS in
addition to 82-kDa, full-length HCS (Fig. 1B, middle panel),
consistent with previous observations [36]. Trace amounts of
the 76-kDa variant were also detected in HCS knockdown
cells. The abundance of both the 76-kDa variant and 82-kDa
full-length HCS depended on the concentration of biotin
in culture media in wild-type cells: 0.025<0.25<10 nmol/I
biotin. The abundance of histone H3 (control) did not depend
on HCS or biotin (Fig. 1B, bottom panel).

Previous studies have provided evidence that biotin-
dependent carboxylases such as PCC are reliable and
sensitive markers for biotin status in human lymphoid cells
[37,38]. Here, knockdown of HCS was associated with
decreased biotinylation of carboxylases (Fig. 2), consistent
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with the known role of HCS as a biotin-carboxylase ligase
[29]. Likewise, the cellular abundance of PCC correlated
with biotin concentrations in culture media, consistent with
decreased cellular biotin levels in response to low biotin
supply. Note that biotinylated alpha chains of PCC and
3-methylcrotonyl-CoA carboxylase comigrated under the
conditions used here and that acetyl-CoA carboxylase
was not detectable in Jurkat cells. The abundance of
biotinylated carboxylases depended on the concentration
of biotin in culture media in both wild-type cells and
HCS-deficient cells.

Supplementation of wild-type cells with pharmacological
doses of biotin was associated with decreased expression of
SMVT. The abundance of SMVT mRNA in wild-type cells
decreased by about 85% in response to biotin supplementa-
tion: 1.0+£0.05 (0.25 nmol/l biotin) vs. 0.15+0.09 arbitrary
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Fig. 3. Expression of SMVT decreases in response to biotin supplementation
in wild-type cells, but down-regulation is impaired in HCS-deficient cells.
(A) Abundance of SMVT mRNA was quantified by real-time PCR. Values
are means+S.D. **“Bars not sharing the same superscript are significantly
different in cells matched for HCS expression. *P<.05, significantly dif-
ferent from knockdown cells matched for biotin (n=3). (B) SMVT protein
was probed by Western blot analysis. Ctrl. indicates control (blot probed
with secondary antibody in the absence of anti-SMVT). anti-SMVT and
Ctrl. samples were run on the same gel, but the Ctrl. lane was processed
separately after electroblotting.
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Fig. 4. Nuclear translocation of HCS increases in response to biotin
supplementation in wild-type cells but not in HCS-deficient cells. (Top) anti-
HCS/C was used to probe the C-terminus of HCS in nuclear extracts.
(Bottom) Equal loading of lanes was confirmed using histone H3 as a
marker. Absence of a meaningful contamination of nuclear extracts (N) with
cytoplasmic proteins was confirmed by probing the cytoplasmic marker
GAPDH. Whole cell extracts (W) were used as positive control. Samples
probed with anti-histone H3 were run on the same gel, but the sequence of
lanes was electronically rearranged after autoradiography.

units (10 nmol/l biotin) (Fig. 3A). This feedback control
mechanism was impaired in HCS knockdown cells, where
the abundance of SMVT mRNA decreased by only 56% in
response to biotin supplementation: 1.13+0.06 (0.25 nmol/I
biotin) vs. 0.49+0.02 arbitrary units (10 nmol/l biotin).
Analysis of biotin transport rates corroborated a role for HCS
in the regulation of SMVT. Rates of biotin uptake decreased
from 2.6+0.4 fmol biotin/(mg proteinxmin) in wild-type
cells in physiological medium to 1.9+0.1 fmol biotin/(mg
proteinxmin) in wild-type cells in pharmacological medium
(P<.05; n=5). In contrast, rates of biotin uptake did not
decrease significantly in HCS knockdown cells cultured in
pharmacological medium [2.7+0.1 fmol biotin/(mg pro-
teinxmin)] compared with physiological medium [2.9+0.1
fmol biotin/(mg proteinxmin)] (P=0.52; n=5). Finally, the
abundance of SMVT protein was inversely associated with
the concentrations of biotin in culture media in wild-type
cells but not in HCS knockdown cells (Fig. 3B). Secondary
antibody alone did not produce a detectable signal (negative
control). Histone H3 was used as a marker to confirm equal
loading of lanes (data not shown) (Fig. 1B).

