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Abstract

In evaluating potential indicators of biotin status, we quantitated the expression of biotin-related
genes in leukocytes from human blood of normal subjects before and after inducing marginal biotin
deficiency. Biotin deficiency was induced experimentally by feeding an egg-white diet for 28 d. Gene
expression was quantitated for the following biotin-related proteins: methylcrotonyl-CoA
carboxylase chains A (MCCA) and B (MCCB); propionyl-CoA carboxylase chains A (PCCA) and
B (PCCB); pyruvate carboxylase (PC); acetyl-CoA carboxylase isoforms A (ACCA) and B (ACCB);
holocarboxylase synthetase (HCS); biotinidase; and 2 potential biotin transporters: sodium-
dependent multivitamin transporter (SMVT) and solute carrier family 19 member 3 (SLC19A3). For
7 subjects who successfully completed the study, the abundance of the specific mMRNAs was
determined by quantitative real-time RT-PCR at d 0 and 28. At d 28, SLC19A3 expression had
decreased to 33% of d 0 (P < 0.02 by two-tailed, paired t test). Expression of MCCA, PCCA, PC,
ACCA, ACCB, HCS, biotinidase, and SMVT decreased to ~80% of d 0 (P < 0.05). Expression of
the MCCB and PCCB chains that do not carry the biotin-binding motif did not change significantly;
we speculate that expression of the biotin-binding chains of biotin-dependent carboxylases is more
responsive to biotin status changes. These data provide evidence that expression of SLC19A3 is a
relatively sensitive indicator of marginal biotin deficiency.
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Biotin deficiency is teratogenic in mice (1,2) and may be teratogenic in humans (3). Valid
indicators of marginal and moderate biotin deficiency would be useful in investigating the role
of biotin deficiency in birth defects and in other illnesses hypothesized to be biotin related
(4-7). Emerging evidence indicates that biotin plays a role in gene expression (8-12). In
addition to acting as a cofactor for biotin-dependent carboxylases, biotin stimulates expression
of hepatic glucokinase (8) and represses expression of hepatic phosphoenolpyruvate
carboxylase (9) in vivo, and expression of the biotin-related enzymes propionyl-CoA
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carboxylase chain A (PCCA),4 acetyl-CoA carboxylase isoform A (ACCA), and
holocarboxylase synthetase (HCS) in cultured human hepatoblastoma cells and normal
fibroblasts (10). However, no such studies have been performed in humans in vivo. In this
study, we examined the expression of specific biotin-related genes as indicators of marginal,
asymptomatic biotin deficiency and assessed gene response to marginal biotin deficiency.

In mammals, biotin is a coenzyme for 5 biotin-dependent carboxylases: methylcrotonyl-CoA
carboxylase (MCC), propionyl-CoA carboxylase (PCC), pyruvate carboxylase (PC), and the
2 isoforms of ACC (ACCA and ACCB). The active forms of the enzymes (holocarboxylases)
contain biotin covalently bound to lysine residues; the attachment of biotin to the corresponding
apocarboxylase is catalyzed by HCS.

Biotin is transported into eukaryotic cells by biotin transporters located in cell membranes.
Three biotin transporters have been proposed in human cells: 1) the sodium-dependent
multivitamin transporter (SMVT) (13,14); 2) the solute carrier family 19 member 3 (SLC19A3)
(15,16); and 3) the monocarboxylate transporter R1 (17). This third transporter was proposed
after this study was initiated and was not examined here.

Biotinidase catalyzes the release of covalently bound biotin from biotinyl-peptides generated
by the turnover of intracellular proteins and releases biotin from dietary proteins during
digestion (18). Biotinidase is also likely important in catalyzing the covalent binding of biotin
to histones (19).

In this study, we evaluated expression of biotin-related genes as potential indicators of
marginal, asymptomatic biotin deficiency. Gene expression was quantitated in leukocytes of
7 healthy humans after 28 d of progressive biotin deficiency.

