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Despite broad appreciation of their clinical utility, it has been
unclear how vitamin B12 and folic acid (FA) function at the
molecular level to directly prevent their hallmark symptoms of
deficiency like anemia or birth defects. To this point, B12 and FA
have largely been studied as cofactors for enzymes in the one-
carbon (1C) cycle in facilitating the de novo generation of nucleo-
tides and methylation of DNA and protein. Here, we report that
B12 and FA function as natural antagonists of aryl hydrocarbon re-
ceptor (AhR). Our studies indicate that B12 and FA bind AhR directly
as competitive antagonists, blocking AhR nuclear localization, XRE
binding, and target gene induction mediated by AhR agonists like
2,3,7,8-tetrachlorodibenzodioxin (TCDD) and 6-formylindolo[3,2-b]
carbazole (FICZ). In mice, TCDD treatment replicated many of the
hallmark symptoms of B12/FA deficiency and cotreatment with aryl
hydrocarbon portions of B12/FA rescued mice from these toxic ef-
fects. Moreover, we found that B12/FA deficiency in mice induces
AhR transcriptional activity and accumulation of erythroid progen-
itors and that it may do so in an AhR-dependent fashion. Consistent
with these results, we observed that human cancer samples with
deficient B12/FA uptake demonstrated higher transcription of AhR
target genes and lower transcription of pathways implicated in
birth defects. In contrast, there was no significant difference ob-
served between samples with mutated and intact 1C cycle proteins.
Thus, we propose a model in which B12 and FA blunt the effect of
natural AhR agonists at baseline to prevent the symptoms that arise
with AhR overactivation.
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Deficiencies in vitamin B12 and folate (folic acid [FA]) are
some of the most prevalent nutritional deficiencies in the

world, affecting more than 30% and 20% of the population,
respectively, in some developing countries (1, 2). Particularly
common among elderly, pregnant, and vegan populations (2, 3),
these deficiencies present with megaloblastic anemia (4), birth
defects (including neural tube defects and cleft palates) (5, 6),
and chronic liver disease (7), among other comorbidities. For-
tunately, these consequences of vitamin deficiency can be easily
prevented by dietary supplementation. In fact, over 80 countries
worldwide have mandatory folate fortification laws in place, and
it is estimated that, in the United States alone, these laws save
the US health care system up to $600 million every year through
the prevention of birth defects like spina bifida (8).
Despite such successful policy interventions, however, the

molecular mechanism underlying the pathophysiology of B12/FA
deficiency still remains unclear. On one hand, B12 and FA are
already known to act as cofactors for methionine synthase (MS)
and methylenetetrahydrofolate reductase (MTHFR), respectively,
in the 1-carbon (1C) cycle, supplying methyl groups for de novo
nucleotide synthesis and DNA/protein methylation (9). From
here, it has been largely assumed that the symptoms arising with
B12/FA deficiency, especially birth defects, arise directly from
faulty DNA synthesis (10). This explanation, however, does not

sufficiently account for why birth defects tend to be so focal in
their presentation—narrowly affecting one organ system while
preserving others—despite the fact that all cell types would re-
quire new DNA for division at such an early embryonic age.
Furthermore, mice deficient in MTHFR and MS do not pheno-
copy classic symptoms of B12/FA deficiency: MTHFR−/− and
MS+/− mice do not show anemia or birth defects, and MS−/−

embryos were all found to die shortly after implantation (11–13), a
far more deleterious phenotype than seen with B12/FA deficiency.
These shortcomings raise the possibility that B12/FA may be en-
gaging another pathway to directly control physiological processes
like hematopoiesis or embryonic development.
Given that B12 and FA both contain aryl hydrocarbon rings

that have not yet been functionally elucidated (Fig. 1A), we hy-
pothesized that these vitamins, formed exclusively by bacteria,
might act as ligands for the aryl hydrocarbon receptor (AhR), a
xenobiotic receptor that activates a pleiotropic transcriptional
response after binding ligands containing aryl hydrocarbon rings.
In addition to up-regulating genes like CYP1A1 that encode
detoxifying P450 enzymes, AhR is known to drive many de-
velopmental and homeostatic processes at baseline by respond-
ing to natural agonists (14). By selectively activating AhR,
prototypical agonists like 2,3,7,8-tetrachlorodibenzodioxin
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(TCDD) (also commonly known as dioxin) have proven to be a
valuable molecular tool in identifying some of these biological
functions. For instance, longitudinal clinical studies following
patients exposed to dioxin and related animal studies have
demonstrated that AhR overactivation can cause macrocytic
anemia (15, 16), neural tube defects (17, 18), cleft palate (19),
and fatty liver disease (20, 21).
Given the clinical similarities between AhR hyperstimulation

and B12/FA deficiency, we examined whether B12 and FA might
function as AhR antagonists to counteract natural AhR agonists

