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ABSTRACT

The biogenesis of ribosomes in vivo is an essen-
tial process for cellular functions. Transcription of
ribosomal RNA (rRNA) genes is the rate-limiting step
in ribosome biogenesis controlled by environmental
conditions. Here, we investigated the role of folate
antagonist on changes of DNA double-strand breaks
(DSBs) landscape in mouse embryonic stem cells.
A significant DSB enhancement was detected in the
genome of these cells and a large majority of these
DSBs were found in rRNA genes. Furthermore, spon-
taneous DSBs in cells under folate deficiency condi-
tions were located exclusively within the rRNA gene
units, representing a H3K4me1 hallmark. Enrichment
H3K4me1 at the hot spots of DSB regions enhanced
the recruitment of upstream binding factor (UBF)
to rRNA genes, resulting in the increment of rRNA
genes transcription. Supplement of folate resulted in
a restored UBF binding across DNA breakage sites
of rRNA genes, and normal rRNA gene transcription.
In samples from neural tube defects (NTDs) with low
folate level, up-regulation of rRNA gene transcrip-
tion was observed, along with aberrant UBF level.
Our results present a new view by which alterations
in folate levels affects DNA breakage through epige-
netic control leading to the regulation of rRNA gene
transcription during the early stage of development.

INTRODUCTION

In eukaryotes, ribosomal RNA (rRNA) genes are the most
actively transcribed genes. rRNA genes account for up to
80% of all cellular RNA transcription (1,2). Regulation of
cell growth ultimately depends on the control of new ribo-
some synthesis while rRNA gene transcription is the major
rate limiting step of ribosome biogenesis (3–5) and dysregu-
lation of ribosome biogenesis has been implicated in many
diseases (6–9).

In typical human cells, there are ∼400 copies of a 43-
kb rRNA gene unit arranged in tandem repeats with a
head-to-tail orientation on the five acrocentric chromo-
somes (10,11). Each rRNA gene unit can be divided into
two major parts: coding region and non-coding intergenic
spacer (IGS) region. The former contains the sequences that
encoding 18S, 5.8S and 28S rRNAs, the latter contains a
large number of repeats (LINEs, SINEs, Alu elements) and
also the space promoter and core promoter of rRNA gene.
18S, 5.8S and 28S rRNAs result from the processing of one
precursor transcript, pre-ribosomal RNA (pre-rRNA). The
IGS contains a spacer promoter, the core promoter and a
large number of simple repeats (10).

A lot of work have been done in the past focusing the
relationship between chromatin structures and transcrip-
tion. Several modifications of chromatin components in-
cluding lysine-specific demethylase 2A (KDM2A), lysine-
specific demethylase 1 (LSD1) have been identified (12–
15). However, although the development of CHIP-seq tech-
nique has revealed relevant protein occupancy throughout
the genome, the rRNA gene units with high repetitive re-
gions are not included in reference genome assemblies. Only
recently Zentner et al. (16) has established a high-resolution
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map of chromatin structure of the rRNA genes combining
both the epigenetic marks and RNA-seq data, providing a
useful tool for further studies on chromatin-mediated regu-
lation of rRNA genes.

Recent works have highlighted the importance of epi-
genetic control of rRNA gene transcription. rRNA gene
units are indicated to be the most fragile regions in the hu-
man genome. Tchurikov et al. (17) observed a strong link
between hot spots of DNA double-strand breaks (DSBs)
and epigenetic regulation of rRNA gene transcription. Hot
spots of DSBs are located exclusively in IGS regions of
rRNA genes and they coincide with regions possessing ac-
tive chromatin marks-H3K4me3 (a promoter-specific hi-
stone modification associated with active transcription) .
DNA breaks serve as signals to recruit regulators required
for transcription specificity and efficiency. Among them,
poly(ADP-ribose) polymerase 1 (PARP1) and heteroge-
neous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1)
are found to bind at hot spots of spontaneous DSBs in
rRNA genes (18,19). A recently published crystal structure
of a DSB underlies the DNA-dependent activation mecha-
nism of human PARP1 (20).

Folate is a micronutrient that plays a key role in en-
suring normal cellular proliferation, especially throughout
early embryonic development (21). A worldwide Recom-
mendation on Daily Allowance level of folate intake has
been proposed (22). Enormous efforts have been made to
understand the epidemiology and experimental evidence
that links folate status to many diseases, including can-
cers, neurological conditions, and congenital malforma-
tions (23–27). Folate can serve as the source of epigenetic
modifications, affecting the methylation of DNA, proteins
and lipids through S-adenosylmethionine (SAM) mediated
one-carbon transfer reaction. SAM is the unique methyl
donor for many methylation modifications, including his-
tone methylation (28–31). Although folate levels contribute
to the accumulation of DSBs in the genome (22,32–35), the
effects of folate metabolism disorder on levels of DSBs in
rRNA gene units and its transcriptional regulation are un-
known.

Here, we report the identification of a DSBs landscape
in mouse embryonic stem cells (mESCs) using a folate an-
tagonist (methotrexate, MTX) that has been implicated as
a risk factor for neural tube defects (NTDs). We detected
strong and significant DSB enrichment in rRNA genes in
cells treated with MTX. Similar to the reported hot spots
of DSBs in human rRNA genes in H1-hESCs, the hot spots
of DSBs that we detected in mESCs were non-randomly dis-
tributed inside rRNA gene repeats and were located exclu-
sively in several specific regions of IGS regions. We showed
that the DNA breakage sites of rRNA gene units corre-
sponding to histone H3K4me1 mark sites were exclusively
elevated after MTX treatment. In addition, MTX treatment
resulted in an increase of recruitment of UBF to rRNA
genes leading to its elevated transcription. Our results in-
dicated the importance of folinic acid in genomic stabil-
ity and showed that folate deficiency leads to increases in
rRNA gene transcription and over-expression of UBF in fe-
tal NTDs. Together, our findings highlight how alterations
in folate level affect DNA breakage through epigenetic con-
trol leading to the regulation of rRNA genes transcription

during the early stage of development, and offer new in-
sights into the etiology of NTDs.

MATERIALS AND METHODS

Cell cultures and methotrexate treatment

Mouse embryonic stem cells Sv/129 were kindly provided
by Xuanwu Hospital (Beijing, China). The cells were main-
tained on mitotically inactivated primary mouse embry-
onic fibroblasts prior to cultivation under feeder-free condi-
tions. Flasks were coated with 0.2% gelatin (Sigma-Aldrich)
and the mESCs were maintained in complete growth
medium: Dulbecco’s modified Eagle’s medium (Invitrogen),
0.1 mM �-mercaptoethanol (Life Technology), 0.1 mM
non-essential amino acids (Invitrogen), 0.1 mM Glutamax
(Invitrogen), 1000 U/ml mouse leukemia inhibitory fac-
tor (Millipore), 15% ES-cell qualified fetal bovine serum
(Biochrom). The cells were maintained at 37◦C in a humidi-
fied atmosphere with 5% CO2, and passaged every 2–3 days.
A split ratio of 1:4 to 1:7 was performed.

After three passages under normal conditions, the col-
orimetric tetrazolium dye procedure, commonly referred to
as the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, was performed to evaluate the cyto-
toxicity of methotrexate (MTX) concentrations from 0.001
to 100 �M at 24 h against mESCs. The cells were plated into
96-well plates at densities of 1 × 104 cells per well.