SUBJECTS AND METHODS
Subjects and diet

This study was approved by the University of Arkansas for Medical Sciences Human Research
Advisory Committee. Informed consent was obtained at enrollment. Subjects were selected as
described previously (20,21). Initially, 10 healthy adult volunteers (4 women) were enrolled
in the study. Two subjects voluntarily withdrew from the study at d 2 due to difficulties in
complying with the diet and housing protocols.

Eight healthy adult volunteers (3 women) completed the study. All subjects consumed a
multivitamin supplement without biotin for the duration of this study (d —21 to d +65). The
supplement contained 46 pmol pantothenic acid, 341 ymol vitamin C, 5 umol thiamin, 162
pumol niacin, 0.91 umol folate, 4.5 umol riboflavin, 10 umol vitamin B-6, 4.4 nmol vitamin
B-12, 7.5 umol vitamin A (5000 IU), 26 nmol vitamin D (400 1U), 70 pmol vitamin E (30 IU),
plus 11 mmol calcium, 483 pmol iron, and 229 umol zinc.

As with our previous studies (21), to prevent inadvertent study of a subject with unsuspected
marginal biotin deficiency or biotin excess, a biotin “loading and washout” phase was instituted
at d -21. To avoid biotin excess, the amount of biotin in the loading phase was 123 nmol (30
ug), the recommended daily adequate intake. On d —1, subjects were admitted to the General

4 Abbreviations used: ACCA, acetyl-CoA carboxylase isoform A; ACCB, acetyl-CoA carboxylase isoform B; EBVL, Epstein-Barr virus-
transformed lymphocytes; GCRC, General Clinical Research Center; 3HIA, 3-hydroxyisovaleric acid; HSC, holocarboxylase synthetase;
MCC, methylcrotonyl-CoA carboxylase; MCCA, MCC chain A; MCCB, MCC chain B; PC, pyruvate carboxylase; PCC, propionyl-CoA
carboxylase; PCCA, PCC chain A; PCCB, PCC chain B; SLC19A3, solute carrier family 19 member 3; SMVT, sodium-dependent
multivitamin transporter.
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Clinical Research Center (GCRC) and resided there through d 28. The GCRC study regimen
and biotin-deficient diet provided the subjects were as previously described (21).

The egg-white diet provided avidin sufficient to bind ~7 times the analyzed dietary biotin intake
as described previously (20). Dietary intake and egg-white drink consumption were monitored
daily by a dietitian. Despite this rigorous control, one subject admitted non-compliance with

the dietary regimen. The data of that subject were excluded.

At 0730 hond 0 and 28, after overnight fasting, blood was collected in PAXgene blood RNA
tubes (PreAnalytiX) for the gene expression study and in heparinized vaccutainer tubes (Becton
Dickinson) for determination of lymphocyte PCC activity. Each subject collected urine for 24
h from 0600 of one day to 0600 h of the next day beginning on d —1 and again on d 27; these
collections are referred to as d 0 and d 28, respectively. Urine was analyzed for quantitation
of biotin and 3-hydroxyisovaleric acid (3HIA). Records of body weight and urine volumes
were maintained by the GCRC nurses.

RNA isolation

Total RNA was isolated from whole-blood samples (collected in PAXgene blood RNA tubes)
using the PAX-geneTM Blood RNA kit (PreAnalytiX) according to the manufacture’s
protocol. These tubes contained a proprietary blend of reagents that protect RNA from
degradation by RNases and preserve the in vivo RNA expression profile by preventing ex vivo
induction of gene expression during and after blood drawing. The term “leukocytes” is used
here although total RNA was isolated from whole blood. Our tacit assumption is that the
contributions of mRNA from erythrocytes and platelets is negligible. Residual DNA was
removed by an additional on-column DNase digestion with RNase-free DNase (Qiagen). The
purity of isolated RNA with respect to protein contamination was assessed by the ratio of optical
absorbance values at 260 —280 nm; values ranged from 1.9 to 2.1. The integrity of the purified
RNAs was assessed by denaturing agarose gel electrophoresis and ethidium bromide staining.
All 18s and 28s ribosomal RNA appeared as sharp bands on the stained glyoxal-agarose gels;
the 28s rRNA bands were present at an intensity at least twice that of the corresponding 18s
RNA bands, indicating isolation of intact RNA.