Biotin supplementation was associated with increased
nuclear translocation of HCS in wild-type cells, consistent
with the proposed role of HCS as a biotin sensor (Fig. 4, top
panel). Only trace amounts of HCS were detectable in nuclei
from knockdown cells. No signal was detectable if cell
extracts were probed with secondary antibody alone
(compare Fig. 1B). Histone H3 was used as a marker to
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confirm equal loading of lanes (Fig. 4, bottom panel). . = Wild-type
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loci increases in response to biotin supplementation in wild-type cells but not
in HCS-deficient cells. Wild-type cells and HCS-deficient cells were
cultured in biotin-defined media for 5 weeks. Chromatin was immunopre-
cipitated using antibodies to K12Bio H4, K9Me2 H3, K4Me3 H3, and HCS
(C-terminus), and DNA was quantified by PCR. (A) Relative enrichment of
SMVT promoter 1 sequences by immunoprecipitation, using input DNA as
denominator. (B) Relative enrichment of SMVT promoter 2 sequences by
immunoprecipitation, using input DNA as denominator. Values are means+
S.D. **“9Bars not sharing the same superscript are significantly different for
the same antibody (P<.05, n=3-4).
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Fig. 6. The relative enrichment of K12Bio H4 and HCS at alpha satellite
repeats increases in response to biotin supplementation in wild-type cells but
not in HCS-deficient cells. Wild-type cells and HCS-deficient cells were
cultured in biotin-defined media for 5 weeks. Chromatin was immunopre-
cipitated using antibodies to K12Bio H4, K9Me2 H3, K4Me3 H3, and HCS
(C-terminus), and DNA was quantified by PCR. (A) Relative enrichments of
alpha satellite repeats by immunoprecipitation, using input DNA as
denominator. (B) Relative enrichment of GAPDH by immunoprecipitation,
using input DNA as denominator. Values are means+S.D. *b<Bars not
sharing the same superscript are significantly different in cells matched for
HCS expression (P<.05, n=3—4).

control) produced a strong signal if probed for GAPDH
(Fig. 4, bottom panel).

K12Bio H4 increased at SMVT promoter loci in response
to biotin supplementation in wild-type cells but not in HCS
knockdown cells. For example, if wild-type cells were
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supplemented with 10 nM biotin, the relative enrichment of
SMVT promoter 1 sequences by ChIP with anti-K12Bio H4
increased by 91+6.3% compared with physiological controls
(Fig. 5A). In HCS knockdown cells, the abundance of
K12Bio H4 at SMVT promoter 1 was less than 41% of that in
wild-type cells at 10 nmol/l biotin. The relative magnitudes of
effects of HCS knockdown on K12Bio H4 were similar if
cells were cultured in media containing 0.025 and 0.25 nmol/l
biotin (data not shown). The relative enrichment of SMVT
promoter 1 sequences by ChIP with anti-HCS/C was similar
to that observed for anti-K12Bio H4 (Fig. 5A). For example,
biotin supplementation (10 nmol/l) was associated with a
146+21% increase of HCS at the SMVT promoter 1 locus
compared with physiological controls; this increase was
abolished in HCS knockdown cells.

The increase of K12Bio H4 and HCS at the SMVT
promoter 1 locus in response to biotin supplementation
coincided with an increase of the heterochromatin marker
K9Me2 H3 and a decrease of the euchromatin marker
K4Me3 H3 (Fig. 5A). HCS knockdown did not affect
K9Me2 H3 and K4Me3 H3 compared with biotin-matched
wild-type controls, e.g., the relative abundance of K9Me2
H3 and K4Me3 H3 at SMVT promoter 1 in HCS knockdown
cells was within 3% of that in wild-type cells at 10 nmol/l
biotin (Fig. 5B).

The relative enrichment of K12Bio H4 at SMVT pro-
moter 2 sequences exhibited a relatively weak dependence
on biotin supply and HCS expression (Fig. 5B). In contrast,
HCS and K9Me2 H3 increased significantly at the SMVT
promoter 2 locus in response to supplementation with 10 nM
biotin, yielding patterns similar to promoter 1. These findings
suggest that histone modifications other than biotinylation
of K12 in histone H4 might participate in the regulation of
SMVT promoter 2 in Jurkat cells (see Discussion).

In control experiments, we quantified the relative
enrichment of histone modifications and HCS in hetero-
chromatin (alpha satellite repeats in chromosome 1) and
euchromatin (GAPDH). As expected from our previous
studies [27], enrichment of alpha satellite repeat regions was
greater if chromatin was immunoprecipitated with anti-
K12Bio H4 and anti-K9Me2 H3 compared with anti-K4Bio
H3 in wild-type cells (Fig. 6A). K12Bio H4 was 16-31%
less abundant in satellite regions from HCS knockdown cells
compared with biotin-matched, wild-type controls (Fig. 6A,
and data not shown). Immunoprecipitation of chromatin with
anti-HCS/C did not result in an enrichment of satellite
sequences compared with input DNA (ratio ~1), suggesting
a relatively low abundance of HCS in heterochromatin. HCS
knockdown did not have a meaningful effect on K9Me2 H3
and K4Me3 H3 in satellite regions, consistent with
observations made for SMVT promoters.