A total volume of 200 �l of sample treatment was added
to each well and incubated for 24 h prior to addition of 20
�l of 5 mg/ml MTT (Sigma-Aldrich) to each well. The cells
were then left to incubate for 4 h, after which DMSO solu-
tion was added to each well to dissolve the formazan crys-
tals. The plates were read using a microplate reader at 570
nm (BioTek Instruments). The results were expressed as a
percentage of the viability of control cells ± standard error
of the mean (SEM) in three independent experiments and
the half inhibition concentration (IC50) was calculated us-
ing the SPSS 16.0 package.

Cell cycle and apoptosis analyses by flow cytometry

For the flow cytometry, mESC cells were seeded overnight
and treated with a serial gradient concentration of MTX
around the IC50 value for 24 h. Untreated control cells were
prepared simultaneously. After the treatment period, cells
were harvested, washed, and stained using a BD Cycletest™
Plus DNA reagent kit (Becton Dickinson) according to the
manufacturer’s protocol. The cell cycle phase was analyzed
using BD CellQuest Pro software by FACSCalibur™ (Bec-
ton Dickinson).

For apoptosis analyses, mESCs were trypsinized and
washed with PBS, then resuspended in PBS, and ice-cold
100% ethanol was added dropwise to obtain a final ethanol
concentration of 75% for fixing cells overnight at −20◦C.
Cells were centrifuged at 1000 × g at 4◦C for 5 min, then
washed with PBS and resuspended in propidium iodide (PI)
working solution (PBS containing 100 �g/ml of RNase A,
50 �g/ml of PI and 0.1% Trition X-100) for 30 min in the
dark at 4◦C. Cells were filtered through a 35-m strainer cap
before being subjected to fluorescence-activated cell sorter
(FACS) analysis.
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Detection of gamma-phosphorylated H2AX histone by flow
cytometry

To analyze the relationship between DSBs and cell cycle,
we performed gH2AX-flow cytometry combined with cell
cycle analysis. In brief, MTX-treated mESCs and normal
cells were collected, fixed with 100% methanol for 5 min,
and then permeabilized with 0.1% PBS-Tween for 20 min.
The cells were then incubated in 1× PBS containing 10%
normal goat serum and 0.3 M glycine to block non-specific
protein–protein interactions followed by primary antibody
for 30 min. Secondary antibody coupled with DyLight 488
was added for 30 min in the dark. After washing with PBS,
PI working solution was used for the cell cycle analysis.
Isotype control antibody (1 �g/1 × 106 cells) was also
used in the experiment. Acquisition of >10, 000 events was
performed. BD CellQuest Pro software by FACSCalibur™
(BD, Franklin Lakes, USA) was used for the analysis.

Immunofluorescence

mESCs were seeded onto a glass bottom cell culture dish
(NEST). On the next day, cells were incubated with 0.12 �M
MTX for 24 h. Cells were washed with PBS and treated as
follows: incubation with 100% methanol chilled to −20◦C
for 20 min. Then permeabilized in 0.5% Triton X-100 for
15 min at room temperature and blocked with 1× PBS con-
taining 10% normal goat serum and 0.3 M glycine for 60
min.

Cells were incubated with primary antibody diluted in
PBS containing 1% BSA and 0.1% Tween overnight at 4◦C.
After washing, secondary antibodies with Alexa Fluor 568
were used for 1 h incubation at room temperature in the
dark. Nuclei were counterstained with DAPI. Images were
captured on a Zeiss LSM710 confocal microscope.

Single-cell electrophoresis assay (comet assay)

The comet assay was performed as described (36). mESCs
were seeded on six-well plates at a density of 4 × 105

cells/well. After 24 h incubation with MTX, cells from each
well were trypsinized, pelleted, redissolved in PBS mixed
with 0.8% LMP agarose (Invitrogen). A 100 �l aliquot of
each cell suspension was spread onto a precoated glass slide
and covered with a cover glass, and incubated for 30 min at
4◦C. The cells were then lysed in pre-cold lysis buffer (2.5
mol/l NaCl, 0.1 mol/l Na2EDTA, 10 mmol/l Tris–HCl, 1%
Triton X-100, 10% DMSO, pH 10) at 4◦C for at least 2 h.
Electrophoresis was performed on ice for 30 min at 25 V.
The gels were neutralized twice with 0.4 M Tris–HCl (pH
7.5) for 5 min and stained with 2 �g/ml ethidium bromide
in the dark. One hundred cells were sorted for measuring
by image analysis (Nikon TE-2000S, Japan) equipped with
a UV filter. DNA migration was assessed using the CASP
software package. For a direct comparison of the influence
of MTX on DNA damage, we used length of DNA tail and
tail% DNA.

DSB enrichment workflow

mESCs were collected after MTX treatment. The DSB
workflow is summarized in Figure 2A. The assay for prepar-
ing intact nuclei embedded in low melting point (LMP)

agarose was performed as described previously (37). In
brief, about 5 million mESCs as single-cell suspensions were
centrifuged and washed by cold 1× PBS. Then, the cells
were lysed in lysis buffer containing 10 mM Tris–Cl (pH
7.4), 10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-
630. The suspension was centrifuge immediately at 500 ×
g for 10 min at 4◦C. We carefully embedded the nuclei in
0.8% LMP agarose melted in sterile 50 mM EDTA, pH 8.0),
and washed them with fresh LIDS buffer containing 10 mM
Tris–Cl (pH 8.0), 100 mM EDTA, and 1% lauryl sulfate
lithium salt overnight at 37◦C. After washing overnight, the
LMP agarose was washed twice by 10 mM Tris–Cl and 0.25
mM EDTA (pH 8.0), with 60 rpm shaking at room temper-
ature. Blunt-ending the DSB ends was performed in 200 �l
final volume using 10× T4 DNA polymerase buffer, 2.5 mM
dNTPs, T4 DNA polymerase (5 U/�l), T4PNK (10U/�l),
ATP (10 mM) and BSA (100×) for 4 h at room temperature.

The DNA was extracted carefully by phenol:chloroform
and precipitated from the LMP agarose by alcohol. The
DNA was ligated to 20 pmol biotinylated linker 1 in a 100 ul
reaction volume containing 400 U of T4 DNA ligase by in-
cubation at 16◦C overnight. We used 0.8% UltraPure LMP
Agarose gel containing 10 mM EDTA and 1× TBE to leave
out the unligated linkers. After gel purification, the ligated
DNA with linker 1 was treated with MmeI (NEB) according
to the manufacturer’s instructions. The biotinylated ends
were captured with 50 �l of streptavidin-coated paramag-
netic beads (Dynabeads® M-280 Streptavidin, Invitrogen),
and the DNA was then ligated to 60 pmol linker 2 in a 100
�l reaction volume containing 400 U of T4 DNA ligase by
incubation at 16◦C for 4 h. The precipitate was gently resus-
pended in 100 �l of 0.15 M NaOH at room temperature for
10 min and eluted with 30 �l 10 mM Tris–Cl (pH 8.0).

For the PCR amplification, the suspension was pre-
pared using a Dynal bead suspension, Phusion polymerase
(NEB), sequencing primers, and dNTP. The PCR cycles
were as follows: initial denaturation at 98◦C for 2 min, and
24 cycles of (98◦C for 10 s, 65◦C for 30 s, 72◦C for 30 s), fol-
lowed by extension at 72◦C for 5 min. The DSB enrichment
products were obtained by electrophoresis and gel-purified.

The restricted enzyme SbfI, HindIII or PmeI digestion
on nucleis of normal cells in 0.8% LMP agarose at 37◦C
incubated overnight are used as the control for capturing
the expected cut sites of DSB.

The details of linker 1, linker 2 and primers sequences are
listed in Supplementary Table S1. The linkers were ampli-
fied as follows: 90◦C for 1 min, and 32 cycles of (90◦C for 30
s; −0.5◦C/cycle; 89.5◦C for 30 s; −0.5◦C/cycle; 89◦C for 30
s; −0.5◦C/cycle), followed by 40◦C for 1 h and 4◦C hold.

