UCLA
UCLA Previously Published Works

Title
Vitamin B12 modulates the transcriptome of the skin microbiota in acne pathogenesis

Permalink
https://escholarship.org/uc/item/3bv7tlnw

Journal
Science Translational Medicine, 7(293)

ISSN
1946-6234

Authors

Kang, Dezhi
Shi, Baochen
Erfe, Marie C

Publication Date
2015-06-24

DOI
10.1126/scitranslmed.aab2009

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3bv7t1nw
https://escholarship.org/uc/item/3bv7t1nw#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2018 July 17.

-, HHS Public Access
«

Published in final edited form as:
Sci Transl Med. 2015 June 24; 7(293): 293ral03. doi:10.1126/scitransImed.aab2009.

Vitamin B12 modulates the transcriptome of the skin microbiota
in acne pathogenesis
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David Geffen School of Medicine, UCLA, CA, USA.

2Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center, CA, USA.
SUCLA-DOE Institute for Genomics and Proteomics, CA, USA.

Abstract

Various diseases have been linked to the human microbiota, but the underlying molecular
mechanisms of the microbiota in disease pathogenesis are often poorly understood. Using acne as
a disease model, we aim to understand the molecular response of the skin microbiota to host
metabolite signaling in disease pathogenesis. By metatranscriptomic analysis, we found that the
transcriptional profiles of the skin microbiota separated acne patients from healthy individuals.
The vitamin B12 biosynthesis pathway in the skin bacterium, Propionibacterium acnes, was
significantly down-regulated in acne patients. We hypothesized that host vitamin B12 modulates
the activities of the skin microbiota and plays a role in acne pathogenesis. To test this hypothesis,
we analyzed the skin microbiota in healthy subjects supplemented with vitamin B12. We found
that the supplementation repressed the expression of vitamin B12 biosynthesis genes in £ acnes
and altered the transcriptome of the skin microbiota. One of the ten subjects studied developed
acne one week after vitamin B12 supplementation. To further understand the molecular
mechanism, we revealed that vitamin B12 supplementation in £ acnes cultures promoted the
production of porphyrins, which are known to induce inflammation in acne. Our findings suggest a
new bacterial pathogenesis pathway in acne and provide one molecular explanation for the long-
standing clinical observation that vitamin B12 supplementation leads to acne development. Our
study discovered that vitamin B12, an essential nutrient in humans, modulates the transcriptional
activities of the skin bacteria, and provided evidence that metabolite-mediated interactions
between the host and the skin microbiota play essential roles in disease development.
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Introduction

Results

Microorganisms live symbiotically with humans and contribute to human health and disease.
The taxonomic composition of the human microbiome has been characterized in both
healthy and diseased populations (Z-3), revealing that alterations in the microbiome
composition are associated with certain diseases (4, 5). However, the underlying molecular
mechanisms of the human microbiota in disease pathogenesis are not well understood. At
many body sites, including skin, it has not been described whether host metabolites
modulate the transcriptional activities of the microbiota. It is also unclear whether the
microbiota responds to the host signals via altered metabolic activities, thus impacting on the
host health/disease state. Understanding the molecular mechanisms of host-microbiota
interactions may lead to more targeted therapy of many microbe-related human diseases.

Acne vulgaris (commonly called acne) provides a promising disease model to study the
interactions between the host and the skin microbiota in disease pathogenesis, because the
microbiota is less complex and the disease has been associated with a single dominant
bacterium, Propionibacterium acnes (2, 6-8). As one of the most common skin diseases,
acne affects more than 80% of adolescents and young adults globally (9, 20). Although not
fatal, it can be extremely painful, disfiguring, and scarring, and in many patients can
profoundly affect selfesteem and mental health (21, 22). Acne is a disease of the
pilosebaceous unit (hair follicle), a unique skin compartment where resident bacteria interact
with the host cells. Four main factors are believed to contribute to acne development:
increased sebum production, follicular hyperkeratinization, proliferation of skin bacteria,
and inflammation (13-16). The bacterial pathogenesis mechanism of acne remains to be
defined. P, acnes has been long thought as a pathogenic factor for acne. However, it is a
major skin commensal and dominates the skin microbiota in both acne patients and healthy
individuals (2). Understanding whether the transcriptional activities of the skin microbiota
are different between the two cohorts would provide key insights on the bacterial
pathogenesis of acne.

The transcriptional activities of the skin microbiota in acne patients were distinct from
those in healthy individuals

To determine whether the transcriptional activities of the skin microbiota contribute to
disease development, we compared the metatranscriptome of the skin microbiota in acne
patients to the one in healthy individuals in a cross-sectional study. We collected the
follicular contents of the nose skin from four acne patients and five healthy individuals
(Supplementary Materials). We analyzed the microbial gene expression using RNA-Seq with
a high sequencing depth of 44—-182 million paired-end reads per sample (3.7G bp-18.1G bp)
(table S1). We found that 2 acnes was the most transcriptionally abundant bacterium (fig.
S1). Additionally, Staphylococcus, Pseudomonas, and Shigella were detected in the
metatranscriptome with much lower total transcriptional abundance. Given the
predominance of £ acnesin all samples, we focused our further analysis on the gene
expression profile of 2 acnes.
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We first quantified the £ acnes gene expression levels. Since each individual harbors various
strains of P acnesand the strain population structures of £ acnes are different among
individuals (2), we created a non-redundant £ acnes gene set representative of all the genes
encoded in various £ acnes strains. This enabled us to compare the gene expression level
among different individuals even though they may harbor different strains. We binned the
orthologous genes in 71 2 acnes genomes, which cover all the major lineages of £ acnes
found on human skin (Z7), into 5,140 operational gene units (OGUs) as described in
Materials and Methods. We then determined the expression level of each OGU in each
sample. We identified a core set of 3,725 £ acnes OGUs (72.5% of all OGUs) expressed in
all samples. This core set of OGUs covered most of the metabolic pathways encoded in 2
acnes genomes, including carbohydrate metabolism, nucleic acid metabolism, amino acid
metabolism, lipid metabolism, and the metabolism of cofactors and vitamins (fig. S2).