present at baseline (e.g., 6-formylindolo[3,2-b]carbazole [FICZ],
ITE, or kynurenic acid). Here, we show that B12 and FA bind
directly to AhR and suppress transcriptional activation by pro-
totypical agonists. We demonstrate that treatment with the aryl
hydrocarbon moieties of B12/FA is sufficient in rescuing mice
from classic symptoms of vitamin deficiency and those induced
by TCDD and further show that B12- and FA-deficient diets in-
duce AhR transcriptional activity, in an AhR-dependent fashion.
Last, we report here that human deficiency in B12/FA uptake, but
not in 1C metabolism, is associated with a relative induction in
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Fig. 1. B12 and FA suppress AhR transcriptional activity induced by AhR agonists. (A) Chemical structures of vitamin B12 and folic acid (FA) alongside
prototypical AhR agonists TCDD and FICZ. The solid boxes indicate the moieties of B12 and FA that contain aryl hydrocarbon rings: DMB and PABA, re-
spectively. The dashed boxes indicate portions of B12 and FA that are involved in methyl donation in the 1C cycle. (B) HepG2 human hepatoma cells were
pretreated with 5,000 pg/mL B12 (with recombinant B12 carrier protein 5 pM TCN2), 3.4 nM DMB, 50 ng/mL FA, or 113 nM PABA for 8 h and treated with
0.5 nM TCDD for 5 h. Relative CYP1A1 mRNA was measured by RT-qPCR and normalized to HPRT1 and DMSO-treated samples. Data are means ± SE (n = 2).
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. TCDD-treated samples assessed by Student’s t test. (C) HepG2 cells were transfected with pGL4.43 XRE-luc2P and
pGL4.75 CMV-Ren plasmids for 24 h, pretreated with serial 100-fold dilutions of B12/TCN2 (maximum [max] concentration: 5,000 pg/mL B12 with 5 pM TCN2),
DMB (max, 3.4 nM DMB), FA (max, 50 ng/mL), or PABA (max, 113 nM) for 8 h, and treated with 1 nM FICZ for 12 h. Luminescence from cell lysates were
measured by commercial kit and analyzed by microplate reader. Relative luciferase units (RLUs) were calculated by normalizing firefly luciferase signal with
Renilla luciferase signal within each sample and further normalizing with DMSO-treated samples. *P < 0.05, **P < 0.01 assessed by linear regression of RLU vs.
log(concentration). (D) HepG2 cells were treated with 0.5 nM TCDD in the presence of 5,000 pg/mL B12 (with 5 pM TCN2) or 3.4 nM DMB for 24 h. Nuclear
expressions of AhR and HDAC1 were measured by Western blotting. Relative densitometry (RD) of AhR blots were quantified by ImageJ. (E) HepG2 cells were
treated with 0.5 nM TCDD in the presence of 5,000 pg/mL B12 (with 5 pM TCN2) and 50 ng/mL FA for 2 h. Chromatin immunoprecipitation (ChIP) was
performed with anti-AhR antibodies and protein G magnetic beads. Binding at the putative AhR binding site CYP1A1 promoter was measured by RT-qPCR
and normalized to 5% input. Data are means ± SE (n = 3). **P < 0.01 vs. TCDD-treated samples assessed by Student’s t test.
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AhR activity and repression in pathways associated with birth
defect. Together, these results offer a model of vitamin B12 and
FA deficiency, centered around AhR, that explains the classic
symptoms and comorbidities of deficiency in a parsimonious way.

Results
B12 and FA Inhibit AhR Transcriptional Activity Induced by Known
Agonists. To begin assessing the putative impact of B12 and FA
on AhR signaling, we utilized HepG2 human hepatoma cells,
which express high AhR at baseline and are commonly used to
characterize novel AhR ligands. After culturing cells in serum-
starved media to minimize background B12 and FA, we pre-
treated HepG2 cells with vitamin B12 (with required B12 carrier
TCN2) and FA for 8 h, treated with TCDD for 5 h, and measured
CYP1A1 mRNA with RT-qPCR as a readout of AhR transcrip-
tional activity. While TCDD alone significantly induced CYP1A1
mRNA as expected, pretreatment with physiologically relevant
concentrations of B12 and FA (at nanomolar quantities) signifi-
cantly reduced CYP1A1 mRNA (Fig. 1B). Furthermore, we found
that treatments with equimolar amounts of 5,6-dimethylbenzimi-
dazole (DMB) and para-aminobenzoic acid (PABA)—the aryl
hydrocarbon portions of B12 and FA, respectively (Fig. 1A)—
were sufficient in replicating this effect (Fig. 1B).
To assess whether this suppression is being mediated through