Next-generation sequencing

We assessed quality and quantity of DSB enrichment on a
2100 Bioanalyzer (Agilent) using a High Sensitivity DNA
Kit (Agilent) and by qPCR using a Kapa Library Quantifi-
cation Kit (Kapa Biosystems). We generated clusters on the
Illumina flow cell using the automatic cBot station and the
TruSeq PE Cluster Kit v3-cBot-HS. Sequencing was carried
out by synthesis on an Illumina HiSeq 2000 platform using
TruSeq SBS Kit v3-HS chemistry. Samples were sequenced
and an average of 12 M reads was obtained.
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Alignment and analysis of sequencing data

Data were first converted to FASTQ format using Illumina
Casava 1.8 software. Quality evaluation was performed us-
ing FastQC 0.10.1 software. Joint sequences (FASTX) were
removed from the sequencing data, then filter out length.
Sequences that contained the correct enzyme digestion sites
were retained based on them meeting the conditions en-
coded in our in-house Perl script. We mapped the sequence
onto the mouse genome sequence and alignment (mm10),
to obtain valid sequences that aligned to the mouse genome.
The statistics for each mapped sample are presented in Sup-
plementary Information, Excel S1.

To analyze the data in an unbiased fashion, the data were
median-smoothed in 10K to 1000K (step of 10K) as the bin
for getting the valid read counts of each sample. Statistics
on fold-changes or P values among them was calculated by
HYPGEOMDIST in R (38).

For hypergeometric test, the relative parameters were the
following: total number of mapped reads in MTX treat-
ment; total number of mapped reads in MTX treatment and
the control; total number of mapped reads in sliding win-
dow in MTX treatment only; total number of mapped reads
in the sliding window in MTX treatment and the control.

Determining the number of bins with P < 0.05 and lo-
cation of the DSB peaks. Based on width of 43K, the dis-
tribution and data were presented. Also, the fold change
and P values of each sample in each 43K unit were pro-
vided (Supplementary Excel S5). Individual sample repli-
cates using the hypergeometric test for overlap between sig-
nificant regions (3 versus 1; 3 versus 2; 4 versus 1; 4 versus 2)
were presented in Supplementary Information, Supplemen-
tary Table S6 and Supplementary Figure S7. We computed
the abundance of various DNA repeat families inside the
regions susceptible to MTX as compared to the rest of the
genome using the hypergeometric test.

We used ANNOVAR and DAVID tools for gene annota-
tion in the DSB enrichment regions (Supplementary Infor-
mation, Excel S2). The reproducibility of the regions identi-
fied as susceptible to MTX for biological replicates were an-
alyzed by GenometriCorr R package (17,39) (Supplemen-
tary Information, Supplementary Figure S7).

The H3K4me1, H3K4me3, H3K9me3 and H3K27me3
sequences and the sequences from the four samples de-
scribed above were aligned to the mouse rRNA genes se-
quences. ‘MM10 plus rRNA genes’ to evaluate the distri-
bution of DSBs and peak calling and to compare the statis-
tical differences between samples and the methylation data
as described (16). Use F-seq to detect the peak for DSBs,
H3K27me3, H3K9me3, H3K4me3 and H3K4me1 in the
entire rRNA genes unit calculated the fold-change in the
number of reads, then use GenometriCorr to calculate the
correlation and draw heatmap in R package between the
peaks (16,17).

Data sets

The mouse rRNA genes repeat sequence was obtained
from GenBank (accession no. BK000964 of the MM10
genome assembly). ChIP-seq data for mapping histone
modifications in mouse rRNA genes were obtained from
the ENCODE Broad Histone track in the UCSC Genome

Browser (H3K4me1, SRR002255; H3K4me3, SRR006831;
H3K9me3, SRR007435; H3K27me3, SRR006818).

Detection of ongoing rRNA genes transcription

To reveal active polymerase (pol) I transcription foci, ongo-
ing rRNA synthesis was measured by in situ run-on assays
(40). Briefly, mESCs were incubated in complete medium
containing 2 mM 5-fluorouridine (FUrd, Sigma-Aldrich)
for 20 min at 37◦C in 5% CO2 and fixed with methanol for
20 min at −20◦C. Then, the cells were subjected to acid hy-
drolysis using 4 M HCl in 0.1% PBS-Tween for 2 h at 37◦C
in a water bath to denature the DNA. The cells were then in-
cubated in 0.1% PBS–Tween containing 1% BSA, 10% nor-
mal goat serum, and 0.3 M glycine for 1 h. Finally, the cells
were incubated with BrdU antibody (ab8039) overnight at
4◦C followed by the secondary antibody with DyLight 488
used at a 1/250 dilution for 1 h. Fluorescence images were
obtained using a confocal microscope (Zeiss LSM meta)
with a 63× oil objective NA 1.3. Images were collected
and analyzed using the software of LAS X 2D Analysis
(adjust threshold, measurement create report). The num-
bers of cells with FUrd signals remaining in the nuclei were
counted.

ChIP-qPCR

A SimpleChIP™ Enzymatic Chromatin IP Kit (CST) was
used for the ChIP assays according to the manufacturer’s
protocol. Formaldehyde cross-linked chromatin was ob-
tained from about 4 × 107 cells. Cross-linked chromatin
was immunoprecipitated with antibodies to H3K4me1,
H3K27me3, H3K4me3, H3K9me3 and UBF. Non-specific
mouse IgG and H3 were used for negative and positive con-
trols, respectively.

DNA-protein complexes were analyzed by qPCR with
specific primers to amplify multiple regions of the rRNA
genes. Several pairs of primers flanking the coding sequence
and intergenic spacer were designed. (The primers used in
this experiment are listed in Supplementary Table S2.)

qPCR was performed using SYBR SuperMix (TransGen
Biotech) according to the manufacturer’s instructions. Am-
plification, data acquisition, and analysis were carried out
using a 7500 Fast Real-Time PCR System (Applied Biosys-
tems). The percentage of DNA brought down by ChIP (per-
cent input) was calculated as follows:

Percent input = 2% × 2(C[T] 2% input sample − C[T] IP
sample) where C[T] = Ct = threshold cycle of the PCR reac-
tion. Three independent ChIP experiments were performed
for each analysis.

Subjects

All clinical samples were from the Lvliang area of Shanxi
Province in northern China with informed consent from
the patients or their families. The enrolled pregnant women
were diagnosed by trained local clinicians using ultrasonog-
raphy and then registered. The surgical procedures were per-
formed as previously described (41). The epidemiological
method was described in detail in our previous publication
(42). The Ethics Board of Capital Institute of Pediatrics ap-
proved the study protocol.
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Detection of folate level

Brain tissue from fetuses was collected, and folate levels
were determined using Chemiluminescent Immunoenzyme
Assay Access II (Beckman Coulter, Fullerton, Germany)
as previously described (43). Briefly, tissue samples were
homogenized with extraction buffer (TRIS buffered saline,
A16792, Beckman) and ultra-sonicated. The samples were
then centrifuged and the supernatant were added to the
sample vials for folic acid detection.

Transcription analysis by RT-qPCR

Total RNA was extracted from cultured cells or frozen tis-
sue samples at −80◦C using Trizol reagent (Invitrogen). 1
�g of RNA was reversed transcribed using random primers
and 1 �l (total 20 �l) of the resultant single-strand cDNA
was used as the template. The qPCRs were performed on
a 7500 Fast Real-Time PCR System (Applied Biosystems)
using SYBR SuperMix (TransGen Biotech). The data were
analyzed using the 2−��Ct method. The primers used in this
experiment are listed in Supplementary Table S3.