We next determined whether the gene expression profiles of £ acnes were distinct between
acne patients and healthy individuals. We grouped the samples based on the expression
profiles of A acnes OGUs using an unsupervised hierarchical clustering algorithm.
Microbiome samples of the acne patients formed a separate cluster from the samples of the
healthy individuals (bootstrap value=99%) (Fig. 1A). We further showed that acne patients
were significantly overrepresented in the cluster (P=0.0079, Fisher’s exact test). Other
factors including gender, age, ethnicity, skin type, and hormone regulation were not
significantly associated with the separation of the acne patients from the healthy individuals.
These results demonstrate that £ acnes transcriptional activities in the skin microbiota of
acne patients were distinct from those of healthy individuals. To our knowledge, this is a
pioneering finding that the /n vivo transcriptional activities of the microbiota clearly separate
the healthy and disease states of the host. This finding also highlights the importance of
studying the metatranscriptome of the human microbiota in addition to the microbial
composition to better understand the role of the microbial community in human health and
disease.

P. acnes vitamin B12 biosynthesis pathway was down-regulated in acne patients

To determine the molecular mechanism of the skin microbiota in acne pathogenesis, we
identified the microbial genes and pathways that were differentially expressed between acne
patients and healthy individuals. In acne patients, 109 2. acnes OGUs were up-regulated and
27 OGUs were down-regulated (Fig. 1B). Many of these differentially expressed OGUs
encode cellular components that are involved in metabolite and protein transport, including
metal transporters (iron, cobalt, and hemin), multi-drug transporters, protein export systems,
and type Il bacterial secretion systems. A few previously proposed bacterial factors involved
in acne pathogenesis (18) were found to be up-regulated in acne patients, including a
putative lipase (PPA1035), a putative adhesion protein (PPA1907), and a conserved
hypothetical protein that may be involved in capsular polysaccharide biosynthesis
(PPA0150).

Using a functional annotation clustering analysis, DAVID (19), we identified several
differentially expressed metabolic pathways in acne. They include vitamin B12 biosynthesis,
porphyrin metabolism, proteolysis, transport, arginine metabolic process, and glutamine
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family amino acid metabolism. In parallel, using the algorithm of ShotgunFunctionalizeR,
we again identified that vitamin B12 biosynthesis pathway was significantly down-regulated
(P=9.3E-51, ShotgunFunctionalizeR). We further mapped the differentially expressed OGUs
to KEGG pathways (Fig. 2 and fig. S3). It indicated that in acne patients, 2 acnes had
increased transcriptional activities of the genes that encode carbohydrate uptake systems,
enzymes that catalyze carbohydrate metabolism, and decreased transcriptional activities of
the genes that encode enzymes in fatty acid biosynthesis and vitamin B12 biosynthesis.

Vitamin B12 has been implicated in acne pathogenesis. A number of clinical studies
reported that supplementation of vitamin B12 induced acne in a subset of individuals (20-
26). However, the molecular mechanism of vitamin B12 in acne development is not
understood. To better understand the role of vitamin B12 in acne pathogenesis, we first
verified the down-regulation of the vitamin B12 biosynthesis genes in the skin microbiota in
a new cohort of subjects. We collected skin microbial samples from an additional nine acne
patients and 15 healthy individuals. Using gRT-PCR, we quantified the expression levels of
three genes in the vitamin B12 biosynthesis pathway. Among the three genes, cysG+cbiX (a
fusion gene) encodes cobalamin synthesis protein, and cb/L encodes precorrin-2 C20-
methyltransferase. The enzymes encoded by these two genes function at the initial steps of
corrin ring synthesis controlling the metabolic flow entering the vitamin B12 biosynthesis
pathway (27). The third gene bfuR encodes cob(l)alamin adenosyltransferase, which
adenosylates the synthesized corrin ring, and once inactivated, blocks the synthesis of
vitamin B12 (27). Consistent with the RNA-Seq data obtained from our previous cohort,
cysG+cbiX fusion gene and cbil were significantly down-regulated in the nine acne patients
(fold changes=3.34 and 1.94 and P=0.0023 and 0.0049, respectively; 7=9 acne patients and
15 healthy individuals, Student’s t-test). Gene bfuR also had lower expression levels in the
acne patients compared to the healthy individuals, although the difference was not
statistically significant (fold change=1.35, P=0.17, n=9 acne patients and 15 healthy
individuals, Student’s t-test) (Fig. 3). In this new cohort of subjects, we verified that vitamin
B12 biosynthesis gene expression in £ acneswas down-regulated in acne patients compared
to healthy individuals.

Vitamin B12 supplementation in healthy subjects repressed vitamin B12 biosynthesis
genes in P. acnes

It is known that vitamin B12 is a regulator of its own biosynthesis pathway. Previous studies
in other bacterial species, including Sa/monella typhimurium (28) and Escherichia coli (29),
showed that vitamin B12 repressed the expression of the cob/cbi operons in vitamin B12
biosynthesis pathway through cobalamin riboswitches. Cobalamin riboswitches are
conserved RNA structural elements that regulate the expression of vitamin B12 biosynthesis
operons upon vitamin B12 binding (30). In £ acnes, the upstream regions of cob/cbi operons
also encode cobalamin riboswitches (fig. S4).