AhR, we cotransfected HepG2 cells with a plasmid expressing firefly
luciferase under the control of a minimal promoter containing three
copies of putative AhR binding sites, xenobiotic response elements
(XREs), and another plasmid constitutively expressing Renilla lucif-
erase. Dual luciferase assays revealed that B12, DMB, FA, and
PABA were all able to suppress AhR signaling induced by FICZ,
another AhR agonist, in a dose-dependent fashion (Fig. 1C). In-
terestingly, with supraphysiologic concentrations in the same exper-
iment (i.e., 50 times greater than the upper range of physiologic B12/
FA serum concentrations), the antagonistic effects of compounds
appeared to diminish, suggesting the possibility of a U-shaped re-
lationship at extremely high doses (SI Appendix, Fig. S1A).
Because the ligand binding domain (LBD) of AhR is relatively

wide and open, synthetic antagonists like CH-223191 are able to
block the activation of certain classes of AhR ligands that in-
clude TCDD, but not others like polycyclic aromatic hydrocar-
bons (PAHs), which include the agonist benzopyrene (BaP) (22).
To test whether B12/FA behaves similarly to synthetic antago-
nists, we performed dual luciferase assays with BaP and found
that B12, DMB, FA, and PABA were unable to suppress BaP-
induced transcriptional activity (SI Appendix, Fig. S2). These
results suggest that the antagonism is being mediated through
specific residues in the LBD and not by any extrinsic mechanism,
such as altered interactions with chaperone proteins or global
hypermethylation.
Next, we measured AhR localization in nuclear lysate byWestern

blotting and found that treatments with B12 or DMB suppressed
nuclear localization of AhR (Fig. 1D). We observed similar results
with FA and PABA, although this conclusion is somewhat limited
by variations in loading control (SI Appendix, Fig. S3). In line with
this inhibition of nuclear localization, chromatin immunoprecipi-
tation (ChIP) revealed that B12/FA abrogated AhR enrichment at
an XRE within the CYP1A1 promoter (Fig. 1E). In sum, these
results indicate that B12 and FA selectively block the activation of
AhR by TCDD and FICZ and that their respective aryl hydrocar-
bon ring moieties are sufficient to mediate this block.

B12 and FA Bind AhR Directly to Compete with TCDD. To examine
whether vitamin B12 and FA engage AhR directly, we first
performed a dual luciferase assay to generate dose–response
curves for TCDD in the presence of vitamins and their aryl hy-
drocarbon ring moieties. We observed that physiologically rele-
vant concentrations of the compounds were sufficient in
producing a right shift in the EC50 of TCDD (Fig. 2A). The fact

that their antagonism could be abrogated with sufficiently satu-
rating concentrations of agonist suggests that these compounds
are indeed acting competitively at the LBD of AhR.
Next, to measure direct binding to AhR, we transitioned to a

cell-free system by collecting lysate from HEK293T cells over-
expressing human AHR and probing with streptavidin beads
conjugated to biotinylated-B12 or biotinylated-FA (SI Appendix,
Fig. S4). Western blot of the eluted protein revealed significant
binding of AhR to B12 was subsequently quenched with increasing
concentrations of TCDD (Fig. 2B). Particularly by comparing
lanes 10 and 12, FA also appears to show a similar effect, although
this conclusion is limited by the quality of the blots (Fig. 2B).
We confirmed this binding interaction through a comple-

mentary enzyme-linked immunosorbent assay (ELISA) approach
that immobilizes AhR with antibody and measures binding of
biotinylated-B12 and biotinylated-FA with streptavidin-HRP
(Fig. 2C). In this ELISA-based system, we also found that the
binding between AhR and the vitamins could be outcompeted
with high concentrations of TCDD (Fig. 2D) and DMB or PABA
(Fig. 2E). While a nonaromatic biotinylated small molecule would
provide better control for specificity than free biotin, our com-
petition studies with TCDD—given the wide use of similar ex-
periments in the AhR field (23)—still provide strong support for
specific binding of vitamins at the LBD of AhR. Indeed, our data
further suggest that this binding may occur through their aryl
hydrocarbon ring moieties.

DMB and PABA Rescue Symptoms of Vitamin Deficiency Induced by
TCDD. We were next interested in testing whether B12 and FA
could antagonize AhR activity in vivo and rescue mice from
symptoms of B12/FA deficiency induced by TCDD.
TCDD has already been described to induce various hema-

tologic abnormalities in mice, including macrocytic anemia and
thrombocytopenia (16). In our studies, treatment with B12, FA,
or their aryl hydrocarbon ring moieties not only suppressed
Cyp1a1 mRNA induction (Fig. 3A and SI Appendix, Fig. S5A),
but also rescued mice from anemia and thrombocytopenia in-
duced by TCDD and FICZ (Fig. 3B and SI Appendix, Fig. S5B).
To verify whether anemia was arising as a result of decreased red
blood cell production, we harvested bone marrow cells and
costained for CD71 and TER119 to delineate the different stages
of erythropoietic development. Previous groups have utilized this
method to show that mice deficient in B12 and FA uptake pre-
sent with an accumulation in late basophilic and chromatophilic
erythroblasts in gate 3 (G3) (24, 25). Strikingly, we observed a
similar accumulation of G3 erythroblasts in mice treated with
TCDD alone, suggesting a common underlying mechanism as
B12/FA deficiency. We further observed that cotreatment of
DMB or PABA reversed this accumulation (Fig. 3 C and D).
We observed a similar rescue phenotype with DMB and PABA

