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Abstract

Pathological conditions caused by reduced dosage of a gene, such as gene haploinsufficiency, can potentially be reverted by
enhancing the expression of the functional allele. In practice, low specificity of therapeutic agents, or their toxicity reduces
their clinical applicability. Here, we have used a high throughput screening (HTS) approach to identify molecules capable of
increasing the expression of the gene Thx1, which is involved in one of the most common gene haploinsufficiency
syndromes, the 22q11.2 deletion syndrome. Surprisingly, we found that one of the two compounds identified by the HTS is
the vitamin B12. Validation in a mouse model demonstrated that vitamin B12 treatment enhances Tbx1 gene expression and
partially rescues the haploinsufficiency phenotype. These results lay the basis for preclinical and clinical studies to establish

the effectiveness of this drug in the human syndrome.

Introduction

Gene haploinsufficiency is a common cause of genetic disease.
Potential treatment strategies include correcting the dysregula-
tion of critical (pathogenic) genes targeted by the haploinsuffi-
cient gene, boosting the expression of the haploinsufficient
gene to partially compensate for the reduced gene dosage, and
targeting the pathological processes affected by haploinsuffi-
ciency. TBX1 gene haploinsufficiency causes most of the clinical
features associated with one of the most common segmen-
tal aneuploidies in humans, the 22q11.2 deletion syndrome
(22911.2DS) (1,2). The clinical phenotype, which is well

recapitulated in Tbxl mouse mutants, includes congenital
anomalies (e.g. heart and vascular defects) as well as adoles-
cence/adult onset features (2,3). The latter is the most suitable
to drug therapy, while the former would require diagnosis and
treatment during early pregnancy.

To identify potential drugs for correcting the phenotype of
Tbx1 mutant mice, we have previously used genetic approaches,
but results, albeit significant, have been of difficult practical ap-
plication (4,5). Here, we have used a different approach that
takes advantage of high throughput screening (HTS) to identify
molecules capable of enhancing the Thxl gene expression in
mouse embryonic fibroblasts (MEFs). Surprisingly, we found
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Figure 1. High throughput screening results. Occurrence distribution of compound screening activity (A). The bin width was set to +3 standard deviations. The grey dot-
ted line represents the best fitted Gaussian distribution. Dose response of the $-gal activity for compound A (B) and vitamin B12 (C). The percentage of induction was

calculated with relative to the average DMSO levels (0% induction).

that vitamin B12 increased expression of Thx1. Validation in tis-
sue culture using two different cell types confirmed the HTS re-
sults and showed that vitamin B12 treatment modifies the
epigenetic profile of the gene. In vivo treatment also up regu-
lated Tbx1 gene expression in the haploinsufficient mouse
model and ameliorated significantly the haploinsufficiency phe-
notype in mouse embryos. These findings open a completely
new avenue for future studies directed at exploring potential
clinical applications for this relatively frequent genetic syn-
drome using a very well tolerated drug.

Results

High throughput screening for molecules enhancing
Tbx1 gene expression

To identify compounds that enhance the expression of Tbx1, we
used Tbx1'"#*mouse embryonic fibroblasts (MEFs) in an HTS
assay. In these cells, the expression of Thx1 can be evaluated us-
ing an automatable B-galactosidase assay. We plated these cells
in 384-well plates and assayed them against a library of about
35,000 small molecules. The library collection contained a high
percentage of drug-like and lead-like molecules, with over 90%
of the compounds having a molecular weight below 500 (mean
molecular weight is 348 Da) and with cLogP (calculated partition
coefficient) and TPSA (total polar surface area) in the range gen-
erally accepted as being suitable for orally bioavailable com-
pounds. The average number of rotatable bonds was 5.
Screened for diversity by both MACCS166 fingerprints (6) and by
methods measuring the maximum common substructure of the
central scaffolds, the entire collection clustered into approxi-
mately 4500 unique clusters together with over 1000 singleton
clusters. The average number of molecules per cluster was
around 6. Drugs were used at a concentration of 5 uM, which is
the highest possible concentration compatible with a viable
DMSO concentration. In addition, due to the absence of a known
strong inducer of Thx1 expression, the HTS was run without a
positive control. Therefore, the response to the compounds was
calculated as the number of standard deviations from the mean
of the whole sample. The distribution of HTS results was found
to be grossly normal (Fig. 1A) ; thus the hit threshold was set at
3 standard deviations over the mean. With these criteria, 22
compounds were selected as active (i.e. inducers of Tbx1 expres-
sion) and further tested in a dose-response manner, to confirm
their activity in the same induction assay. Only two compounds
resulted consistently active (Fig. 1B and C). One of the two was
vitamin B12, which showed a steep induction and a potency