Quantitation of gene expression by real-time PCR

Gene expression was assessed by quantitation of cDNA converted from the messenger RNA
corresponding to each gene using a two-step RT-PCR gene expression method. In the first step,
synthesis of total cDNA from total RNA was performed using the SYBR Green RT-PCR
Reagent Kit (Applied Biosystems) according to the manufacture’s protocol. In this step,
random hexamer primers were used to generate cDNA from total RNA using MultiScribe
Reverse Transcriptase. In the second step, the abundance of the specific cDNAs was
determined by real-time PCR using gene-specific primers (Table 1) and SYBR Green PCR
Master Mix (Applied Biosystems) according to the manufacture’s protocol. Primer Express
software was used for primer design (Applied Biosystems). The primer pairs for most of the
genes spanned intron/exon boundaries. To control for DNA contamination, negative RT
controls were performed for all primer pairs; no products were detected. PCR (40 cycles) was
performed in optical 96-well reaction plates using the following temperatures and times per
cycle: 95°C for 15 s and 60°C for 1 min; the first PCR cycle was preceded by denaturation at
95°C for 10 min. For each gene, PCR for each sample of total cDNA was performed in the
same plate. PCR products were detected by the ABI Prism 7700 Sequence Detection System
(Applied Biosystems). Nonspecific amplification was assessed by dissociation curve analysis;
none was detected.
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Expression of the following biotin-related genes was quantitated: MCCA, MCCB, PCCA,
PCCB, PC, ACCA, ACCB, HCS, biotinidase, SMVT, and SLC19A3. 18s rRNA expression
served as an endogenous control to account for minor variability in the initial amount of total
RNA and for variability in the conversion efficiency of the reverse transcription reaction.

Assessment of biotin status

To assess the effectiveness of induction of biotin deficiency, we chose to quantitate urinary
excretion of biotin and 3HIA and lymphocyte activity of PCC on d 0 and 28. Urinary excretion
of biotin and 3HIA were reported previously (20,21) as reliable indicators of marginal biotin
deficiency in 2 studies; ~90% of study subjects exhibited abnormally decreased urinary
excretion of biotin and abnormally increased urinary excretion of 3HIA after 3 (20) or 4 (21)
wk of consuming the egg-white diet. Increased excretion of 3HIA reflects decreased hepatic
activity of the biotin-dependent enzyme MCC as verified by studies in mouse and rat models
(1,22) and in individuals with inborn errors producing deficiency of MCC (23-25). Decreased
activity of PCC in lymphocytes was shown to be a sensitive measure of biotin deficiency in
animals (26) and humans (27).

Determination of urinary biotin and 3HIA

Urinary biotin was quantitated by HPLC separation followed by an avidin-binding assay
performed as described previously (28). Urinary 3HIA was quantitated by GC-MS as described
previously (20). Urine concentrations of biotin and 3HIA were assayed at least in triplicate for
each subject at each time point.

Determination of lymphocyte PCC activity

PCC activity was measured by 14CO, incorporation as described previously (27,29).
Lymphocyte PCC activity was determined in triplicate for each subject at each time point.

Statistical analysis

For comparison of these study subjects to a larger, free-living population of normal adults,
normal ranges of these indicators of biotin status were defined as follows. For urinary biotin
excretion, the normal range was calculated from 19 normal subjects (21). The normal range
for urinary 3HIA excretion was calculated from 17 normal subjects (21). Because existing
lymphocyte PCC activity data in normal subjects are limited, the normal range for PCC activity
was calculated by using values from 17 subjects from a combination of a previous study (27)
and from d 0 of this study. Because these indicators were not normally distributed, the 10th
and 90th percentiles for each variable were chosen as the lower and upper limits of the normal
ranges. For statistical analysis, means of the replicate analytical data for biotin, 3HIA, and PCC
activity for each subject were log transformed. Significances of differences between d 0 and
28 for these log-transformed means were tested by two-tailed, paired t test.