when assessing hepatic steatosis. TCDD has long been known to
induce fatty liver disease in mice (21), and similarly, B12 and FA
levels have been reported to inversely correlate to the severity of
fatty liver disease—without a clear explanation of how (7). In our
studies, mice treated with TCDD long-term presented with in-
creased retention of fat droplets in the liver compared to mice
treated with DMB and PABA (Fig. 3E).
Last, we evaluated the effect of DMB and PABA in alleviating

birth defects induced by TCDD. TCDD prototypically induces
cleft palate in mice (19), and it is thought to do so by inhibiting
FGFR1 or TGFB3 during the elevation and fusion stages of
palatal development (26, 27). In human patients, on the other
hand, it is already known clinically that B12 and FA supple-
mentation can decrease the incidence of cleft lip and cleft palate
(5). Providing a mixture treatment of DMB and PABA to
pregnant mice, we observed a significant decrease in the in-
cidence of cleft palate, compared to mice receiving TCDD alone
at embryonic day 10.5 (E10.5) (Fig. 3F and SI Appendix, Fig.
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S4C). In sum, these results demonstrate that Vitamin B12 and
FA alleviate hallmark symptoms of nutritional deficiency repli-
cated by AhR overactivation.

B12 and FA Deficiencies Induce Transcriptional Changes and Hematologic
Symptoms in an AhR-Dependent Manner. To assess whether B12/FA
deficiency is able to induce AhR transcriptional activity, we fed special
diets to mice for a period of 16 wk and confirmed that homocysteine
levels were significantly elevated, an early marker of functional B12/
FA depletion indicating disruption in the 1C cycle (Fig. 4A). Con-
sistent with prior reports showing that FA-deficient mice have higher
Cyp1a1mRNA expression at baseline (28), our B12 and FA-deficient
mice exhibited elevated liver Cyp1a1 mRNA (Fig. 4B) and accumu-
lation of G3 erythroblasts (Fig. 4C) at levels comparable to control
diet-fed mice treated once with a small dose of TCDD.
Through the use of AhR-null mice, which are unresponsive to

TCDD treatment (Fig. 4D), we further found that Cyp1a1
mRNA induction and erythroblast accumulation from FA de-
ficiency are dependent on functional AhR (Fig. 4 E and F).
Given prior reports that B12 and FA deficiency results in global

hypomethylation and up-regulation of retroelements (29, 30), we
also examined transcription of LINE1 retroelements. Surpris-
ingly, we found that the relative LINE1 induction caused by FA-
deficient diets was also abrogated with AhR deficiency (SI Ap-
pendix, Fig. S6). These results suggest more generally, then, that
the transcriptional changes and symptoms arising from B12 and
FA deficiency may in fact be mediated through AhR signaling.

Mutations in B12/FA Uptake Correlate with Induction in AhR Target
Genes and Repression of Pathways Implicated in Birth Defects. Last,
we were interested in assessing how relevant this model might be
in humans. To do so, we exploited the expansive RNA and DNA
sequencing available through The Cancer Genome Atlas (TCGA)
PANCAN database. Using batch-normalized data available through
University of California, Santa Cruz (UCSC) Xena Browser’s
online platform, we first assessed which samples harbored nonsilent
mutations in genes encoding B12/FA uptake pathway proteins (SI
Appendix, Fig. S7A) as a proxy for cellular B12/FA deficiency. Then,
we calculated an AhR transcriptional activity score (“AHR score”)
using the log2 normalized expression of five core transcriptional
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targets (SI Appendix, Fig. S7B) (31). Doing so, we found that
samples harboring mutations in certain proteins of the B12/FA
pathway—including TCN2 (which encodes a necessary B12 carrier
protein) and SLC46A1 (which encodes PCFT, a folate transporter)—
had a significantly higher AHR score compared to nonmutated
samples (Fig. 5A and SI Appendix, Fig. S7C). Quantifying the total
number of mutations harbored in these uptake pathways, we ob-
served a seemingly dose-dependent increase in the AHR score. To
test the alternative hypothesis that this induction in AhR transcription

is simply being mediated through interruptions in 1C metabolism, we
repeated this analysis looking at mutations in enzymes of the 1C cycle
that interact directly with B12/FA, and we did not find any compa-
rable inductions in AHR score (Fig. 5B).
Next, to see whether AhR might be involved in birth defects