(ECsp) of 10uM. The other compound, hereafter referred to as
‘compound A’ (see Materials and Methods) was found to have
an ECsp of 1 uM.

Compound validation

We tested whether vitamin B12 and compound A enhance Tbx1
gene expression in independent cell culture systems. To this
end, we used the embryonic carcinoma cell line P19Cl6 (7) and
four different MEF clones from WT mouse embryos. Cells were
treated with 10pM of vitamin B12 or 1M of compound A for 48
or 72h., and then RNA was extracted and subjected to quantita-
tive assay (QRT-PCR) to determine the expression of the en-
dogenous Tbx1l gene. In P19Cl6 cells, Tbxl gene expression
increased significantly after 48h. treatment with compound A
(Fig. 2A and A’), while for vitamin B12 treatment, significant up
regulation was detected at 72h. (Fig. 2B and B’). In MEF cells,
Tbx1 expression increased after 72h. of treatment with com-
pound A (Fig. 2C and C’) and after 48h. of treatment with vita-
min B12 (Fig. 2D and D’), but at 72h. there was no significant
increase (Fig. 2D and D’).

Further validation studies were focused on the use of vita-
min B12 rather than compound A because the vitamin has a
high potential to be quickly translated to the clinic, whereas for
compound A there are no chemical characterization nor phar-
macological studies.

We asked whether vitamin B12 treatment altered the chro-
matin state of the Tbx1 gene. To this end, we performed quanti-
tative chromatin immunoprecipitation (qChIP) assays using
antibodies to H3K27Ac and H3K4me3, two histone marks that
are generally associated with active enhancers or promoters, re-
spectively. We tested for enrichment in three sites of the Thx1
gene: the upstream enhancer known as the Fox-responding ele-
ment (FOX-RE) (8-10), the promoter region (-490bp from the
transcription start site), and intron 1, which contains a regula-
tory element (10). The FOX-RE site was not enriched in
H3K4me3 and there was no change after treatment. In contrast,
H3K27Ac increased significantly at this site after treatment
(P=0.00035). Similarly, at the Intron 1, H3K27Ac enrichment
was enhanced by vitamin B12 treatment (P =0.006). We did not
find statistically significant changes with H3K4me3 enrichment
(Fig. 2E’), although we found a consistent upward trend in re-
peated experiments at the Intron 1 site (Fig. 2E’, right panel).
The two histone modifications at the promoter region did not
change in response to treatment (Fig. 2E). Thus, vitamin B12
treatment is associated with H3K27Ac enrichment at regulatory
regions, suggesting enhancer activation.
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Figure 2. Compound A and vitamin B12 enhance Thx1 expression in P19Cl6 and MEF cells. (A-D’) Quantitative RT-PCR evaluation of Tbx1 expression in P19Cl6 cells
treated for 48h and 72h with the compound A (A-A’) and vitamin B12 (B-B’). Quantitative RT-PCR evaluation of Tbx1 expression in MEFs cells treated for 48h and 72h
with chemical Compound A (C-C’) and vitamin B12 (D-D’). (E-E’) Quantitative ChIP (qChlIP) results for three loci, Fox responsive element (FOX-RE) (mm9 chr16:18601587-
18601697), promoter (-499 fro transcription start site; mm9 chr16:18587346-18587459), and intron I of Tbhx1 gene (mm?9 chr16:18587346-18587459). qChIP assays were per-
formed on P19Cl6 cells with and without vitamin B12 treatment. The histograms represent the mean of 6 independent experiments. Data are presented as mean + SEM.

*P<0.05; " P<0.01; *** P <0.001.