To determine whether vitamin B12 represses £ acnes vitamin B12 biosynthesis pathway /n
vivo, we conducted a longitudinal study, in which the gene expression of the skin microbiota
in healthy subjects with vitamin B12 supplementation was analyzed. We sampled ten
healthy subjects with clear skin who were receiving intramuscular injection of vitamin B12
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(1 mg hydroxocobalamin) for general well-being. It is documented that a single
intramuscular injection of 1 mg hydroxocobalamin leads to a several fold increase of the
serum vitamin B12 level to the range of 1,500-57,000 pg/mL, which lasts for at least two
weeks (32). The serum vitamin B12 level usually returns to a normal range (200-900
pg/mL) in four weeks post injection (37-33). Stankler also showed that the skin vitamin B12
levels correlate with the serum vitamin B12 levels (34). We collected the follicular content
of the nose skin from the ten healthy subjects at three time points: immediately before
vitamin B12 injection as a baseline control, two days after the injection, and 14 days after
the injection. We measured the gene expression levels of cysG+cbiX, cbil, and btuR in
vitamin B12 biosynthesis pathway using qRT-PCR (Fig. 4). Compared to the expression
levels before or two days after vitamin B12 injection, these genes were significantly down-
regulated on day 14 after the vitamin B12 injection (cysG+cbiX Pvalues range from 1.6E-4
to 2.1E-4, cbiL Pvalues range from 7.1E-4 to 7.7E-4, btuR Pvalues range from 9.6E-5 to
0.0025, 17=10, Student’s t-test). Moreover, the gene expression levels on day 14 were similar
to those observed in the acne patients (Fig. 4). To control for effects not related to vitamin
B12 supplementation, we re-sampled nine of the ten subjects with healthy skin three months
later using the same sampling procedure without vitamin B12 supplementation. For the
healthy subjects without vitamin B12 supplementation, there were no significant changes in
the expression levels of vitamin B12 biosynthesis genes between day 0 and day 14. There
were also no significant differences in the gene expression levels of the samples collected on
day 0 between the original sampling period and the re-sampling period three months later
(Fig. 4). Our study demonstrates that vitamin B12 supplementation in the host repressed the
vitamin B12 biosynthesis genes in P, acnes.

To determine whether vitamin B12 regulates the transcription of additional genes and
pathways in skin bacteria, we analyzed the transcriptome of the skin microbiota in healthy
subjects with vitamin B12 supplementation. We performed RNA-Seq to analyze £ acnes
gene expression profiles of the samples collected on day 0 before supplementation and on
day 14 after supplementation. We were able to construct sequencing libraries with good
quality from seven samples collected on day 0 and ten samples on day 14. From the RNA-
Seq data, we identified 93 OGUs that were differentially expressed between day 0 and day
14 (Fig. 5A). Although individual variations exist in some of these OGUs, the overall trend
in up- or down-regulation of the OGUs was consistent among individuals. In addition to the
vitamin B12 biosynthesis genes, the expression of other metabolic genes was also altered
after vitamin B12 supplementation. PPAQ750, which encodes S-adenosyl-methyltransferase
MraW, was up-regulated. The activity of this enzyme depends on S-adenosylmethionine
(SAM), which requires vitamin B12 for its regeneration. The changes in gene expression of
the vitamin B12-dependent biological processes validated that our data reflected the
regulatory effects of vitamin B12 on the transcriptional activities of 2 acnes. Additionally,
the gene expressions of a number of transcriptional regulatory components and DNA
replication machinery components were altered after vitamin B12 supplementation. The
expression of transporter genes was also affected, including up-regulated expression of iron
compound, sugar and oligopeptide transporters and down-regulated expression of drug,
proline/glycine betaine, and hypoxathine/guanine transporters. A sialidase gene (PPA1560),
which has been suggested to function in sebocyte adherence and host tissue degradation
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(18), was up-regulated after vitamin B12 supplementation. Our results suggest that vitamin
B12 supplementation to the host not only affects the expression of vitamin B12 biosynthesis
genes in P, acnes, but also the gene expression of other metabolic enzymes and virulence
factor.

One of the ten subjects developed acne one week after vitamin B12 supplementation

Consistent with multiple clinical studies previously reporting that vitamin B12
supplementation induces acne in subsets of individuals (20-26), in the current study, one of
the ten healthy subjects, HL414, had multiple erythematous papules and comedones
developed on the face one week after vitamin B12 supplementation (Supplementary
Materials). It is not understood how vitamin B12 supplementation leads to acne in some
individuals and whether the vitamin B12-associated acne has a separate pathogenesis
mechanism. To determine whether vitamin B12 supplementation in subject HL414 altered
the gene expression of the skin microbiota with a profile similar to those observed in the
acne patients, we clustered the 2 acnes gene expression profiles of the samples collected
from HL414 and the other healthy subjects with vitamin B12 supplementation together with
the samples from our earlier cross-sectional study (Fig. 5B). On day 0, the 2 acnes gene
expression pattern of HL414 was similar to other healthy subjects, but on day 14 it
resembled the expression pattern seen in the acne patients and was clustered within the acne
group (bootstrap value=100%). This suggests that the transcriptional changes in the skin
microbiota of HL414 after vitamin B12 supplementation are not different from those in acne
patients. This result also strongly supports the hypothesis that the host vitamin B12 level
modulates the transcriptional activities of the skin bacteria, which in turn affect the health or
disease state of the host skin. The Day14 samples from the nine subjects who did not
develop acne after supplementation were clustered outside of the acne group. Some of these
samples, including HL417_Day14, HL431_Day14, and HL430_Day14, were clustered with
their corresponding DayO samples. This suggests that the effects of the vitamin B12
supplementation on regulating the transcriptional activities of the skin microbiota vary
among individuals, possibly due to both host factors and microbial factors. These differences
may partly explain why only a subset of individuals develops acne after vitamin B12
supplementation.