For each gene, 3 replicate RT-PCR determinations were performed for each subject at each
time point; all data were normalized by 18s expression. Data of gene expression for the 7
subjects were not normally distributed. For the group of 7 subjects, the measure of central
tendency for expression of each gene at d 0 and 28 was chosen to be the geometrical mean.
The ratios of gene expression of d 28 to d 0 were calculated from the differences between the
log-transformed data, which were then reverse transformed to obtain the ratios in terms of
original RT-PCR measurements. Significance of the differences between the log-transformed
data at d 28 and d 0 was tested by two-tailed, paired t test for each gene. The 95% Cls were
determined for the log-transformed data and were reverse transformed to obtain the 95% Cls
in terms of the original RT-PCR measurements. We evaluated the diagnostic sensitivity of
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expression data for each gene by determining the number of subjects whose values at d 28 fell
outside the range of the d 0 values.

RESULTS

Initial biotin status of subjects

After 7 d of biotin loading and 14 d of washout, initial excretion of biotin was within the normal
range for 5 of 7 subjects (Fig. 1A). Initial lymphocyte PCC activity was in the normal range in
all subjects (Fig. 1B). Initial excretion of 3HIA was within the normal range for 5 of 7 subjects
(Fig. 1C). For at least 2 of the 3 indicators of biotin status, 7 of 7 subjects were in the normal
range.

Evidence of biotin deficiency in humans

On d 28, both mean urinary excretion of biotin and mean lymphocyte activity of PCC were
strikingly decreased from d O (P < 0.005); in each subject, the d 28 values decreased from d 0
and were less than the lower limits of the corresponding normal ranges (Fig. 1A, B). On d 28,
mean urinary excretion of 3HIA was increased from d 0 (P < 0.001); in each subject, the d 28
value was increased from d 0. The d 28 values were greater than the upper limit of the normal
range for 6 of the 7 subjects (Fig. 1C). Urinary excretion of 3HIA for 1 subject remained within
the normal range.

Effect of marginal biotin deficiency on expression of biotin-related genes

For each biotin-related gene, the abundance of specific MRNASs was determined in leukocytes
of 7 healthy subjects before (d 0) and after (d 28) consuming the egg-white diet. Expression
of SLC19A3 was decreased in 6 of 7 biotin-deficient subjects (Table 2); in 1 subject (# 4)
expression of SLC19A3 was increased 1.7-fold. The mean of the d 28 expression for 7 subjects
decreased to 33% of d 0 (P < 0.02) (Table 3). Atd 28, values of SLC19A3 expression were
less than the lower limit of the range of d 0 values for 5 of 7 subjects ( Fig. 2).

Marginal biotin deficiency also significantly decreased expression of MCCA, PCCA, PC,
ACCA, ACCB, HCS, biotinidase, and SMVT, but the magnitudes of the changes were not
large (Tables 2 and 3). At d 28, mean expression for these genes had decreased to ~80% of d
0 (P < 0.05; Table 3). Values for expression of these 8 genes at d 28 were less than the range
of the d 0 values for only 2 of 7 subjects. Thus, diagnostic sensitivity was poor.

Marginal biotin deficiency did not alter the expression of MCCB or PCCB (Table 3), suggesting
that expression of the biotin-binding chains of the biotin-dependent carboxylases may be more
responsive to changes in biotin status than expression of the chains that do not bind biotin.

DISCUSSION

We investigated the in vivo response of gene expression in leukocytes to marginal biotin
deficiency as well as assessing sensitivity for the identification of marginal biotin deficiency.
Marginal biotin deficiency caused only moderate decreases in the expression of PCCA, MCCA,
PC, ACCA, ACCB, HCS, biotinidase, and SMVT. No changes occurred in the expression of
PCCB or MCCB. Thus, in vivo expression of some genes was responsive to even marginal
biotin deficiency. However, the sensitivity of these measurements in detecting marginal biotin
deficiency was considerably less than that of established indicators such as urinary biotin,
urinary 3HIA, and lymphocyte PCC activity (21,27).