Vitamin B12 treatment partially rescues
Tbx1'*“*/* pharyngeal arch artery anomalies

We tested whether vitamin B12 is able to up-regulate Thx1 ex-
pression in mouse embryos in vivo. To this end, we used a
mouse model of Tbx1 gene haploinsufficiency, Thx1%%* (11). We
crossed Thx1"#* mice with WT mice and injected intraperito-
neally pregnant females with vitamin B12 (or PBS) at E7.5 and
E8.5 (2mg/kg body weight, dissolved in PBS (12)). We harvested
embryos at E9.5, extracted RNA and performed quantitative real
time reverse-transcription PCR (QRT-PCR) to evaluate Thx1 gene
expression. Results, demonstrated that vitamin B12-treated
Tbx1'““’+ embryos had a significantly higher Thx1 gene expres-
sion compared to PBS-treated embryos (P=0.0045, Fig. 3A). We
also tested, in the same embryos, the expression of a Tbx1 tar-
get gene known to be involved in the Tbx1 haploinsufficiency
phenotype, Fgf8 (9,13,14). Consistently with an increase of Thx1
expression, we found that Fgf8 is also up-regulated in vitamin
B12-treated Thx1'%%*embryos (P=0.031, Fig. 3B). Next, we asked
whether the effect of vitamin B12 on Thx1 gene expression could
be exploited to modify the Thx1 mutant phenotype. We crossed
Tbx1%%*mice with WT mice and injected pregnant females

with the same dosage of vitamin B12 or PBS at E7.5, E&.5, and
E9.5, and we have harvested embryos at E10.5 for phenotypic
analysis. Specifically, we have scored the presence of 4™
pharyngeal arch artery (PAA) defects that are typical of hetero-
zygous mutants (11,15,16). In PBS-treated embryos, the inci-
dence of 4™ PAA defects was 90% (n=21), while in the treated
group it was 61% (n=26); this is a significant reduction of inci-
dence in the treated group (P=0.04) (Fig. 4A-A’). To confirm that
the observed rescue has a significant impact on the definitive
remodelling of the aortic arch later in development, we tested
the phenotype at E17.5, when remodelling is complete. For this
test, we injected vitamin B12, or PBS, at E7.5, E8.5, E9.5, and
E10.5, and harvested fetuses at E17.5. Fetuses were dissected
and examined for the presence of 4th PAA-derived anomalies,
i.e. aberrant origin of the right subclavian artery, interrupted
aortic arch type B, and right aortic arch. Results are summarized
in Table 1 and Fig. 4B”, examples are shown in Fig. 4B and B’.
Overall, the incidence of defects in PBS-treated Thx1'“#* fetuses
was 46% (n=26), while in the vitamin B12-treated group was
19% (n=26, P=0.038). Thus, vitamin B12 has a significant effect
on the incidence of anomalies after the remodelling was
complete.
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Figure 3. Tbx1 and Fgf8 gene expression is upregulated by vitamin B12 in vivo.
Box plots of qRT-PCR evaluation of Thx1 (A) and Fgf8 (B) gene expression in E9.5
embryos (n= 11 for each point), with or without vitamin B12 treatment. The er-
ror bars represent the minimal and maximal values of relative expression.
**P=0.0045; * P=0.031.

Discussion

We present the results of an HTS study that led to the identifica-
tion of vitamin B12 as a positive regulator of Tbx1 gene expres-
sion. We have validated the results in cultured cells and in vivo,
and shown that the vitamin can partially rescue the haploinsuf-
ficiency phenotype in a mouse model of 22q11.2DS. The pheno-
typic anomaly that we measured in our in vivo study is a
sensitive indicator of Thx1 dosage because even a modest reduc-
tion of Thx1 RNA in hypomorphic mutants can induce it (17,18).
Vitamin B12 functions as a cofactor for two enzymes: meth-
ylmalonyl CoA mutase, which catalyses the isomerization of
methylmalonyl-CoA to succinyl-CoA, and methionine syn-
thase, which catalyses the synthesis of methionine (19), the di-
rect precursor of S-adenosylmethionine (SAM). SAM is the
general donor of methyl groups for methyltransferase activity,
including that involved in epigenetic coding, such as DNA and
histone methylation. This mechanism provides a general link
between vitamin B12 and gene regulation (20,21). However,