The transcriptional profile of the skin microbiota in HL414 was different from other healthy
subjects after vitamin B12 supplementation

To understand why subject HL414, not others in our healthy cohort, developed acne after
vitamin B12 supplementation, we further investigated the specific bacterial transcriptional
changes in HL414 compared to the other subjects 14 days after vitamin B12
supplementation. Based on the RNA-Seq data, we found 397 OGUs differentially expressed
in HL414-Day14 compared to the other nine Day14 samples. We compared the list of these
genes (HL414 vs. others on day 14) with the genes that were significantly altered after
vitamin B12 supplementation in all healthy subjects (Day0 vs. Day14 samples). This
comparison is based on the reasoning that bacterial factors involved in vitamin B12-
associated acne should be regulated by vitamin B12. We found that 11 OGUs that were
differentially expressed between HL414-Day14 and the other Day14 samples were also
regulated by vitamin B12 with differential expression between Day0 and Day14 samples
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(table S6). Among them, PPA0693 encodes the E2 component of the 2-oxoglutarate
dehydrogenase complex, which functions in the tricarboxylic acid (TCA) cycle. It was
down-regulated in all the healthy subjects after vitamin B12 supplementation (fold
change=0.86, P=0.044, n=7, Student’s t-test). Among all the Day14 samples, HL414-Day14
had the lowest expression. This gene was also down-regulated when we compared the acne
patients to the healthy individuals in our cross-sectional study (fold change=0.76, £=0.075,
=4 acne patients and 5 healthy individuals, Student’s t-test) (fig. S5). This suggests that the
gene down-regulation of the E2 component of the 2-oxoglutarate dehydrogenase complex is
regulated by vitamin B12 and is involved in acne pathogenesis.

We further investigated the potential role of PPA0693 in acne pathogenesis. Based on the
metabolic pathways in P acnes (Fig. 2), 2-oxoglutarate dehydrogenase complex converts 2-
oxoglutarate to succinyl-CoA. 2-oxoglutarate is a substrate for the biosynthesis of L-
glutamate, which is a precursor for both vitamin B12 biosynthesis and porphyrin
biosynthesis (35). It has been shown that the biosynthesis of porphyrins in Propionibacteria
is inversely correlated with the biosynthesis of vitamin B12 (36, 37). Bykhovskii et a/. and
Zaitseva et al. found that inhibiting vitamin B12 biosynthesis in Propionibacterium
shermanii, either by enzyme inhibitor or by depleting cobalt, led to an increase in porphyrin
biosynthesis (36, 38). Porphyrins produced by P acnes are known to induce inflammation in
acne (39-41). They interact with molecular oxygen, generate free radicals to damage
adjacent keratinocytes, and stimulate the production of inflammatory mediators in
keratinocytes (39-41).

Based on the above data, we propose a molecular mechanism for the bacterial pathogenesis
of acne through vitamin B12 regulation. We hypothesize that elevated vitamin B12 level in
the host modulates the transcriptional activities of the skin microbiota. Among the
alterations in P acnes, PPA0693 is down-regulated, resulting in an increase in 2-oxoglutarate
and L-glutamate. The vitamin B12 biosynthesis pathway is also down-regulated, resulting in
the increased metabolic flow of L-glutamate being shunted to the porphyrin biosynthesis
pathway. These result in an over-production of porphyrins by £ acnes, which can induce an
inflammatory response in the host cells leading to acne. This hypothesis can potentially
explain the molecular mechanism of vitamin B12 in acne pathogenesis. In a subset of
individuals, similar to HL414, the expression level of PPA0693 after vitamin B12
supplementation is lower than in other individuals, resulting in further increased level of
porphyrins produced and leading to acne development.

Porphyrin production is promoted in P. acnes with vitamin B12 supplementation

To test the above hypothesis, we investigated whether porphyrin production is promoted in 2
acnes by vitamin B12 supplementation. We supplemented 10 pg/mL vitamin B12 to 2. acnes
cultures, and found that vitamin B12 persistently repressed the expression of cob/cbi
operons. The previously mentioned three genes in the vitamin B12 biosynthesis pathway,
cysG+cbiX, cbil, and btuR, were significantly down-regulated by the addition of vitamin
B12 from day 2 to day 14 (P values range from 0.057 to 0.0031, 7=2 to 3, Student’s t-test) in
cultures (Fig. 6A). In the meantime, we compared the amounts of porphyrins produced in
the P, acnes cultures with or without vitamin B12 supplementation. We found that the
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addition of vitamin B12 significantly increased porphyrin production by 39% during the
exponential phase on day 8 and nearly 19% at the stationary phase on day 14 (£=0.0043 and
6.8E-4 respectively; n7=3 to 4, Student’s t-test) (Fig. 6B). Our results demonstrated that
vitamin B12 supplementation repressed the gene expression of vitamin B12 biosynthesis in
P, acnes and increased the biosynthesis of porphyrins.