Western blotting

Total protein extracted from cells or frozen tissue sam-
ples at -80◦C was prepared using Total Protein Extraction
(TPE™) according to the manufacturer’s instructions (San-
gon Biotech).

Histone extraction was performed as described previ-
ously (44). Briefly, nuclei were incubated with four volumes
of 0.2 N sulfuric acid (H2SO4) overnight at 4◦C. The su-
pernatant was precipitated with 33% trichloroacetic acid
(final concentration) and centrifuged at 12 000 × g for
20 min. The obtained pellet was washed with cold ace-
tone and then dissolved in distilled water. Samples were
run on 12% SDS-PAGE gels and then electro-transferred
onto difluoride membranes (Hybond ECL, Amersham Bio-
sciences), which had been blocked in 10% non-fat skimmed
milk. The membranes were incubated with primary anti-
body overnight at 4◦C the treated with secondary antibod-
ies. The bands were detected using an enhanced chemilumi-
nescence technique (Amersham Biosciences).

siRNA transfection

mESCs were transfected with UBF siRNA (sc-29515, Santa
Cruz) targeting mouse UBF1/2. Alternatively, cells were
transfected with control siRNA (sc-37007, Santa Cruz) as
an experimental control. Transfections were performed ac-
cording to the manufacturer’s instructions (Santa Cruz).
After transfection, the medium was replaced and the cells
were incubated for 48–96 h depending on the following ex-
periments.

Nano string nCounter assay

The NanoString nCounter was used to detect the number
of transcripts in human brain tissues. Total RNA was ex-
tracted following the manufacturer’s instructions (Cat. no.
74104, Qiagen) and gene specific probes were designed by
the manufacturer (NanoString Technologies).

Hybridizations were carried out according to the
nCounter Element 24-plex Assay Manual (NanoString
Technologies). Gene expression data were filtered using
quality control (QC) criteria according to the manufac-
turer’s recommendations. Raw counts of QC-passed sam-
ples were normalized using three reference genes as internal
controls (GAPDH, CLTC and GUSB). All QC and normal-
ization procedures were performed using nSolver Analysis
Software v2.0; all data were log2-transformed before further
analysis. The Student’s t-test was used to compare normal-
ized expression values between normal and NTDs.

Antibodies

The following antibodies were used: rabbit polyclonal anti-
body against phospho S139 gamma H2A.X (ab2893, Ab-
cam), rabbit monoclonal antibody against alpha-tubulin
(ab52866, Abcam), mouse monoclonal antibody against
UBF (sc13125, Santa Cruz), RPA194 (sc48385, Santa
Cruz), phospho S139 gamma H2A.X antibody (ab26350,
Abcam), Anti-BrdU antibody (B8434, Sigma), sheep poly-
clonal antibody against BrdU (ab1893, Abcam), Alexa
488-conjugated goat anti-mouse IgG (A11029, Invitrogen),
Alexa 568-conjugated goat anti-rabbit IgG (A11011, Invit-
rogen), DyLight 488 goat anti-mouse IgG (ab96879, Ab-
cam), isotype mouse IgG antibody (ab91353, Abcam), al-
kaline phosphate-conjugated rabbit IgG (ZB5305, ZSGB)
and HRP goat anti-mouse IgG (A0208, Beyotime).

Statistical analysis

All the experiments were repeated independently at least
twice, and the data are presented as mean ± SD. Statistical
significance was determined using the Student’s t-test. A P-
value of <0.05 was considered to be statistically significant
and is presented as *P < 0.05 or **P < 0.01.

RESULTS

MTX-induced double-strand breaks in mESCs

First, we established the appropriate MTX doses for the in-
duction of DNA breaks in mESCs. The half inhibition con-
centration (IC50) of MTX was determined after 24 h in-
cubation. In the MTX-treated cells, a remarkable decrease
(about 30%) of cells in the S phase was visible at 0.12 �M
MTX (Figure 1A), indicating transition to the G1/S check-
point was delayed. Upon MTX treatment, significant num-
ber of cells was arrested in the G1 phase. To exclude the
likelihood that the extensive fragmentation of nuclear DNA
was the results of apoptosis (45), we performed quantitative
analysis of the fractions of apoptotic cells after MTX treat-
ment at several concentrations. No obvious apoptosis was
detected at 0.12 �M MTX, while more than 10% of the cells
were found to be apoptotic at 1 �M MTX (Figure 1B).

Next, we performed a comet assay to detect DSBs with
a MTX concentration gradient of 0–0.12 �M. The geno-
toxicity effect of MTX, measured as the length of DNA
tail and percentage of DNA in the comet tail (tail %DNA)
of mESCs, is shown in Figure 1C. The quantitative results
clearly demonstrated that cells treated with the higher doses
of MTX had increased mean levels of basal DNA damage,
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Figure 1. Establishing MTX concentrations that induce DNA breaks and the effect of MTX on DNA. (A) Analysis of the cell cycle in mESCs with different
doses of MTX after 24 h of treatment, by flow cytometry. The results were graded according to the cell cycle phase. (B) Rate of apoptosis in mESCs at
different doses of MTX after 24 h of treatment, by flow cytometry. (C) Comet assays in mESCs at different doses of MTX after 24 h of treatment. The
length of the DNA tail and tail %DNA for each dose of MTX are shown. Values are means ± SD (standard deviation) derived from three independent
experiments. ** Indicates a statistically significant difference compared with the control (P < 0.01) based on Student’s two-tailed t-test. (D) Representative
images of nuclei with gH2AX foci in mESCs following 0.12 �M MTX for 24 h, by immunofluorescent staining gH2AX (panel 2). Nuclear DNA was
stained by DAPI (panel 1). Merged images (panel 3) are shown. One representative nucleus with associated merged images (panel 4) are shown. Red:
gH2AX; blue: DAPI staining. Bar, 5 �M.
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compared with the control cells. The highest percentage of
DNA in the comet tail was observed after 24 h of incuba-
tion with 0.12 �M MTX. The differences between the treat-
ment group and the control, in the lengths of the DNA tail
and the tail %DNA, were statistically significant (Figure
1C). Furthermore, immunofluorescence of histone gamma-
H2AX (gH2AX), a novel marker for DNA breakage, also
revealed a substantial number of foci in mESCs after incu-
bation with 0.12 �M MTX for 24 h (5.7 ± 10.6 and 35.6 ±
18.9 foci per nucleus for the control and MTX-treated cells
respectively, n = 100; Figure 1D). Meanwhile, the total cell
numbers between the control and 0.12 �M MTX treated
group were comparable after 24 h (data not shown).

These results show that 0.12 �M MTX affects the cell
cycle and can induce genome-wide DSBs in mESCs after
24 h without random fragmentation.

Hot spots of DSBs in rRNA genes units in MTX-treated
mESCs

To pinpoint MTX-induced DNA breakage sites in the
mESCs genome, we utilized a DSB enrichment protocol
(Figure 2A). First, we performed restriction endonuclease
digestion of nuclei from control cells which generated DSBs
mimicking the effects of MTX, and used it as an enrich-
ment quality control for capturing the expected cut sites of
DSB. To minimize the risk of false positives, intact nuclei
was embedded in low melting point (LMP) agarose. Direct
in situ digestion and blunt-ending endonuclease-digested
ends were used in the pilot experiment. To test the cleav-
age efficiency of HindIII in the LMP agarose gel, we pre-
pared a 567-bp fluorescence-labeled DNA fragment that
contained one HindIII restriction site. The fragment was
digested by HindIII and blunt-ended in either liquid or
agarose gel. The blunt-ended products were diluted in ultra
pure water in multiples of 10, and then analyzed by capil-
lary electrophoresis on a 3130xl Genetic Analyzer (Applied
Biosystems). No differences between the in situ digestion
and blunt-ending efficiency were detected. In both systems
the genome was completely digested (Figure 2B). Excessive
amounts of biotinylated linker 1 guaranteed effective liga-
tion of the DSBs. After isolating the ligated DNA, linker 2
was attached to the captured genomic fragments. PCR am-
plification with sequencing primers was performed and the
DSBs enrichment products were isolated as shown in Figure
2C.