how exactly vitamin B12 treatment (at the doses used here) up
regulates the Tbx1 gene is not easily explained by a general in-
crease of histone methylation because we did not detect a sig-
nificant increase in H3K4me3 at the loci tested. We did see
significant enhancement of H3K27 acethylation, suggesting
that the vitamin is inducing epigenetic changes of the Tbx1
gene. However, we cannot exclude that the partial rescue of the
Tbx1 haploinsufficiency phenotype is due to or aided by mecha-
nisms other than Tbx1 up-regulation, for example metabolic
changes or expression changes of Tbx1 target genes. Indeed,
we have shown an increase of the important target Fgf8 gene.
Such increase could be due to Thx1 up-regulation, but we can-
not exclude that it may be due to a direct effect of vitamin B12
on the expression of this gene. Nevertheless, our data open a
viable window of opportunity for future treatments of at least
some features of the 22q11.2DS.

The clinical presentation of 22q11.2DS is characterized by
broad variability, so it would be of interest to test whether there
is a link between clinical presentation at birth or after, and vita-
min B12 intake during pregnancy, as vitamin B12 is often in-
cluded in multivitamin complexes recommended as dietary
supplements. In addition, genome wide data on 229q11.2DS pa-
tients’ cohorts (22) could be interrogated for variants of genes
related to vitamin B12 pathways, and tested for correlation with
phenotypic presentation. Finally, 22q11.2DS is associated with
an adolescence/adult onset phenotype, at least some of which
appears to be related to Thx1 haploinsufficiency (3,2). While it is
still unclear whether this ‘late’ phenotype also originates from
embryonic or fetal damage, it is possible that post-natal treat-
ment might help in preventing the late-onset phenotype.

Materials and Methods

Mouse lines

Animal research was conducted according to EU and Italian
regulations. The animal protocol has been approved by the ani-
mal welfare committee of the Institute of Genetics and
Biophysics (Organismo per il Benessere Animale), protocol
0002183-04062013, and protocol 257/2015-PR of the Italian
Ministry of Health. We have used Tbx1“#*mice (11) bred into
the C57/BI6 strain, to generate heterozygous and wild type em-
bryos. Administration of vitamin B12 (cyanocobalamin Sigma-
Aldrich Prod. Number V2876) was performed by intraperitoneal
injections of pregnant females at embryonic days (E) 7.5, 8.5,
and 9.5 (2ug/kg body weight dissolved in PBS, one injection per
day). We also injected at E10.5 for the study of phenotype at
E17.5. Developmental staging was established by considering
the morning in which the vaginal plug was seen as day EO.5.
Control mice were injected with the same volume of PBS. To
evaluate the impact of vitamin B12 treatment on Tbx1 gene ex-
pression, pregnant females were treated at E7.5 and E8.5, and
sacrificed at E9.5. Twelve embryos for each genotype, Thx1'%#
+and Tbx1**, were collected at E9.5 and RNA isolated as de-
scribed below.

Statistical methods

Statistical significance of differences between treated and
untreated samples was determined by parametric and non-
parametric tests. In quantitative chromatin immunoprecipita-
tion (qChlIP) assays, significance of fold change differences was
assessed using a 2-tailed Student’s t test. Gene expression dif-
ferences in quantitative real time PCR experiments were
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Figure 4. Vitamin B12 treatment partially rescues the Thx1 haploinsufficiency phenotype. (A) Pharyngeal arch arteries of E10.5 embryos visualised by ink injection.
Lateral view of PBS-treated WT (left panel), PBS-treated Thx1'*%* (centre), and vitamin B12-treated Thx1'*%* (right) embryos. (A’) Graphic representation of the per-
centage of embryos with 4™ PAA defects (PBS sample n=21; vitamin B12-treated sample n= 26). (B) Representative immages of aortic arch and great vessels of E17.5
fetuses. (i) WT pattern; (ii) normal pattern in a vitamin B12-treated Thx1'"#* fetus; (B’) Examples of aortic arch patterning defects in Thx1"#* fetuses: (i) right aortic
arch (RAA), the arrowhead indicates the retropositioned arch; (ii) interrupted arch aortic (IAA) type B, the arrowhead indicates the interruption; (iii) retroesophageal
right subclavian artery. Arrows indicate the right subclavian artery. Ao: aorta; lcc: left common carotid artery; rcc: right common carotid artery; rsa: right subclavian
artery. (B”) Graphic representation of the percentage of fetuses with aortic arch patterning abnormalities derived from 4" PAA defects (PBS sample n = 26; vitamin

B12-treated sample n= 26).