arising from B12 and FA deficiency, we calculated a birth defect
transcriptional score (“BD score”) that summarizes log2 expres-
sion of pathways suppressed by AhR whose deficiencies have al-
ready been implicated in the pathogenesis of major birth defects
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Fig. 3. B12 and FA inhibit AhR activity in vivo and rescue mice from symptoms of deficiency induced by TCDD. (A) B6 mice were intraperitoneally (i.p.)
injected with PBS, 1.25 μg/kg B12, or 12.5 μg/kg FA and orally administered corn oil or 2 μg/kg TCDD. RNA was extracted from livers 5 h later. Liver Cyp1a1
mRNA was measured by RT-qPCR and normalized by Hprt1 and vehicle control-treated mice. Data are means ± SE (n = 4–5). *P < 0.05, **P < 0.01 vs. TCDD-
treated mice assessed by Student’s t test. (B) B6 mice were i.p. injected every day with corn oil, 2 μg/kg TCDD, or 12.5 μg/kg FICZ alongside PBS, 12.5 μg/kg B12,
9.3 nmol/kg DMB, 2.5 mg/kg FA, or 5.7 μmol/kg PABA. On day 7, hemoglobin (Hb) of retroorbital bleeds was measured by an automatic CBC analyzer. Data are
means ± SE (n = 5). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMSO- and TCDD-treated mice assessed by Student’s t test. (C–E) B6 mice were orally
administered corn oil or 30 μg/kg TCDD on a weekly basis and i.p. injected with PBS, 93 nmol/kg DMB, or 56.6 μmol/kg PABA (equivalent to 50 times estimated
daily intake of B12 and FA) every day for 6 wk. (C) Femur bone marrow cells were collected, stained with CD71-APC and TER119-FITC, and analyzed with a
flow cytometer. After gating for nondebris TER119+ singlets, rectangular gates were drawn to delineate the four stages of erythropoiesis, going from least
mature (gate 1) to most mature (gate 4). (D) Proportion of TER119+ singlets that are gate 3 (G3) erythroblasts. Data are means ± SE (n = 2). *P < 0.05 vs. TCDD-
treated mice assessed by Student’s t test. (E) H&E staining of liver sections collected at the end of week 6, taken at 10× magnification. The white arrows
indicate fat droplets. (F) B6 female mice were mated with male mice overnight. After visualization of vaginal plugs (day E0.5), mice were orally administered
PBS or 37.2 nmol/kg DMB with 22.7 μmol/kg PABA (20 times estimated daily intake of B12 and FA) every day starting on day E9.5. On day E10.5, mice were
orally administered a one-time dose of corn oil or 30 μg/kg TCDD. Embryos were collected on day E18.5 and assessed for palatogenesis. Incidence of cleft
palates was quantified from five to six litters from each arm. *P < 0.05 vs. TCDD-treated mice assessed by Z test for population proportions.
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(SI Appendix, Fig. S7B) (26, 27, 32–34). Consistent with the acti-
vation of AhR signaling seen previously (Fig. 5B), samples with
mutated B12/FA uptake pathways produced significantly lower
BD scores for all evaluated B12/FA uptake genes and, when taken
in aggregate, revealed a dose-dependent effect of mutations in
these pathways (Fig. 5C and SI Appendix, Fig. S7D). Strikingly,
when this analysis was repeated for samples mutated in the 1C
cycle, there was no difference observed between mutated and
nonmutated samples as with AHR scores (Fig. 5D), supporting the
notion that birth defect pathogenesis may not simply be a down-
stream effect of faulty DNA synthesis.

Discussion
We report here that vitamin B12 and FA function as naturally
occurring antagonists of AhR. B12 and FA bind AhR directly as
competitive antagonists, blocking AhR nuclear localization,
XRE binding, and target gene up-regulation mediated by AhR
agonists like TCDD and FICZ. In mice, TCDD treatment rep-
licated many of the hallmark symptoms of B12/FA deficiency,
including anemia and cleft palate formation, and cotreatment
with vitamin DMB and PABA rescued mice from these toxic

effects. Moreover, we found that B12/FA deficiency in mice in-
duces AhR transcriptional activity and accumulation of erythroid
progenitors and that it may do so in an AhR-dependent fashion.
Consistent with our animal and in vitro work, we observed that
human cancer samples with mutated B12/FA uptake proteins
demonstrated higher transcription of AhR target genes and
lower transcription of pathways implicated in birth defects. No-
tably, there was no significant difference in these pathways when
considering samples with mutated 1C cycle enzymes, suggesting
that symptoms of deficiency might not be a result of faulty DNA
synthesis, as it is currently thought.
To our knowledge, B12 and FA currently represent the only

naturally occurring AhR antagonists that 1) bind AhR with high
affinity (with EC50 values in the nanomolar ranges) and 2) are
present at biologically relevant concentrations. In contrast,
resveratrol, perhaps the most well-known natural AhR antago-
nist, has a reported EC50 of 6 μM and is far from ubiquitous in
the human body, present most prominently in red wine (35).
Similarly, while nicotinamide (a constituent of vitamin B3) has
been shown to have some antagonistic properties on AhR tox-
icity (36), it has not yet been shown to directly bind AhR and,
furthermore, demonstrates in vitro efficacy only at millimolar
concentrations. Hence, especially when we consider the pre-
ponderance of natural AhR agonists (37) alongside the current
lack of effective antagonists, B12 and FA appear to fill a nec-
essary teleological role of counteracting AhR overstimulation
that would otherwise occur at baseline.
Synthesizing these concepts with our findings, then, we pro-

pose a working model for how vitamin B12 and FA may be
functioning in both physiologic and pathologic contexts
(Fig. 5E). In healthy adults, we believe that B12 and FA effec-
tively blunt AhR activation by various agonists that we are
constantly exposed to by means of endogenous production, diet,
or toxic exposure to xenobiotics. What ultimately results from
this balance of antagonists and agonists is tonic AhR signaling that
helps to promote homeostasis and physiological processes. How-
ever, under B12- or FA-deficient contexts (which can commonly
arise through veganism, pregnancy, or age-related malabsorption),
naturally occurring agonists can saturate AhR binding and over-
activate the signaling pathway, leading to many of the same
symptoms that can be observed with AhR dysregulation.
Interestingly, we observed that extremely high doses of B12/