The size of DSBs enrichment products obtained by SbfI,
PmeI and HindIII digestion that simulated the DSBs after
MTX treatment were analyzed by capillary electrophoresis.
Data obtained using GeneMapper 4.1 revealed that the size
of the digestion products peaked at about 144 bp, which
was the predicted size of the PCR amplification products.
Results from TA-clone sequencing showed that it corre-
sponded to the correct (expected) double-strand break sites,
but not single-strand breaks (Figure 2D–F, Supplementary
material S1), demonstrating that the workflow specifically
was capable of identifying DSBs at various genomic loci.
We then applied the same method for the detection of DSBs
induced by MTX. The DSBs enrichment products for the
control and MTX-treated mESCs are shown in Figure 2G
and H. The peak at 144 bp, which represents the sponta-

neous background DSBs in normal cells, was trivial com-
pared with the peak at 112 bp, which represents linker self-
ligation.

Chromosome analysis detected no significant difference
in read density among the four samples (two controls and
two MTX-treated mESCs), but the numbers of breakpoints
increased with the length of the chromosome, with the ex-
ception of chromosome X (Figure 3A). After MTX treat-
ment, the DSBs were most prominently enriched in inter-
genic regions of the genome (45.7%), followed by the in-
tronic and exonic regions (25.2% and 23.24%, respectively)
(Figure 3B). Gene information among above mentioned re-
gions is presented in Supplementary Data, Excel S3). To dis-
play the large volumes of genomic DSBs data, we used Cir-
cos, a visualization tool that was developed by Krzywinski
et al. (46) building on the established use of circular maps
(Figure 3C, Supplementary Figure S1).

Repetitive DNA sequences, which tend to form hairpin-
like secondary structures, were highly sensitive to breakage
under replication stress (38). To investigate the association
between DNA repeats and its susceptibility to MTX treat-
ment, we applied RepeatMasker to compute the enrichment
of mouse DNA repeat families compared with the rest of
the genome. A strong and significant enrichment in rRNA
gene units was detected (P = 2.8 × 10−89) using the hyperge-
ometric test (Figure 3D, Supplementary Tables S4 and S5).
Further analysis revealed that MTX treatment exclusively
increased the spontaneous hot spots of DSBs in rRNA gene
repeat units, compared with the control. Clearly, the pro-
files of the hot spots of DSBs exhibited a striking similarity
in both the positions and the spans of the peaks between
the MTX-treated and control mESCs (R2 = 0.995, P = 0,
Figures 3E and 4F, Supplementary Excel S4).

Our data also showed that hot spots of DSBs in rRNA
gene repeat units were not random; rather, they were located
in several specific regions of the intergenic spacer (IGS) re-
gions. The top four such regions were 14.5, 23.3, 29.3 and
42.3 kb in length (Figure 3E).

DNA breakage sites in rRNA gene units correspond to
H3K4me1 sites

The nature of spontaneous DSBs in human rRNA gene
units is unclear, but hot spot regions in rRNA gene repeat
units show consistency with the histone H3K4me3 mark
(17). Currently, it is not know whether this holds true in
mouse rRNA gene units. However, MTX, an inhibitor of fo-
late metabolism via dihydrofolate reductase, may influence
methylation reactions related to histone modifications. To
explore this, we first verified them using gH2AX ChIP as-
says to assess the level and position of DNA breakage sites
in MTX treated cells. We found that DNA breakage sites
in rRNA gene units expressed increased amount of gH2AX
along the IGS regions compared with the non-IGS regions
(Figure 4A, B).

Next, we examined the distribution of histone modifica-
tions along the hot spot regions. Within the IGS region,
H3K4me1 was enriched and distributed at H23.3, H34.9
and H36 in mESCs treated with MTX, while H3K27me3,
H3K9me3 and H3K4me3 showed no significant changes or
were virtually absent in hot spot regions (Figure 4C), consis-
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Figure 2. DSBs enrichment workflow and specificity of the DNA DSBs (A) DSBs enrichment workflow by MTX treatment or Restriction endonuclease
digestion for quality control. Fragments released from the streptavidin beads were amplified by PCR using sequencing primers and sequenced. (B) Quality
control of in situ digestion and blunt-ending by capillary electrophoresis. The top two traces are for the endonuclease digestion and blunt-ending performed
in liquid; the bottom two traces are in low melting point agarose gel. I represents the size of digestion product of a 567-bp fluorescence-labeled DNA
fragment by restriction digestion while II shows the size of digestion product after blunt-ending; III and IV represent the above reactions respectively in
low melting point agarose gel. The arrow in black represents the complete blunt-ending. X-axis represents the size of fragments(bp), Y-axis represents the
detector signal of peak(rfu). (C) DSBs enrichment products separated by agarose gel electrophoresis indicated by white box. (D–F) Capillary electrophoresis
to detect DSB enrichment products after SbfI (D), PmeI (E) and HindIII (F) digestion. TA clone sequencing confirmed the results. The arrow in red indicates
the DSB enrichments on Capillary electrophoresis; the circle marked with red-dotted lines shows the restriction sites; the arrow in black shows the ligation
point. X-axis represents the size of fragments(bp), while Y-axis represents the detector signal of peak(rfu). (G, H) Capillary electrophoresis to detect DSB
enrichment products of normal mESCs cultured in complete medium (G) and cultured in complete medium with 0.12 �M MTX (H). The arrow in red
indicates the DSB enrichments. X-axis represents the size of fragments(bp), while Y-axis represents the detector signal of peak(rfu).
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Figure 3. Genome-wide hot spots of DSBs in rRNA genes units in MTX-treated mESCs (A) The relative proportion of reads of DSBs in chromosomes
of mESCs from the MTX and control obtained by Illumina sequencing. (B) Genome-wide distribution of DSB sites induced by MTX. (C) Genome-wide
MTX sensitivity landscape of DSBs in each chromosome in mESCs by hypergeometric test and visualized using Circos. (D) Significantly enriched DSBs
in rRNA genes in mESCs compared to the rest of the genome calculated the fold-change in the number of reads. (E) Distribution of DSBs peak in the IGS
regions of rRNA genes in mESCs detected with F-seq in complete medium and in complete medium with 0.12 �M MTX for 24 h. The control is in black
and the treated is in red. X-axis represents the rRNA gene base number, Y-axis represents the read counts.
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Figure 4. Verification of hot spots of DSBs in rRNA genes units and the H3K4me1 modifications correlated with them (A) Schematic representation of a
mouse rRNA genes repeat unit. Black squares represent regions that do not break and white squares represent hot spots of DSBs. Primer pairs (solid bars)
and their approximate positions relative to the transcription start site are indicated. (B) Enrichment of gH2AX in rRNA genes breakage sites obtained
with anti-gH2AX. The occupancy was determined by chromatin cross-linking and immunoprecipitation (ChIP) analysis using chromatin prepared from
mESCs cultured in complete medium and complete medium with 0.12 �M MTX for 24 h. Chromatin DNA was quantitated by real-time PCR with primer
sets, as indicated in (A). Values are means ± SD (standard deviation) derived from three independent experiments. *P < 0.05; **P < 0.01. (C) Binding
of four histone modifications (H3K27me3, H3K9me3, H3K4me3, and H3K4me1) to the DSBs in rRNA genes after 0.12 �M MTX treatment compared
with the control, determined by ChIP-qPCR analysis. *P < 0.05; **P < 0.01. (D) Expression changes of histone methyltransferases (MLL3, MLL4) and
demethylases (KDM5b, KDM5c) in mESCs cultured in complete medium and complete medium with 0.12 �M MTX for 24 h, by RT-qPCR. Assays were
performed in triplicate and the mean ± SD was calculated. *P < 0.05; **P < 0.01. (E) Comparison of H3K4me1 binding and DSBs peak in rRNA genes
units detected with F-seq. The raw data of H3K4me1 in mESCs were from SRR002255 ES H3K4me1 ChIP-Seq (UCSC Genome Browser). Thin red lines
show the position of overlapped DSBs and H3K4me1 inside the IGS regions. X-axis represents the rRNA gene base number, Y-axis represents the read
counts. (F) Correlation heatmap of pairwise comparisons using GenometriCorr R package between median signals for DSBs, H3K27me3, H3K9me3,
H3K4me3 and H3K4me1 in the entire rRNA genes unit detected with F-seq.