To further determine that the increased porphyrin production is directly linked to the
reduction in vitamin B12 biosynthesis, we measured the porphyrin level in 2 acnes under
the condition that vitamin B12 biosynthesis was repressed without the regulation by vitamin
B12. We repressed vitamin B12 biosynthesis by depleting cobalt (Co?* ion), which is an
essential component required for vitamin B12 biosynthesis (38). We observed that the
porphyrin production in 2 acnes cultures was significantly increased after Co2* depletion
(fig. S6). This is consistent with previous studies in other Propionibacteria (36, 37). Our
result demonstrates that vitamin B12 biosynthesis pathway and porphyrin biosynthesis
pathway share the same pool of precursor substrates and are inversely correlated at the
metabolic levels. It further supports that the down-regulation of vitamin B12 pathway
promotes porphyrin production.

Discussion

Originally reported more than a half century ago, it is observed that vitamin B12 leads to
acne development in a subset of population. However, the underlying mechanism of this
clinical observation was not understood. In this study, by investigating the transcriptional
activities and regulations of the skin microbiota, we revealed a molecular link between
vitamin B12 and acne pathogenesis. We found that the vitamin B12 biosynthesis pathway
was down-regulated in acne patients and in healthy subjects who were supplemented with
vitamin B12 (Figs. 3 and 4). Several lines of evidence suggest that a high level of serum
vitamin B12 is associated with acne phenotype. Goldblatt et al. (42) found that the serum
level of vitamin B12 was significantly higher in acne patients than in healthy individuals.
Moreover, they and Karadag et a/. reported that in acne patients, the serum level of vitamin
B12 was significantly decreased after treatment (42, 4.3). Based on our findings and the
evidence mentioned above, we propose a vitamin B12-mediated bacterial mechanism for
acne pathogenesis (Fig. 7). In healthy skin, when the vitamin B12 level is normal, the
vitamin B12 biosynthesis pathway in the skin bacterium £ acnesis expressed and
porphyrins are produced at a low level. When the host vitamin B12 level is elevated, it
signals transcriptional changes in £ acnes. The levels of 2-oxoglutarate and L-glutamate are
increased, and the vitamin B12 biosynthesis in 2 acnes is repressed. The metabolic flow of
L-glutamate is shunted toward the porphyrin biosynthesis pathway, leading to an over-
production of porphyrins by £ acnesin the follicle. The over-produced porphyrins, secreted
by P acnes, induce an inflammatory response in the host cells leading to acne development.
Supporting this proposed mechanism, clinical improvement after acne treatment has been
associated with a lower level of porphyrins produced in follicles (44—47). Borelli et al. (46)
also reported that in patients with a poor treatment outcome the porphyrin level was not
decreased. Our proposed mechanism of vitamin B12-mediated interactions between the host
and the skin microbiota provides one potential molecular explanation for the bacterial
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pathogenesis of acne. It also emphasizes the importance of metabolite-mediated interactions
between the host and the microbiota in human health and disease.

In our study, acne developed in subject HL414 in a short period of time after vitamin B12
supplementation, but not in other healthy subjects. This observation is consistent with
previous clinical findings that not all individuals developed acne after vitamin B12
supplementation (20-26). We also found that after vitamin B12 supplementation, HL414
had a significantly lower gene expression level in the E2 component of the 2-oxoglutarate
dehydrogenase complex compared to the other subjects. The low expression level of this
gene may contribute to a higher level of 2-oxoglutarate and L-glutamate in £ acnes, leading
to a greater amount of porphyrins produced. This may partially explain why HL414
developed acne while others did not during the 14-day period. In addition to PPA0693, we
found several other bacterial factors that are associated with acne development after vitamin
B12 supplementation (table S6). Among them, PPA2220 was up-regulated in all the acne
patients compared to the healthy individuals and also in the healthy subjects after vitamin
B12 supplementation (fig. S5). Moreover, subject HL414 had a significantly higher
expression level of PPA2220 than other healthy subjects after vitamin B12 supplementation.
The function of PPA2220 is not yet known. It encodes a protein containing a photosynthetic
reaction center (PRC) barrel domain and a domain of unknown function (DUF2382). Its
orthologues in other organisms are often located next to the genes that encode electron
transfer chain components, acyl-CoA transferase, and/or dehydrogenases. PPA2220 was also
the second most highly expressed genes in the AP acnes transcriptome in our samples. These
findings suggest that PPA2220 may play an important role in acne pathogenesis and needs to
be further studied. Other pathogenic factors, from the host and/or the bacteria, regulated by
vitamin B12 or not, may also be important in the disease development and need to be
investigated in future studies.

To our knowledge, the metatranscriptome of the human skin microbiota in health and
disease states has not been described prior to this study. While some other human body sites,
such as oral cavity, gut, urogenital tract, and upper respiratory tract, can have sufficient
biomass for microbiota characterization (48-51), the skin presents a challenging site with
low microbial biomass density (6, 52). Studies of the skin microbiome have been limited to
mostly taxonomic composition analysis (53). It is important to understand the transcriptional
changes of the skin microbiota during diseases in addition to its taxonomic composition and
metagenomic content. In this study, we applied RNA-Seq to quantitatively measure the
metatranscriptome of the skin microbiota in acne patients and in healthy individuals. We
revealed microbial differences at the transcriptional level separating acne patients and
healthy individuals. By vitamin B12 supplementation in healthy individuals and /in vitro
experiments, we revealed that host vitamin B12 modulates the transcriptional and metabolic
activities of the skin bacteria, leading to increased production of porphyrins, which induce
inflammation in acne. Our findings suggest a new metabolite-mediated bacterial mechanism
for acne pathogenesis.