Table 1. Summary of phenotypic analysis of E17.5 fetuses

Genotype Number of fetuses AbRSA IAA-B RAA
Treatment

Thx1"* 18 0 0 0
PBS

Thx1*/* 16 0 0 0
Vitamin B12

Thx1'9¢%/+ 26 8 3 1
PBS

Thx1'9%/+ 26 3 2 0
Vitamin B12

ADbRSA: aberrant origin of the right subclavian artery; IAA-B: interruption of the
aortic arch type B (between the left common carotid artery and the ductus arte-
riosus);. RAA: right aortic arch.

evaluated using the two-sample Kolmogorov-Smirnov test. The
rescue of the 4th pharyngeal arch artery defects was tested us-
ing the Fisher’s exact test. Data are presented as mean = SEM. P
values of less than 0.05 were considered statistically significant.

Ink injection and phenotype scoring

To visualize the pharyngeal arch arteries (PAAs), Thx1'*%*and
Tbx1"/* treated and untreated E10.5 embryos were injected in-
tracardially with India ink. Embryos were then dehydrated with
70% EtOH and cleared in 1:2 benzyl benzoate:alcohol benzylic.
The PAA phenotype was scored blind to genotype on cleared
embryos under a stereo microscope, by at least two experienced

observers. ‘Normal’ vessels were defined as completely patent
to ink (from the aortic sac to the dorsal aorta) and with a size
comparable to the 3rd and/or 6th PAAs of the same embryo.
‘Defective’ vessels were defined as having one of the following
phenotypes: aplasia (no section of it was filled by ink), or hypo-
plasia (very thin ink filling, often interrupted between the aortic
sac and dorsal aorta). Embryos with technically defective injec-
tion, i.e. when the aortic sac, 3rd PAA and 6th PAA were not well
filled, were discarded.

E17.5 fetuses were dissected and phenotyped by direct ob-
servation under the stereo microscope by at least two experi-
enced observers blind to genotype.

Tissue culture experiments

Primary mouse embryonic fibroblasts (MEFs) were isolated from
WT and Tbx1'*%*(11) mouse E12.5-13 embryos, using standard
methods. Briefly, embryo tissue was disaggregated with 0.25%
trypsin for 25-30min at 37°C in a 5% CO, incubator, and then
resuspended in DMEM with 10% FBS, 1% non essential amino
acids, 1U/ml penicillin, 1pg/ml streptomycin (Life Technologies,
Carlsbad, CA, USA), by pipetting with a 1000uL tip and generate
a single cell suspension.

For HTS experiments we used a MEF clone isolated from
Tbx1'2%+ embryos. This clone, Cl72 after 15-passages showed
an immortalized phenotype. For compound, validation, we used
independent MEF clones obtained from WT embryos. These
clones were used at the second or third passage in tissue
culture.
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P19Cl6 cells were cultured in alpha-MEM,10% FBS,1%
Glutamine, 1U/ml penicillin, 1pg/ml streptomycin. 1.25x10°
cells/well were plated and were treated after 24h with 10 M
vitamin-B12 and collected at 48hrs. and 72h. to RNA isolation
and ChIP experiments.

HTS assay

50 nl of test compounds (2mM solution in DMSO) were trans-
ferred to tissue culture-treated, 384-well white plates (Greiner
Bio One, Frickenhausen, Germany) by acoustic transfer (EDC
biosystems, Milmont, CA, USA). 20ul of a suspension of 10*
Tbx1'%?+ MEF cells were added to assay plates. After 48h incu-
bation at 37°C, 5% CO, in humidified atmosphere and 30 min in-
cubation at RT, we added 20 pl/well of Beta Glo (Beta Glo Assay
System, Promega). After 1h incubation at RT, the signal inten-
sity was quantified by the ViewLux uHTS microplate imager
(PerkinElmer, USA). Data analysis was performed using the
Dotmatics suite (Dotmatics, Bishops Stortford, UK).