2482 Nucleic Acids Research, 2017, Vol. 45, No. 5

tent with the previously published report (47,48). To further
investigate the effect of MTX on H3K4me1 modification,
we analyzed the histone methyltransferases and demethy-
lases specific for H3K4. The RT-qPCR analysis showed an
apparent increase in MLL4, KDM5b and KDM5c mRNA
levels induced by MTX, indicating all three enzymes are
required for the methylation status of H3K4me1 after
MTX treatment (Figure 4D). The lysine-specific methyl-
transferases MLL3 and MLL4 are particularly important
for maintaining H3K4me1 levels and H3K4 methylation
can be reversed by members of the KDM5/Jarid family
(H3K4me3/2 to H3K4me1) (49–52). However, the total
proteins of H3K4me1 did not change in the mESCs, nei-
ther did the expressions of H3K27me3, H3K4me3, and
H3K9me3 (Supplementary Figure S3).

Our data indicated that the distributions of hot spot of
DSBs and H3K4me1 in the IGS regions were correlated in
the mESCs (R2 = 0.2, P = 10−23, Figure 4E and F, Sup-
plementary Excel S4). We also calculated the relationship
between DSBs hot spots and the distributions of other his-
tone modifications in rRNA gene units by aligning the high-
throughput sequencing data to the rRNA genes. Pairwise
linear regression analyses for the four samples were per-
formed. The repressive H3K27me3 mark showed the lowest
degree of correlation between samples based on the average
R2 values using GenometriCorr R package analysis (Figure
4F, Supplementary Figure S2, Supplementary Excel S4). All
the above results suggest that DNA breakage sites in rRNA
gene units in mESCs may differ from those in human rRNA
genes and that MTX influences the active chromatin state
at rRNA gene loci by modulating histone posttranslational
modification that correlates with DSB hot spots.

UBF recruitment to DNA breakage sites of rRNA gene units
and rRNA genes transcription increased by MTX treatment

There is a general consensus that H3K4me1 may play a
role in transcriptional activation. Additionally, MTX be-
longs to the first-category of chemotherapeutic drugs that
impact rRNA gene transcription and subsequently ribo-
some biogenesis (53). rRNA gene transcription refers to the
regulation of silenced and active rRNA genes, which de-
pends on a number of key chromatin remodeling complexes.
The cytoarchitectural upstream binding transcription fac-
tor (UBF) has been linked to decondensation and forma-
tion of an active chromatin environment at rRNA genes in
mammals (54). Therefore, we tested whether UBF localized
to DSBs of rRNA gene repeat units after MTX treatment.
Using ChIP assays, we found that immune-precipitated
UBF was almost exclusively associated with rRNA gene re-
peat units across DSBs induced by MTX, rather than those
in the promoter (H-0.1) or transcribed regions (H-6). MTX
treatment led to a more than twofold increase in occupancy
of UBF throughout several hot spots of DSBs in IGS re-
gions, especially the top four regions (Figure 5A). Consis-
tently, results from western bolt analysis showed an elevated
level of UBF protein after MTX treatment (Figure 5B).

UBF increases the rate of rRNA synthesis (55). In line
with this, we found that 45S pre-rRNA genes transcrip-
tion was increased at 24 h after MTX treatment (Figure
5C). Ongoing rRNA synthesis was assessed by fluorouri-

dine (FUrd) incorporation in an in situ run-on assay and
an increase in Furd positive foci number was observed af-
ter MTX treatment (Figure 5D and E), suggesting that ac-
tive rRNA synthesis was up-regulated in these cells, com-
pared with control cell. The correlation between the pres-
ence of UBF and rRNA genes transcriptional regulation
was further evaluated. In the nucleoli of the cells, the pres-
ence of UBF and FUrd signals were found to be almost
completely overlapped. An elevation of UBF staining inten-
sity was observed in MTX-treated cells (Figure 5F). Addi-
tionally, siRNA technique was used to down-regulate UBF
expression (Figure 5G and H). The results indicated that the
rRNA genes transcription was profoundly reduced com-
pared to the group with control siRNA transfection upon
MTX treatment (Figure 5I). Therefore, we concluded that
MTX treatment led to a predominant transcription activa-
tion of rRNA genes and that the insufficient presence of
UBF binding along can attenuate rRNA genes transcrip-
tion upon MTX treatment.

These data strongly indicated that increased distribution
of UBF to DSBs of rRNA genes repeats with H3K4me1
foci promoted an open chromatin structure of the rRNA
genes induced by MTX, thereby influencing rRNA genes
transcription.

Supplementary folinic acid alleviates DSBs at the G1 phase
of cell cycle induced by MTX and affects UBF binding at
DNA breakage sites of rRNA gene loci

Previous studies have shown that supplementary folinic acid
can be used as an antidote after MTX treatment to de-
crease toxicity in various cells and tissues (56–58). However,
information about folinic acid antagonizing MTX-treated
mESC is limited. In the current study, supplementary folinic
acid (50 mg/l) was added to mESCs pre-treated with MTX.
Our results showed that supplementary folinic acid led to
incremental improvements in cell cycle and DNA damage
in cells. Cells arrested in G1 phase by MTX treatment were
rescued to enter the S and G2/M phases after supplemen-
tary folinic acid treatment. In addition, mESC colony for-
mation was partially reversed (Figure 6A), and DNA dam-
age was significantly reduced in the MTX-treated cells with
the addition of folinic acid (Figure 6B). These findings fur-
ther confirmed that G1/S checkpoint delay and the induc-
tion of DSBs by MTX in mESCs were closely associated
with folate-deficiency.

After MTX treatment, cells bearing DNA damage
marker, gH2AX, were predominantly in the G1 phase,
rather than the S phase (Figure 6C). However, such an ef-
fect was reversed by the addition of folinic acid, especially
in the G1 phase. Together, these results indicate that supple-
mentary folinic acid affected DSBs and targeted mainly the
G1 phase.