FA yielded worse inhibition than physiologically relevant con-
centrations, particularly for B12 and DMB (SI Appendix, Fig.
S1). While further studies to confirm this effect are warranted,
this relationship appears to mimic the biphasic dose–response curve
observed with some AhR ligands with antagonistic properties, like
ANP and BNP (38). In these cases, it is thought that, at lower
concentrations, these ligands engage higher-affinity antagonistic
pockets within the LBD, but at higher concentrations, these ligands
can also interact with lower-affinity agonistic sites. This complex
dynamic with AhR, then, may ultimately help to explain the “U-
shaped” relationship that has been widely observed between B12/
FA levels and various forms of morbidity (39), a phenomenon that
has not been sufficiently explained by the 1C cycle alone.
By purporting that symptoms of vitamin-deficient patients are

ultimately driven by the dominant AhR ligand present—and not
by B12/FA deficiency alone—our model also helps to explain
some of the stochasticity that is observed clinically, especially in
the context of birth defects. Owing to the open nature of its LBD,
AhR is known to elicit slightly different transcriptional responses
and phenotypes depending on the structure of the agonist. In the
case of murine birth defects, for instance, some AhR agonists (like
TCDD) characteristically induce cleft palates, while others may
induce neural tube defects (27, 40). In the context of human pa-
tients, then, our model would predict that the actual birth defect
observed in the vitamin-deficient mother actually depends on the
particular mix of agonists that is determined by her diet and
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Fig. 4. B12 and FA deficiency may induce Cyp1a1 mRNA in liver and accu-
mulation of erythroblasts in bone marrow in an AhR-dependent manner.
(A–C) B6 mice were fed control, B12-deficient, or FA-deficient diets for 16 wk
on wire bottom cages. (A) Serum homocysteine (Hcy) was measured in ret-
roorbital blood by commercial fluorometric kit. After confirming depletion
of B12/FA, half of control diet-fed mice were orally administered 10 ng/kg
TCDD overnight and all other mice received corn oil. Mice livers and bone
marrows were collected and processed the following day. (B) Relative liver
Cyp1a1 mRNA measured by RT-qPCR and normalized to Hprt1 and corn oil-
treated mice. (C) Proportion of TER119+ singlets in bone marrow that are G3
erythroblasts, as determined by flow cytometry. Data are means ± SE (n = 5).
*P < 0.05, **P < 0.01 vs. control diet-fed mice assessed by Student’s t test. (D)
B6 and AhR-null mice were injected i.p. with corn oil or 2 μg/kg TCDD. After
5 h, livers were processed for analysis. Relative liver Cyp1a1 mRNA was
measured by RT-qPCR and normalized to Hprt1 and corn oil-treated mice.
Data are means ± SE (n = 2–3). (E and F) B6 and AhR-null mice were fed
control or FA-deficient diet for 8 wk on wire bottom cages. (E) Relative liver
Cyp1a1 mRNA measured by RT-qPCR and normalized to Hprt1 and control
diet-fed mice. (F) Proportion of G3 erythroblasts among TER119+ singlets in
bone marrow, as determined by flow cytometry. Data are means ± SE (n =
3–4). *P < 0.05 vs. control diet-fed mice assessed by Student’s t test.
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environmental exposures (41). In contrast to this rationale, the
currently accepted model posits that deficiency of the vitamins
alone (by blocking DNA synthesis) should be sufficient in pro-
ducing symptoms. This model, then, would predict that, similar to
the MS homozygous knockout mice exhibiting 100% embryonic
lethality (13), birth defects in human patients would present more
deleteriously and homogenously than are actually observed.
Our model also might help explain a previously puzzling finding

that FA-deficient diets alone are not sufficient in producing birth
defects in mice (42). Indeed, the fact that laboratory mice are not
normally exposed to common sources of AhR agonists—like UV
radiation or diet (43)—may yield a smaller pool of AhR agonists
at baseline and blunt the consequences unmasked by vitamin de-
ficiency. Consistent with this reasoning, we observed that Cyp1a1
induction in B12/FA-deficient mice was generally less robust than
the induction seen with toxic doses of TCDD (Figs. 3A and 4D).