Unlike the moderate changes in expression of the other biotin-related genes, expression of
SLC19A3 was strikingly repressed by marginal biotin deficiency in 6 of the 7 subjects. Values
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for SLC19A3 expression were less than the range of the beginning values for 5 of 7 subjects.
Thus, the sensitivity of this measurement is similar to that of established indicators. Specificity
remains to be established, but the expense and the labor argue against adoption of this measure
as an indicator of marginal biotin deficiency in clinical studies. These data are consistent with
the hypothesized role for SLC19A3 as a biotin transporter (16) in addition to the proposed role
for SLC19A3 as a thiamin transporter (30—-32). The decrease in SLC19A3 expression observed
in 6 of the 7 subjects differs from our observations of SLC19A3 expression in cell culture
(33). We cultured Epstein-Barr virus-transformed lymphocytes (EBVL) for 6 d in a biotin-
deficient medium; we observed a significant increase in expression of SLC19A3 in 2 of 3
EBVL cell lines (33) similar to the one subject who responded differently from the others. We
speculate that differences between results of our EBVL study and the results reported here may
be attributed to differences in 1) the inherent properties of the EBVL vs. peripheral blood
lymphocytes or 2) culture medium biotin concentrations (25 pmol/L) compared with the plasma
biotin concentrations experienced by the peripheral blood lymphocytes (~250 pmol/L), or time
of induction of deficiency (6 vs. 28 d). We speculate that 28 d of egg-white diet produced a
lesser degree of biotin deficiency in leukocytes, whereas culture for 6 d in biotin-deficient
medium produced a more severe degree of biotin deficiency in EBVL. The unusual response
of 1 subject could reflect that the lymphocytes this subject became more deficient than those
of the other subjects or that his regulatory response was inherently different. Such discordant
observations suggest that opposing mechanisms are at work. We hypothesize that early biotin
deficiency might decrease intracellular concentrations of a critical biotin metabolite such as
biotinyl-AMP, thereby repressing expression of SLC19A3 and other biotin-responsive genes.
With a more severe degree of biotin deficiency, we speculate that the concentration of biotin
in intracellular pools decreases, thereby stimulating expression of SLC19A3, increasing
synthesis of SLC19A3 protein, and increasing biotin transport.

By what mechanism(s) could decreased biotin affect gene expression? In eukaryotic and
prokaryotic cells, biotinyl-AMP, an activated form of biotin, is synthesized by HCS or BirA,
a prokaryotic analog of HCS. In bacterial systems in vivo and in vitro, biotinyl-AMP binds
with high affinity to DNA in the presence of BirA (34-36) and exerts a regulatory effect on
the expression of the genes that synthesize biotin. Thus, by analogy, biotin deficiency might
act through an effect on biotinylate-AMP. In eukaryotic cells, HCS is present in the nucleus
of several eukaryotic cell lines and is associated with chromatin and the nuclear lamina (37)
in addition to the established location in cytoplasm and mitochondria of mammalian cells
(38,39). Location of HCS in the nucleus allows for the possibility that biotinyl-AMP is
synthesized in the nucleus and participates in gene regulation. However, unlike BirA,
mammalian holocarboxylase synthetases do not carry DNA-binding motifs (40) and therefore
cannot promote binding of biotinyl-AMP to DNA. We speculate that biotinyl-AMP (or the
complex between biotinyl-AMP and HCS) may bind reversibly to specific DNA-binding
protein(s) in the nucleus followed by interaction with regulatory elements of the genes. There
are regulatory elements in the SLC19A3 gene. Nabokina and Said (32) recently reported the
presence of regulatory elements for Sp1 transcriptional factor on the SLC19A3 gene. Spl
belongs to a large family of mammalian transcription factors that can promote (41) or repress
gene expression (42).