The ChIP data revealed that in contrast with MTX treat-
ment alone, H3K4me1 modification was distributed in hot
spots of IGS regions, and did not appear to vary after sup-
plementary folinic acid at 24 h (Figure 6D); however, the
levels of UBF binding uniquely to the IGS hotspots were re-
duced (Figure 6E). Meanwhile, there was a sharp decline in
45S pre-rRNA genes transcription at 24 h (Figure 6F). The
mRNA levels after supplementary folinic acid of MLL3,



Nucleic Acids Research, 2017, Vol. 45, No. 5 2483

Figure 5. MTX promotes rRNA transcription and UBF specifically binds to DSB regions of rRNA genes (A) Binding of UBF to the DSBs in rRNA
genes unit after 0.12 �M MTX treatment compared with the control, determined by ChIP-qPCR analysis. *P <0.05; **P <0.01. (B) Detection of UBF
expression in mESCs cultured in complete medium and complete medium with 0.12 �M MTX treatment, by western blotting. �-Tubulin was used as a
loading control. Positions of molecular weight markers are indicated. *P <0.05. (C) Expression levels of 45S pre-rRNA in mESCs cultured in complete
medium with 0.12 �M MTX for 3, 6, 12 or 24 h, determined by RT-qPCR. The assays were performed in triplicate and the mean ± SD was calculated.
**P <0.01. (D) Detection of ongoing rRNA synthesis by FUrd incorporation assays on mESCs subjected to 0.12 �M MTX for 24 h. Transcription was
monitored by a FUrd pulse to observe incorporation into nascent nucleolar transcripts. FUrd detection with BrdU antibody was by confocal microscopy
(panel 2). Nuclear DNA was stained by DAPI (panel 1). Merged images (panel 3) are shown. One representative nucleus with associated merged images
(panel 4) are shown. Green: FUrd; blue: DAPI staining. Bar, 5 �M. Relative intensity of FUrd foci and the number of nucleoli per cell with FUrd foci
were analyzed. The histogram shows the average number of nucleoli per cell based on an analysis of 93 cells from two independent experiments. (E) Co-
localization between nucleolar proteins and rRNA transcripts by double-stained preparations of nucleolar markers (panel 2, Pol-I largest subunit A194)
and FUrd pulse (panel 3, BrdU antibody).Nuclear DNA was stained by DAPI(panel 1).Merged images (panel 4) are shown. Green: A194(Pol-I); red:
FUrd; blue: DAPI staining. Bar, 5 �M. (F) Co-localization between rRNA transcripts and UBF by double-stained preparations of FUrd pulse (panel 2,
BrdU antibody) and UBF(panel3, upstream binding factor antibody).Nuclear DNA was stained by DAPI (panel 1). Merged images (panel 4) are shown.
Green: UBF; red: FUrd; blue: DAPI staining. Bar, 5 �M. (G) Efficiency of siRNA mediated UBF depletion on mRNA level. The levels of the mRNAs UBF
were analysed in mESCs with either a non-targeting siRNA (control siRNA) or siRNA directed against UBF(UBF siRNA). The assays were performed in
triplicate and the mean ± SD was calculated. (H) Efficiency of siRNA mediated UBF depletion on protein level. mESCs were transfected with either control
siRNA or UBF siRNA and UBF1/2 were determined 72 h post-transfection by Western-blotting. �-Tubulin was used as a loading control. Positions of
molecular weight markers are indicated. (I) Expression levels of 45S pre-rRNA in mESCs with control siRNA or UBF siRNA cultured in complete medium
with 0.12 �M MTX for 24 h, determined by RT-qPCR. The assays were performed in triplicate and the mean ± SD was calculated. **P <0.01.
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Figure 6. Effects of supplementary folinic acid on cell cycle and DSBs induced by MTX (A) mESC colony formation was partially reversed by folinic
acid. mESCs were cultured in complete medium, complete medium with 0.12 �M MTX, and supplementary folinic acid (50 mg/L) for 24 h. The colonies
were photographed at 100× resolution. Representative fields are shown. (B) Comet assay in mESCs by 0.12 �M MTX treatment and after supplementary
folinic acid treatment. The length of DNA tail and tail %DNA are shown for each treatment. Values are means ± (standard deviation) derived from
three independent experiments. ** Indicates statistically significant difference from control (P < 0.01) based on Student’s two-tailed t-test. (C) Fraction
of gH2AX positive cells in the indicated phase of the cell cycle following 0.12 �M MTX for 24 h or supplementary folinic acid. Data are from three
independent experiments. (D) H3K4 methylation states at representative sites of DSBs in rRNA genes unit after supplementary folinic acid compared
with MTX treatment alone, as determined by ChIP-qPCR. Values are means ± SD derived from three independent experiments. *P < 0.05; **P < 0.01.
(E) Binding of UBF binding to the DSBs in rRNA genes unit after supplementary folinic acid compared with the MTX treatment alone, by ChIP-qPCR
analysis. *P < 0.05; **P < 0.01. (F) Expression levels of 45S pre-rRNA determined by RT-qPCR in mESCs cultured in complete medium with 0.12 �M
MTX for 24 h and supplementary folinic acid. The assays were performed in triplicate and the mean ± SD was calculated. **P < 0.01.
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MLL4, KDM5b and KDM5c were also detected (Supple-
mentary Figure S4).

Decreased UBF occupancy in rRNA gene units after sup-
plementary folinic acid suggested that the association of
UBF with rRNA genes in mESCs under low folate status
may be necessary for the open chromatin structure within
rRNA gene units, optimal for transcription activation. This
result is consistent with previously published reports that
UBF is responsible for maintaining active nucleolus orga-
nizer regions (NORs) in cells arrested in G0-G1 phase, but
not S phase (54).

rRNA genes transcription is altered with increased UBF ex-
pression in low-folate NTD fetuses

Normal nerve system development involves numerous cel-
lular and molecular processes, and ribosome biogenesis is
fundamental to all these processes. Abnormal synthesis of
ribosomes has recently been reported to cause several de-
velopmental defects (9,59–61). To explore the potential ef-
fect of folate on ribosome biogenesis in NTDs, we evaluated
rRNA genes transcription in low-folate NTD fetuses. Seven
pairs of normal fetal brains and fetal brains from spina bi-
fida were selected, based on best match in age and gender, as
summarized in Table 1. Folate levels in tissues from individ-
uals with spina bifida were lower than that in the controls
(Figure 7A).

Among all pairs of fetal brain tissue, the pre-45s rRNA
was significantly overexpressed in spina bifida brain in six
pairs (except for the 3-1/3-2 pair because of poor RNA
quality) (Figure 7B). The difference in number of tran-
scripts between two groups was further quantified using
Nanostring and the results unambiguous testified the pre-
45s rRNA overexpression in spina bifida brain samples (P
= 0.02, Figure 7C). In the same experimental setting, al-
though statistically insignificant, the number of transcripts
of UBF in spina bifida brain showed a upward tendency (P
= 0.06, Figure 7D). We further determined the UBF expres-
sion at protein level in samples with matched gestational
weeks and gender. Interestingly, in five of the seven brains
with NTDs, UBF was overexpressed (Figure 7E). In conclu-
sion, we identified the up-regulation of rRNA genes tran-
scription with increased UBF expression in low-folate NTD
fetuses. This work is the first to demonstrate that, in NTDs,
folate deficiency increased ribosome biogenesis and was ac-
companied by aberrant UBF expression. Whether this in-
creased biogenesis has an impact on the rate and time se-
quence of protein synthesis in NTDs will be examined in
future studies. These results confirm the importance of in-
creased folate during early pregnancy when NTDs are likely
to form.

DISCUSSION

It is generally accepted that DSBs represent the most dele-
terious form of DNA lesions (62). In this report, we iden-
tified intensive DSBs in rRNA genes of mESCs with folate
deficiency and demonstrated that effect of folate deficiency
on transcription activation of rRNA genes. In addition, we
showed that in NTDs, folate deficiency with closely corre-
lated with an increased rRNA gene transcription which was
accompanied by aberrant UBF expression.