Beyond the classical symptoms of vitamin B12/FA deficiency,
this model can also lend insight into other symptoms and
comorbidities associated with AhR dysregulation. Hyperpigmen-
tation, for instance, has been well described with B12 deficiency
among darker-skinned individuals (44), but no clear explanation
of mechanism currently exists. Given how AhR mediates the UV
pigmentation response and regulates melanogenesis (45, 46), our
study suggests a possibility that B12/FA deficiency might confer
more sensitivity to pigmentation-promoting AhR agonists like
FICZ. In another example, symptoms of major depression have
been noted to correlate with levels of kynurenine, another AhR
agonist (47), while B12/FA deficiencies often present as comor-
bidities in depressive patients (48). Considering how B12 supple-
mentation has already proven beneficial for depression in some
clinical trials (49), it may be possible then that B12/FA are mod-
ulating depressive symptoms through the AhR axis.
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Fig. 5. Deficiency in B12 and FA uptake, but not in 1C metabolism, is associated with induction in AhR activity and repression in pathways associated with
birth defect. (A) AHR score (calculated from the log2-normalized expression of AhR target genes listed in SI Appendix, Fig. S6B) for TCGA samples with and
without nonsilent mutations in B12 uptake gene TCN2 (Left) and FA uptake gene SLC46A1 (Center). AHR score was also calculated based on the number of
genes mutated in the B12/FA uptake pathway (Right). (B) AHR score for samples with and without nonsilent mutations in MTHFR (Left) and MTR (Right)
encoding 1C cycle enzymes. AHR score was also calculated based on the number of mutations present between these two genes (Right). (C) BD score (cal-
culated from the log2-normalized expression of genes implicated in birth defects and identified as repressed targets of AhR activation, listed in SI Appendix,
Fig. S6B) for TCGA samples with and without mutations in TCN2 and SLC46A1. BD score was also calculated based on the number of gene mutated in the B12/
FA uptake pathway (Right). (D) AHR score for samples with and without nonsilent mutations in MTHFR (Left) and MTR (Right). AHR score was also calculated
based on the number of mutations present between these two genes (Right). (E) Proposed model for how B12 and FA may be preventing symptoms arising
from overactivation of AhR. *P < 0.05, **P < 0.01, ****P < 0.0001, and n.s., not significant, vs. nonmutated samples assessed by Student’s t test.
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In conclusion, our data demonstrate that B12 and FA directly
engage a signaling pathway distinct from the 1C cycle. The
resulting model not only provides a far more parsimonious ex-
planation for the symptoms of deficiency that are observed
clinically, but also underscores the prevailing importance of AhR
signaling in the maintenance of homeostatic and developmental
processes in healthy individuals.

Materials and Methods
Reagents and Antibodies. Vitamin B12 (V2876), DMB (D147206), folic acid
(F7876), PABA (A9878), FICZ (SML1489), and BaP (B1760)were purchased from
Sigma-Aldrich. TCDD (D-404S-DMSO-10X) was purchased from AccuStandard.
Dynabeads MyOne T1 Streptavidin beads (65601) were purchased from
Thermo Fisher Scientific. Biotin-PEG-B12 (PG2-B12BN-5k) and Biotin-PEG-FA
(PG2-BNFA-5k) were purchased from Nanocs. FITC anti-TER119 antibody
(116206), APC anti-CD71 antibody (113820), and SA-HRP (405210) were pur-
chased from BioLegend. Anti-AhR WB/ELISA (sc-133088) and anti-HDAC1 (sc-
7872) antibodies were purchased from Santa Cruz Antibody. Anti-AhR ChIP
antibody (83200S) was purchased from Cell Signaling Technologies. Recombi-
nant human TCN2 (MBS1123820) was purchased from MyBioSource.

Plasmids and Cell Lines. Human AhR plasmid (SC119159) was purchased from
OriGene. Plasmids pGL4.43 XRE-luc2P (PRE4121) and pGL4.75 CMV-Ren
(PRE6931) were purchased from Promega. HepG2 cells (HB-8065) were pur-
chased from ATCC.

Mice. C57BL/6 (B6) were purchased from Charles River Laboratories and
subsequently bred and housed at Yale University. B6 mice harboring the
nonresponsive Ahrd allele (AhR null) were a gift from R.M. (50). Mice were
maintained in our facility until the ages described. Sex-matched, 5- to 8-wk-old
mice were used for all experiments. All procedures used in this study complied
with federal and institutional policies of the Yale Animal Care and Use Com-
mittee. The study was approved by an institutional review board.

Vitamin-Deficient Diet Experiments. FA-deficient diet with 1% succinylsulfa-
thiazole (TD.01505), B12-deficient diet with 5% pectin (TD.190092), and
corresponding control diets (TD.110166, TD.190091) were purchased from
Envigo. Female mice were provided special diets and housed in cages with
wire bottoms to prevent coprophagy. At the end of the designated depletion
period, blood was collected retroorbitally under isoflurane anesthesia. Total
homocysteine in prepared plasma was measured using a commercial fluoro-
metric kit (Abcam; ab228559) to confirm successful depletion.

TCGA Analysis. Somatic mutation and batch-normalized mRNA expression
data from TCGA Pan-Cancer (PANCAN) database were downloaded using
the UCSC Xena Browser (https://xenabrowser.net/). Samples with missing
entries were removed from analysis. Missense, nonsense, and frameshift
mutations were coded as nonsilent mutations. Expression of AhR target
genes and birth defect genes (SI Appendix, Fig. S7B) were totaled to calcu-
late AHR score and BD score, respectively. Data were stratified based on
mutation status of B12/FA uptake genes and 1C enzyme genes (SI Appendix,
Fig. S7A), and expression scores were plotted in GraphPad Prism.