Metabolite-mediated interactions between the host and the microbiota play essential roles in
human health and disease. This has been recognized in the gut microbiota (54). Host
nutritional states or interventions, such as diets and use of antibiotics and other small-
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molecule drugs, have been shown to modulate the composition and transcriptional activities
of the gut microbiota (55-58). In response, the gut microbiota produces metabolites that are
linked to diseases (54, 59-61). Vitamin B12 is an essential nutrient to humans. Its microbial
biosynthesis and human absorption mainly take place in the gut. It has been shown that
vitamin B12 regulates gut microbial gene expression and affects the selection and
competition among microbial species (62). Our study presented here showed that vitamin
B12 supplementation to the host modulates the transcriptome of the skin microbiota and
leads to acne development in a subset of the individuals. Our study not only provides an
explanation for the long-standing clinical observations of the correlation between increased
vitamin B12 level and acne development, but also suggests a molecular mechanism for acne
pathogenesis. Future follow-up studies may potentially lead to the development of new
therapeutics for this medically important disease.

There are a few limitations of our study. First, we had a limited number of subjects
investigated in our longitudinal study. Among the ten healthy subjects, one individual
developed acne after vitamin B12 supplementation. Although it is consistent with the
previous reports that vitamin B12 leads to acne development in only a subset of individuals
(20-26), increasing the cohort size would render more power in statistical analysis and
would allow us to further establish the molecular link between vitamin B12 and acne
pathogenesis. Second, the number of samples in our RNA-Seq metatranscriptomic analysis
was limited. This was mainly due to the fact that skin samples have low bacterial biomass
and it is difficult to extract sufficient amount of RNAs from each sample. Some of our
samples failed during sample processing, RNA extraction, or sequencing library
construction. Future improvements of sample collection and bacterial RNA extraction from
samples with limited biomass will empower us to better understand the microbial
transcriptional activities and their regulations on the human skin.

Materials and Methods

Study design

A cross-sectional study to compare the transcriptional activities of the skin microbiota
between acne patients and healthy individuals was performed. Among the nine subjects
recruited, four were acne patients (two males and two females) and five were healthy
individuals (two males and three females). The average age of the acne patients was 24.8 (19
— 38) and the average age of the healthy subjects was 22.8 (13 — 32). Among the acne
patients, two are African American and two are Hispanic. Among the healthy subjects, one
is African American, one is Hispanic, two are Caucasians, and one is Asian. There were no
significant differences in gender, age, and ethnicity between the acne patients and the
healthy subjects. The average face acne score of the four acne patients was 2.5 and the
average nose acne score was 0.25 (Supplementary Materials). Twenty-four additional
subjects were recruited for the gene expression analysis of the vitamin B12 biosynthesis
pathway. Among them, nine were acne patients (three males and six females) and 15 were
healthy subjects (seven males and eight females). The average age of the acne patients was
23.8 (15 — 42) and the average age of the healthy subjects was 33.8 (21 — 44). Among the
acne patients, four are Hispanic, two are Caucasian, two are Asian, and one has more than
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one race. Their average face acne score was 2.8 and the average nose acne score was 1.6
(Supplementary Materials). Among the healthy subjects, three are Hispanic, three are
Caucasian, eight are Asian, and one has more than one race. There were no significant
differences in gender and ethnicity, but age, between the acne patients and the healthy
subjects.

Among the 15 healthy subjects, ten were receiving intramuscular injection of vitamin B12 (1
mL of 1,000mcg/mL hydroxocobalamin) for general well-being and were included in the
longitudinal study. The longitudinal study was to investigate the effects of vitamin B12
supplementation on the transcriptional activity of the skin microbiota in healthy individuals.

None of the healthy subjects reported any current or past acne treatment. None of the acne
patients were being treated with antibiotics at the time of sampling. Four acne patients were
being treated with other topical acne therapies at the time of sampling, including tazarotene,
tretinoin, salicylic acid, and benzoyl peroxide. Seven acne patients had been treated in the
past. None of the subjects had cosmetic procedures.

All subjects were recruited in Southern California. The diagnosis of acne was made by
board-certified dermatologists. The presence of acne was graded on a scale of 0 to 5 relating
closely to the Global Acne Severity Scale (63). Subjects with healthy skin were determined
by board-certified dermatologists and were defined as people who had no acneiform lesions
on the face, chest, or back. All subjects provided written informed consent. All protocols and
consent forms were approved by both the UCLA and Los Angeles Biomedical Research
Institute IRBs. The study was not blinded.

Sample collection

The follicular contents of the nose skin were sampled from the subjects using Bioré Deep
Cleansing Pore Strips (Kao Brands Company) following the instruction of the manufacturer
(2. This sampling method is different from the conventional tape stripping method. It
samples mostly the follicular content of the pilosebaceous unit, while the conventional tape
stripping method samples the stratum corneum of the epidermis. A comparison of the
samples collected from opposite sides of the nose of the same individual using these two
different methods is illustrated in fig. S7. Clean gloves were used for each sampling. After
removal from the nose, the strip was placed into a 50 mL sterile tube and labeled with a
coded sample name.

For the ten healthy subjects with vitamin B12 supplementation, the first samples (Day0)
were taken from one side of the nose before they received vitamin B12 injection. The second
samples (Day?2) were taken from the other side of the nose two days after the injection. The
third samples (Day14) were taken from the entire nose 14 days after the injection. As a
control, three months later, nine of the ten healthy subjects were sampled again using the
same sampling protocol over a period of 14 days without vitamin B12 supplementation.