Published studies of biotin-dependent gene regulation both confirm and conflict with the
observations of this study. Leon-Del-Rio and co-workers (10) observed decreased expression
of HCS, PCCA, and ACCA in human hepatoblastoma cells and normal fibroblasts in response
to biotin deficiency. Velazquez and co-workers (43,44) reported decreased expression of HCS
in liver, kidney, muscle, and brain of rats after progressive biotin deficiency; no significant
changes in expression of PC and PCCA were observed. Zempleni and co-workers (45) detected
no significant change in the expression of PCCA in biotin-deficient Jurkat cells. Studies from
our laboratory observed little or no effect of marginal deficiency on the expression of PCCA,
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PCCB, MCCA, MCCB, PC, ACCA, ACCB, HCS, biotinidase, or SMVT in EBVL (33). We
speculate that differences between results of others and the results reported here may be
attributed to differences in the cell lines, species, organs, and degree of deficiency as well as
the techniques used for quantitation of gene expression.

Alternative mechanisms for the regulation of biotinyl-AMP may include regulation of gene
expression via signaling mediators such as guanylate cyclase, cGMP, and cGMP-dependent
protein kinases. The involvement of guanylate cyclase and cGMP-dependent protein kinase in
the regulation of gene expression by biotin was proposed by Leon-Del-Rio and co-workers
(10). Biotin may also affect gene expression by changing histone biotinylation (46), thereby
causing structural alteration in chromatin and affecting nucleosomal access of transcription
machinery and linker proteins in analogy with other covalent histone modifications (47).
Reduced histone biotinylation in HCS-deficient patients was reported recently by Gravel and
co-workers (37).

In summary, this study indicates that among all biotin-related genes examined, expression of
SLC19A3 is most responsive to reduced biotin status in vivo. However, SLC19A3 expression
does not appear to be more sensitive than established indicators of marginal biotin deficiency.
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FIGURE 1.

Evidence of biotin deficiency in humans as assessed by urinary biotin excretion (A),
lymphocyte PCC (B), and urinary excretion of 3HIA (C). These data demonstrate that marginal
biotin deficiency develops in subjects fed an egg-white diet. Individual subject data are shown
as open circles; means are shown as horizontal bar with SD as vertical lines. Differences of d
28 from d 0 were tested by two-tailed, paired t test after log transformation of the corresponding
original data. *P < 0.005, **P < 0.0001, ***P < 0.001.
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FIGURE 2.
Effect of marginal biotin deficiency in humans on expression of SLC19A3. Subjects, symbols,
and statistics as in Figure 1. *P < 0.02.
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TABLE 3

Effect of biotin deficiency on expression of biotin-related genes in human leukocytes
Gene dot d2sg! d 28/d 02 ps
MCCA 25 20 0.80 (0.67,0.95) 0.029
MCCB 20 16 0.82 (0.65,1.03) 0.093
PCCA 25 19 0.76 (0.61,0.94) 0.027
PCCB 20 17 0.86 (0.75,1.00) 0.067
PC 14 12 0.82 (0.74,0.91) 0.004
ACCA 18 14 0.78 (0.67,0.91) 0.011
ACCB 46 38 0.82 (0.69,0.97) 0.040
HCS 17 14 0.82 (0.69,0.97) 0.038
Biotinidase 23 18 0.79 (0.65,0.96) 0.037
SMVT 20 16 0.7 (0.64,0.93) 0.019
SLC19A3 203 68 0.33 (0.16,0.70) 0.016

1 . . . .
Values are the means of gene expression determined as geometrical averages of RT-PCR data for 7 subjects.

2Values are ratios of gene expression of d 28 to d 0 and the corresponding 95% CI (shown in parentheses). To calculate the ratio, RT-PCR data were log
transformed and the difference between d 28 and d 0 was determined for each of 7 subjects; the mean of 7 differences was then calculated for each gene
and this mean was reverse transformed to obtain the ratio of gene expression. The corresponding 95% CI was determined in the log scale and its low and
high values were then reverse transformed.

3. . . . .
Significance of the differences between the log-transformed data at d 28 and d 0 was tested by two-tailed, paired t test; values represent P-values for

each gene.
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