ELISA Binding Assay. ELISA plates were coated with anti-AhR antibody (1:50)
in bicarbonate coating buffer (50 mM carbonate-bicarbonate, pH 9.6)
overnight at 4 °C. After plates were washed twice with TNT buffer (0.1 M
Tris·HCl, pH 7.5, 0.15 M NaCl, 0.05% Tween 20), plates were blocked for 2 h
at room temperature (RT) in 5% FBS (in PBS). HEK293T transfected with AhR
overexpression plasmid were lysed in RIPA buffer (150 mM NaCl, 1% Non-
idet P-40, 0.5% DOC, 0.1% SDS, 25 mM Tris, pH 7.4, protease inhibitor,
phosphatase inhibitor) and incubated on ice for 30 min. After centrifugation
at 15,000 rpm for 15 min at 4 °C, lysate was diluted 1:100 in blocking buffer
and incubated in ELISA plate overnight at 4 °C. After plates were washed
three times in TNT buffer, biotinylated ligand and competing ligand were
added to each well and incubated for 1 h at RT. Plates were washed three
times in TNT buffer and incubated with SA-HRP (1:200) for 1 h at RT. After

three more washes in TNT buffer, TMB substrate (eBioscience; 00-4201-56)
was added to each well and incubated for 30 min. Reaction was quenched
with stop solution (2 N H2SO4), and plate was read at 450 and 490 nm
(background) in a microplate reader.

B12/FA Pull-Down Assay. Biotinylated-B12 and FA were conjugated to
streptavidin T1 Dynabeads at RT for 30 min in DB buffer (20 mM Tris·HCl, pH
8.0, 2 M NaCl, 0.5 mM EDTA, 0.03% Nonidet P-40). After one wash in DB
buffer and three washes in PB buffer (50 mM Tris·HCl, pH 8.0, 150 mM NaCl,
10 mM MgCl2, 0.5% Nonidet P-40, proteinase inhibitor), beads were then
incubated with lysate from HEK293T overexpressing AhR alongside com-
peting ligands for 2 h. Beads were washed four times with PB buffer, and
bound proteins were eluted by boiling samples in SDS loading buffer. Pro-
teins were subjected to immunoblotting, as described elsewhere.

Flow Cytometry. Bone marrow progenitors were harvested by flushing out
femurs with RPMImedia supplementedwith 10% FBS using a 27G needle and
passed through 70-μm filter. Samples were centrifuged at 1,500 rpm at 4 °C for
5 min and washed with PBS. Cells were incubated with Fc block (clone 2.4G2)
for 15 min in 4 °C and washed with FACS buffer (PBS with 5% FBS). Cells were
incubated with anti-TER119 and anti-CD71 antibodies for 30 min in 4 °C. Cells
were washed with FACS buffer and resuspended in 1% PFA. Samples were run
on BD LSR II, and data were analyzed by FlowJo. After gating for nondebris
TER119+ singlets, rectangular gates were drawn to delineate the four stages of
erythropoiesis, going from least mature (gate 1) to most mature (gate 4).
Proportion of cells in gate 3 (G3) was calculated for each sample.

Cleft Palate Analysis. Female B6 mice were mated with male mice overnight.
After visualization of vaginal plugs (day E0.5), mice were orally administered
PBS or 37.2 nmol/kg DMB with 22.7 μmol/kg PABA (20 times estimated daily
intake of B12 and FA) every day starting on day E9.5. On day E10.5, mice
were orally administered a one-time dose of corn oil or 30 μg/kg TCDD.
Embryos were collected on day E18.5 and dissected under a light microscope.
Lower jaw was removed to visualize palatal formation.

Dual Luciferase Assays. During serum starvation, HepG2 cells were cotrans-
fected with pGL4.43 XRE-luc2P and pGL4.75 CMV-Ren at a 9:1 ratio using
Lipofectamine 2000 (Thermo Fisher Scientific). After treatment with com-
pounds, cells were lysed using signals from firefly and Renilla luciferase were
measured using Dual Luciferase Reporter Assay (Promega) and microplate
reader. Relative luciferase units (RLU) were calculated by normalizing firefly
luciferase signal with Renilla luciferase signal, followed by normalization
with vehicle-control-treated sample.

Statistical Analysis. For statistical analysis, the data were analyzed by Stu-
dent’s t test or Z test of population proportions (GraphPad Prism) as in-
dicated in each figure legend. A P value of less than 0.05 is considered
statistically significant.

Data Availability. No new sequencing data were generated for this study.
Somatic mutation data and normalized RNA-seq data from the TCGA Pan-
Cancer dataset (PANCAN) can be downloaded directly with UCSC Xena
Browser (https://xenabrowser.net/). All other pertinent data are included in
the manuscript.
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