‘Compound A’ (1-(benzo[b]thiophen-3-yl)-3-((5-methylisoxa-
zol-3-yl)methyl)urea) was purchased from Maybridge (Product
Code: HTS12348, ACD Code: MFCD04110438).

The purity of the compound was assessed by UPLC analysis
to be 91%. A Waters UPLC system with both diode array detec-
tion and electrospray (+'ve and —‘ve ion) MS detection was used.
The stationary phase was a Waters Acquity UPLC BEH Cyg 1.7um
2.1x50mm column. The mobile phase was H,0 containing 0.1%
formic acid or MeCN containing 0.1% formic acid. Flow rate
0.5mL/min. Sample concentration: 1 mg/mL. Injection volume
2ul.

Quantitative gene expression analyses

Total RNA was isolated with TRIZOL (Invitrogen) and reverse-
transcribed using the High Capacity cDNA reverse transcription
kit (Applied Biosystem catalog. n. 4368814). Quantitative real-
time PCR (qRT-PCR) was performed using SYBR Green PCR mas-
ter mix (Applied Biosystem). Relative gene expression was eval-
uated using the 2**“* method, and Gapdh expression as
normalizer. Primers are Tbx1-F: 5-CTGACCAATAACCTGCTG
GATGA-3’; Tbx1-R: 5’-GGCTGATATCTGTGCATGGAGTT-3’; FGF8-
F: 5-CAGGTCCTGGCCAACAAG-3’; FGF8-R: 5-GGTCTCCACA
ATGAGCTTCG-3’; GAPDH-F: 5’-TGCACCACCAACTGCTTAGC-3’;
GAPDH-R: 5’-TCTTCTGGGTGGCAGTGATG-3. Expression data
are shown as the mean + SEM. Statistical analyses were per-
formed using the Student’s t- test.

Chromatin immunoprecipitation (ChIP)

For ChIP assay, cells were fixed with 1% formaldehyde in PBS at
room temperature for 10min. The cross-linking reaction was
stopped using 0.125mol/l glycine at room temperature. Cells
were lysed and chromatin was sonicated in sharing buffer
(0.1%SDS, 15mM Tris pH 7.6, ImM EDTA) using S2 Covaris
System (Duty Cycle: 2%, Intensity: 3, Cycles/Burst: 200, Cycles: 6,
Cycles time: 60s, Temperature: 4°C). Sonicated chromatin
(12 pg for IP) was immunoprecipitated with an anti-H3K4me3
(Millipore) or anti-H3K27 acetylated (Abcam) antibody or Rabbit
Control IgG (Abcam). The incubation was performed in sharing
buffer containing 0.1%BSA, 1% Triton, 150mM Nacl, 5ug of anti-
body and preblocked protein A/G coated beads at 4 °C overnight.
After incubation, immunoprecipitation, samples were exten-
sively washed with low salt, high salt and LiCl washing solution.

The reverse cross-linked was performed in ChIP elution buffer
(0.1M NaHCO3 1% SDS) with 0.4 pug/pl of PK. DNA was purified us-
ing AM pure beads (Beckman Coulter) and subjected to quanti-
tative PCR amplification.

ChIP primer sequences and genomic location

FOX-RE: genome assembly mm9 cordinates chr16:18601587-
18601697. Primers: 5-TCAGCACAGCCAGCCGCTTT-3’ 5-ATT
TCCTTTGGCCCCGCCCC-3'.

-499 TSS: chr16:18587346-18587459. Primers: 5-TTTACGA
TTGAAAGGGCAAAG-3’ 5’- TTTCTCGGTGTCACTCTCTCC-3'.
Intron I: chr16:18586010-18586171. Primers: 5-GAGAAG
GCTTTGCAAACAGG-3’ 5’- GCCAGTGCCTGGTTATTTGT-3'.
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