Sequence Analysis

Sequence reads mapped to the human genome were removed following the procedure used
in the Human Microbiome Project (64). Low quality reads were trimmed or filtered out
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(details in Supplementary Materials). The rRNA reads were then removed by mapping
against P, acnes 16S, 23S, and 5S rRNA sequences and against the SILVA database (release
108) (65). Sequence mapping was performed using Bowtie (version 0.12.7) allowing up to
three mismatches per read (66). The remaining reads were aligned to 71 £ acnes genomes
(Z7). For paired-end mapping, we required that the read pairs were aligned to the same
reference genome on different strands with the distance between the two reads shorter than 1
Kb. The remaining reads were then mapped against the Human Microbiome Project
reference genomes (http://www.hmpdacc.org/HMREFG/). The resulting unaligned reads
were further searched against NCBI non-redundant nucleotide database (RefSeq release 48),
including bacterial, fungal, and viral genomes.

OGU construction

P, acnes OGUs were constructed in a similar way as previously described (67) with minor
modification. Genes in all 71 £ acnes genomes were binned based on their protein
sequences using CD-HIT version 4.3 (68) and its default parameters (= 90% protein
sequence identity).

Quantification of OGU expression level

We assigned a coverage score of 1 to each reference nucleotide aligned by a read with
unique alignment. The total coverage score of each reference nucleotide was calculated by
summing the scores of the nucleotide from all the aligned reads.

The reads with multiple alignment hits were analyzed as previously described (69). The
coverage score of each nucleotide within the aligned region in the reference genome was
averaged by the total number of hits (M).

The expression level of a gene was calculated as the total coverage score for all the
nucleotides within the gene region normalized by the gene length. To adjust for sequencing
depth differences among different samples, the expression level of each 2 acnes gene was
further normalized by the total number of base pairs aligned to 2 acnes genomes. Reads
aligned to P acnesrRNAs and tmRNAs were removed prior to normalization. OGU
expression level was calculated by summing the normalized expression level of each gene
member of the OGU.

Porphyrin quantification in P. acnes cultures

P, acnes was cultured in reinforced clostridium broth anaerobically without exposure to light
at 37°C. The culture medium was supplemented with 10 pg/mL vitamin B12 (Sigma), a
concentration similar to the one used in a previous study in £. coli (70). The controls were
cultured without vitamin B12 supplementation. After 14 days, 200 uL bacterial culture was
used to measure optical density at 595 nm, and 500 pL bacterial culture was used to extract
porphyrins using the method described previously (71) with minor modifications. Briefly,
bacterial culture was mixed with 250 uL ethyl acetate/acetic acid (4:1) for 10 seconds by
vortexing, and then centrifuged for 5 minutes at 12,000 rpm. The upper phase was
transferred to a new tube and mixed with 250 uL 1.5M HCI for 10 seconds. After
centrifuging for 2 minutes at 12,000 rpm, 200 pL extracted porphyrins in HCI lower phase
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was taken and quantified by measuring its absorbance at 405 nm. All the optical absorbance
was quantified on GENios Microplate Reader (TECAN). The absorbance at 405 nm was
then converted to concentration based on a standard curve determined using coproporphyrin
Il.

cob/cbi gene expression analysis

Statistics

Total RNA was extracted from £ acnes cell cultures or skin microbial samples collected
from the subjects using the protocol described in Supplementary Materials. The total RNA
was converted to single-stranded cDNA using Superscript 111 first-strand synthesis supermix
(Life Technologies). Quantitative RT-PCR was performed on LightCycler 480 (Roche) using
the LightCycler 480 High Resolution Melting Master Mix (Roche) and the following
primers: cbiL-forward: 5’-GCGCGAGGCAGACGTGATCC-3’, cbhil-reverse: 5’-
GACACCGGACCTCTCCCGCA-3’, cysG+cbiX-forward:5’-
TGTATTCCGCCCCGCTGTTGC-3, cysG+cbiX-reverse:5’-
GAGCACTGCCGACGTGTCCC-3’, btuR-forward:5’-
GGAAGATGCTCTTCGGGCGCT-3’, btuR-reverse: 5 -
GCCTCAGGGTTCTCCGCAGC-3’, 16S-forward: 5’-
GGGGCTTAACCCTGAGCGTGC-3’, 16S-reverse: 5’-TTCGCTCCCCACGCTTTCGC-3".
The gRT-PCR protocol was set as the following: initial denaturation at 95°C for 5 minutes,
followed by 50 cycles of 95°C for 10 seconds, 62°C for 30 seconds, and 72°C for 30
seconds. The expression level of each gene was expressed as the logarithm of its relative
expression level to 16S rRNA transcript level.

The differentially expressed OGUs in the RNA-Seq data were identified using Student’s t-
test (details in Supplementary Materials). The threshold of statistical significance was set at
P<0.05. The differentially expressed OGUs were further confirmed by
ShotgunFunctionalizeR (72), with a cutoff of Akaike’s information criterion < 5,000 and
adjusted P< 0.05. The differentially expressed KEGG pathways in acne patients were
determined by ShotgunFunctionalizeR, with a cutoff of Akaike’s information criterion <
5,000 and adjusted £< 0.05. DAVID (19) was used to identify the enriched metabolic
pathways and functional annotation clusters. Student’s t-test was used to determine the
statistical significance of the differences in vitamin B12 gene expression quantified by qRT-
PCR and in porphyrin production between the culture conditions.