It has been previously reported that hot spots of DSBs
exist at specific IGS regions in human (17), and similar find-
ings in mouse rRNA gene repeat units are reported in this
study. During mapping and analysis of epigenetic marks,
the hot spot of DSBs in human rRNA genes coincide with
regions that possess active chromatin marks (H3K4me3)
along the rRNA gene repeat. In our study, the correlation
between H3K4me3 and hot spots of DSBs in rRNA genes
was quite poor (Supplementary Figure S2A and B). This
difference can be explained by the large divergence in his-
tone modification patterns in rRNA genes between human
and mouse cells, especially for ESCs (48). Indeed in mESCs,
the highest correlation occurred between the distribution of
H3K9me3 and DSBs in rRNA gene repeat unit (R2 = 0.43,
P = 10−57). The distribution of H3K9me3 and H3K4me1
also were highly correlated to DSBs (R2 = 0.65, P = 10−105).
Both of these histone methylation modifications are in-
volved in the transcription regulation of rRNA genes. There
are two forms of rRNA gene repeats exist within the nucle-
olus: an open, highly-transcribed conformation and a state
of transcriptional silence. The former is euchromatic, hy-
pomethylated at CpG sites, and marked with active histone
modifications (i.e., H3K4me1, H3K4me3, and H3K9ac),
while the latter is heterochromatic, hypermethylated and
marked with repressive histone markers (i.e. H3K27me3
and H3K9me3) (10,63). The key finding from our study
is that inhibition of folate metabolism specifically targeted
the active transcriptional histone modification H3K4me1,
suggesting that epigenetic regulation of rRNA genes is un-
equivocal between different histone modifications. Further-
more, genomic studies have linked this modification to dis-
tal regulatory regions and it is widely distributed across
broader regions (64). Fine mapping of the interaction be-
tween the regulatory regions and H3K4me1 on transcrip-
tion of 45S rRNA genes, the most actively transcribed genes
in eukaryotes, is warranted.

Both IGS regions and non-DSBs regions of rRNA genes
are occupied with H3K4me1-active histone marker for up-
regulated rRNA genes transcription, indicating a more
open and loose chromatin structure formed by rRNA gene
repeats within NORs after chromosomal breakage induced
by MTX. It is reasonable to speculate that some break-
ages originate from the active rRNA gene units, while oth-
ers originate from the silenced units. One limitation of this
study is that the DSBs that we mapped in rRNA gene re-
peat units reflect aggregate signals at all the rRNA genes
copies; that is, we cannot distinguish breaks that exist in
active or inactive units or even in both units. Likewise, the
ChIP-qPCR data that we have analyzed cannot discrimi-
nate the signals from active or inactive rRNA gene units.
Therefore, the data presented in this study are not able to
distinguish patterns of active and repressive histone marks
occurred on independent repeats or coexisted on the same
repeats.

In mammals, the regulation of silenced and active rRNA
genes depends on a number of key chromatin remodeling
complexes. UBF, a nucleolar-specific HMG-box-containing
protein, has been shown to regulate the epigenetic silenc-
ing switch of rRNA gene clusters and transcription ac-
tivation (10,50,65). We have shown that MTX induced
large amounts of UBF in mESCs cells (Figure 5B). UBF
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Figure 7. rRNA transcription increased with increased UBF expression in low-folate NTDs (A) Folate content in brain tissue of normal fetus and fetus with
NTDs. (B) Expression levels of 45S pre-rRNA in the brain of NTD fetuses, determined by RT–TPCR. The values were normalized using the expression
of beta-actin mRNA are a reference. Assays were performed in triplicate and the mean ± SD was calculated. *P < 0.05; **P < 0.01. (C) Expression levels
of 45S pre-rRNA in the brain of NTD fetuses, determined by NanoString. P value was determined using the Student’s t test. (D) The mRNA expression
of UBF in the brain of NTD fetuses, determined by NanoString. P value was determined using the Student’s t test. (E) Detection of UBF in the brain of
normal fetus and low-folate NTDs for matched samples. Tubulin was used as a loading control. *P < 0.05; **P < 0.01.
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Table 1. Clinical manifestations of normal fetus and NTD fetus

Sample ID Sample type tissue
Folate of tissue
(ng/mg) Gender Gestational weeks

1-1 Normal Brain 0.050 Female 39
2-1 Normal Brain 0.090 Female 36
3-1 Normal Brain 0.199 Male 30
4-1 Normal Brain 0.110 Female 25
5-1 Normal Brain 0.050 Female 39
6-1 Normal Brain 0.120 Male 38
7-1 Normal Brain 0.200 Female 30
1-2 Spina bifida Brain 0.014 Female 40
2-2 Spina bifida Brain 0.036 Female 33
3-2 Spina bifida Brain 0.040 Female 32
4-2 Spina bifida Brain 0.042 Female 27
5-2 Spina bifida Brain 0.029 Female 38
6-2 Spina bifida Brain 0.053 Male 38
7-2 Spina bifida Brain 0.051 Female 32

is involved in the formation of the pre-initiation complex
(PIC) at the rRNA gene promoter region, and is enriched
across the transcribed region and non-transcribed spacer
sequences but rarely found in the IGS regions of genomes
(66–67). Strikingly, we found that UBF binds specially
across the DSBs region of IGS without a promoter or tran-
scribed region, supporting the idea that UBF plays a role in
structurally organizing the rRNA gene repeat units as a spe-
cialized cytoarchitectural transcription factor that main-
tains undercondensed r-chromatin in active NORs (68). Ad-
ditionally, it has been suggested that when UBF binds to the
transcribed regions of rRNA genes, it represses rather than
activates the transcription elongation of rRNA genes (55).
After supplementary folinic acid, UBF showed a significant
callback of binding across repeat regions while H3K4me1
showed no response. We speculate that the cellular UBF
level is sensitive to folate deficiency during the G1 phase.

NTDs are severe congenital malformations in the central
nervous system, which can be effectively prevented by the
periconceptional consumption of folate (69–71). However,
the mechanism about its various phenotype is still poorly
understood. Recent reports indicate that abnormal ribo-
some biogenesis includes craniofacial anomalies. Cranio-
facial malformations are associated with over 700 human
congenital syndromes. Abnormalities in the nucleolar pro-
tein NOL11 essential for optimal pre-rRNA genes tran-
scription and processing were found to trigger cell apopto-
sis and contribute to craniofacial defects (9). In our study,
during the early stage of development, mESCs in which fo-
late metabolism was inhibited demonstrated robust rRNA
gene transcription. It is unclear whether this compensa-
tion of ribosome biogenesis was related to folate deficiency
and the development of NTDs. Our result defined NTDs
in brain tissue from fetuses during gestational weeks 25–
40, indicating the unusual rRNA genes transcription was
sustained over the whole gestation period. Notably, up-
regulated rRNA genes transcription occurred only in spina
bifida tissue, but not in anencephalus where pre-rRNA
genes transcription decreased substantially (data not show).
These findings suggest the interesting possibility that ribo-
some biogenesis in NTD phenotypes may be different in
different tissue phenotypes and raise the question of how

different cell types can be affected by abnormality in the
ubiquitous process of making ribosomes.

Taken together, our analyses provide a novel insight into
chromosome breakages in rRNA gene units and the regu-
latory potential of these breakages for ribosome biogenesis
under folate dysmetabolism. We identified the dysregulation
of UBF in NTDs, which was involved in the up-regulation
of rRNA genes transcription. This is the first report of ab-
normal ribosome biogenesis in NTDs, although the conse-
quences of this abnormality are yet to be discovered. Our
findings may offer a new approach to uncovering the com-
plexity of NTDs.
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