Precipitation of chromatin by using anti-K12Bio H4, anti-
HCS/C, and anti-K9Me2 H3 was not associated with an
enrichment for euchromatin (GAPDH) sequences (Fig. 6B),
consistent with previous studies [27]. In contrast, the
euchromatin marker K4Me3 H3 was associated with

GAPDH sequences. The abundance of K4Me3 H3 at the
GAPDH locus did not depend on the expression of HCS or
the concentration of biotin in culture media.

4. Discussion

This is the first published report that a nutrient regulates
its own cellular uptake by mediating chromatin remodeling
at a transporter gene locus. Specifically, the data presented
here suggest that nuclear translocation of HCS increases in
response to supplementation of cells with high doses of
biotin; that nuclear translocation of HCS increases K12Bio
H4 at the SMVT promoter 1 locus, and that increased abun-
dance of K12Bio H4 at the SMVT promoter 1 locus de-
creases the expression of SMVT. Decreased (increased)
expression of SMVT in biotin-supplemented (biotin-
deficient) cells reduces (increases) the rate of biotin uptake
and, hence, the risk for biotin overdose (deficiency) decreases.

HCS plays an essential role as both biotin sensor and
chromatin-remodeling enzyme in this regulatory network.
Previous studies suggested that biotin deficiency decreases
HCS mRNA in human hepatocarcinoma cells [39] and that
HCS enters the cell nucleus despite lacking a known nuclear
localization sequence [23,24]. Here, we expand these
previous findings by demonstrating that the nuclear
translocation of HCS depends on biotin. Currently, it is
unknown whether the increased nuclear abundance of HCS
in biotin-supplemented cells is the result of increased
expression of HCS or of increased rates of nuclear import.
We hypothesize that the lack of a nuclear localization
sequence in HCS is overcome by interaction with other
proteins that assist with nuclear import, and we are pursuing
the identification of HCS-binding proteins by using yeast
two-hybrid assays. It is currently unknown whether HCS is a
component of the cell membrane or whether the effects
described here are purely intracellular events.

Previous studies have provided evidence that HCS acts as
a biotin-histone ligase [23] in addition to its classical role as a
biotin-carboxylase ligase [29]. Histones are underbiotiny-
lated in cells from HCS-deficient patients compared with
wild-type cells [23,25]. Here, we demonstrate that HCS
prefers SMVT promoter loci over other loci (e.g., GAPDH)
as targets for biotinylation of histones. It is noteworthy in this
context that staining of polytene chromosomes from Dro-
sophila melanogaster with anti-HCS produces a pattern of
defined chromosomal bands; this observation is consistent
with the theory that HCS is targeted to specific regions in
chromatin [40].

The data presented here are less conclusive for SMVT
promoter 2 than for promoter 1. Enrichment of K12Bio H4 at
promoter 2 depended very weakly on biotin supply, whereas
enrichment of HCS and K9M2 H3 at this locus were clearly
biotin-dependent. We offer the following not mutually
exclusive explanations for this observation. First, SMVT
promoter 2 is silenced by K9Me2 H3 rather than K12Bio H4
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in response to biotin supplementation. Second, the increased
abundance of HCS at the SMVT promoter 2 in response to
biotin supplementation is associated with biotinylation of
lysine residues other than K12 in histone H4; biotinylation of
these residues might mediate silencing of promoter 2.
Consistent with this theory, 10 distinct biotinylation sites
in human histones have been identified [24-26].

This study offers an exciting model by which HCS acts as
a biotin sensor with the ability to mediate chromatin
remodeling events at SMVT promoter loci in human cells;
SMVT then serves as a gatekeeper to regulate biotin entry
into cells. There are striking parallels between this feedback
mechanism and the biotin operon in microbes, where biotin
regulates its own synthesis. In Escherichia coli and other
enteric bacteria, a complex of BirA (the microbial homo-
logue of HCS) and the intermediate biotinyl-adenosine
monophosphate (AMP) binds to promoter regions in the
biotin operon, a cluster of genes mediating biotin biosynth-
esis; binding of biotinyl-AMP/BirA represses the transcrip-
tion of these genes [41]. This feedback loop prevents
excessive biosynthesis of biotin. Human cells cannot
synthesize biotin and depend on regulating biotin uptake to
maintain homeostasis. Regulation appears to be achieved by
biotin-dependent chromatin remodeling events at the gene
locus that controls biotin entry into cells.
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