Unsupervised hierarchical clustering was generated based on the correlation metric of OGU
expression levels and the average linkage clustering method was used. The robustness of the
clustering was evaluated by bootstrapping method using R package pvclust (73). The
significance of the association of the skin clinical status, as well as other subject
information, with the clustering was determined by Fisher’s exact test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary: Vitamin B12 in the host modulates the transcriptional
activities of the skin microbiota, leading to increased bacterial porphyrin biosynthesis and
acne development.
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Fig. 1. The gene expression profiles of P. acnesin the skin microbiota were distinct between acne
patients and healthy individuals.
(A) Based on the gene expression of £ acnes in the skin microbiota, acne patients (labeled in

red, “Acne”) formed a separate cluster from healthy individuals (labeled in green,
“Healthy™) in an unsupervised hierarchical clustering analysis.

(B) 136 differentially expressed 2 acnes OGUs were identified between acne patients and
healthy individuals. Among them, 109 OGUs were up-regulated and 27 OGUs were down-
regulated in acne patients. The OGU names are listed in table S2.
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Fig. 2. A schematic of the metabolic pathwaysin P. acnesillustrating the observed differentially
expressed OGUsin acne patients compared to healthy individuals.

Genes encoding sugar transport and sugar metabolism pathways were up-regulated in acne
patients. Genes in the vitamin B12 biosynthesis and fatty acid biosynthesis pathways were
down-regulated. FC: fold change. The full gene names are listed in table S3.
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Fig. 3. Vitamin B12 biosynthesis genes were down-regulated in the skin microbiota of acne
patients compared to healthy individuals.

Down-regulation of the genes in £ acnes vitamin B12 biosynthesis pathway was validated in
a separate cohort of acne patients (7=9) and healthy individuals (/7=15). Consistent with the
RNA-Seq data, cysG+cbiX and cbil were significantly down-regulated, and 6fuR showed a
lower average expression level in acne patients compared to healthy individuals.
Significance was determined by Student’s t-test. The mean of the expression levels of each
gene is indicated by a black bar. The gene expression data are listed in table S4.
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Fig. 4. Vitamin B12 supplementation in healthy subjectsrepressed P. acnes cob/chi operons.
The gene expression levels of cbil, cysG+cbiX, and btuR in R acnes vitamin B12

biosynthesis pathway were significantly repressed in the healthy subjects (7=10) on day 14
after vitamin B12 supplementation, to a level similar to those observed in the acne patients
(m7=9). Without vitamin B12 supplementation, the expression levels of these genes did not
change significantly on day 2 and day 14 compared to day 0 (77=9). The expression levels,
quantified by qRT-PCR, for each gene on day 0, day 2, and day 14 are shown. Data from
healthy subjects with vitamin B12 supplementation are shown in purple and without
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supplementation are shown in green. As a comparison, data from the acne patients are
shown in red. The mean of the expression levels of each gene is indicated by a black bar.
Significance was determined by Student’s t-test. The gene expression data are listed in tables
S5A and S5B.
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Fig. 5. Vitamin B12 supplementation in the host altered the transcriptome of P. acnesin the skin
microbiota.

(A) The differentially expressed P, acnes OGUs between the Day0 samples and Day14
samples from the healthy subjects supplemented with vitamin B12. The red and green colors
represent the fold change of the OGUs. Red indicates up-regulation after vitamin B12
supplementation and green indicates down-regulation. The functional categories of the
OGUs are labeled by the color bars next to the OGUs’ names.
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(B) The P, acnes gene expression profile of subject HL414 on day 14 after vitamin B12
supplementation (HL414-Day14) was similar to those from the acne patients and clustered
together. The Day0 sample from subject HL414 (“HL414 Day0Q”, healthy skin, before
vitamin B12 supplementation) was similar to the samples from other healthy subjects.
Samples from the acne patients were labeled in red (“Acne™), and samples from the healthy

subjects were labeled in green (“Healthy”, “Day0”, “Day14”), except for HL414-Day14.
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Fig. 6. Vitamin B12 supplementation repressed the expression of cob/chi operonsin the vitamin
B12 biosynthesis pathway and promoted porphyrin production in P. acnes cultures.

(A) The expression levels of cbiL, cysG+cbiX, and btuR were significantly repressed on day
2, day 8, and day 14 after vitamin B12 supplementation in £ acnes cultures. The
experiments were repeated three times independently. Each dot represents the average gene
expression level of two to three technical replicates in each independent experiment. The
dotted lines indicate the changes between the £ acnes cultures in medium only (black) and
the cultures in medium with vitamin B12 supplementation (red). The mean of the gene
expression levels from the three independent experiments is shown as a black bar.
Significance was determined by Student’s t-test. The gene expression data are listed in table
S7.

(B) Porphyrin production in 2 acnes cultures on day 8 and day 14 after vitamin B12
supplementation was significantly increased. Significance was determined by Student’s t-
test. Data are presented as the mean * standard deviation. The experiments were repeated
three times independently with three to four biological replicates each time. The porphyrin
levels are listed in table S8.
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Fig. 7. A model of vitamin B12 modulating the transcriptional and metabolic activities of the
skin bacterium P. acnesin acne pathogenesis.

In healthy skin, when the host vitamin B12 level is normal, the vitamin B12 biosynthesis
pathway in 2 acnes is expressed and porphyrins are produced at a low level. When the host
vitamin B12 level is elevated, it signals transcriptional changes in 2 acnes. The levels of 2-
oxoglutarate and L-glutamate are increased, and the vitamin B12 biosynthesis in £ acnesis
repressed. The metabolic flow of L-glutamate is shunted toward the porphyrin biosynthesis
pathway, leading to an over-production of porphyrins by £ acnesin the follicle. The
overproduced porphyrins, secreted by P acnes, induce an inflammatory response in the host
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cells leading to acne development in a subset of individuals. 2-OG: 2-oxoglutarate. L-Glu:
L-glutamate.
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