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Formation and determination of the oxidation
products of 5-methylcytosine in RNAY

Wei Huang,® Meng-Dan Lan,® Chu-Bo Qi,?° Shu-Jian Zheng,? Shao-Zhong Wei,”
Bi-Feng Yuan*? and Yu-Qi Feng?®

Similar to the reversible epigenetic modifications on DNA, dynamic RNA modifications were recently
considered to constitute another realm for biological regulation in the form of "RNA epigenetics”.
5-Methylcytosine (5-mC) has long been known to be present in RNA from all three kingdoms of life.
However, the functions of 5-mC in RNA have not been fully understood, especially for the RNA
demethylation mechanism. The discovery of 5-hydroxymethylcytosine (5-hmC) in RNA together with
our recently reported 5-formylcytosine (5-foC) in RNA indicated that 5-mC in RNA may undergo the
same cytosine oxidation demethylation pathway with generating intermediates 5-hmC, 5-foC, and
5-carboxylcytosine (5-caC) by ten—eleven translocation (Tet) proteins as that in DNA. However,
endogenous 5-caC in RNA has not been observed so far. In the current study, we established a method
using chemical labeling coupled with liquid chromatography-mass spectrometry analysis for the
sensitive and simultaneous determination of the oxidative products of 5-mC. Our results demonstrated
that the detection sensitivities of 5-mC, 5-hmC, 5-foC and 5-caC in RNA increased by 70-313 folds
upon 2-bromo-1-(4-diethylaminophenyl)-ethanone (BDEPE) labeling. Using this method, we
discovered the existence of 5-caC in the RNA of mammals. In addition, we found the 5-mC occurs in
all RNA species including mRNA, 28S rRNA, 18S rRNA and small RNA (<200 nt). However, 5-hmC, 5-foC
and 5-caC mainly occur in mRNA, and barely detected in other types of RNA. Furthermore, we found
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carcinoma (HCC) tissues significantly decreased compared to tumor adjacent normal tissues,

DOI: 10.1039/c65c01589a suggesting that 5-hmC in RNA may play certain functional roles in the regulation of cancer
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could be critical for the control and regulation of gene tran-
scription and protein translation.”® However, the precise

Introduction

Naturally occurring RNA molecules contain various chemically
modified nucleosides.® Up to date, more than 140 structurally
distinct post-transcriptionally modified nucleosides have been
identified in RNA." Similar to the reversible epigenetic marks on
DNA, some RNA modifications were recently discovered to be
dynamic and might have critical regulatory and/or signalling
roles inside cells, which constitutes another realm for biological
regulation in the form of “RNA epigenetics”.>™*
5-Methylcytosine (5-mC) has long been known to be present
in the RNA from all three kingdoms of life.>® A recent study
showed that 5-mC is widespread in both the coding and non-
coding RNA of mammals, among which more than 8000 5-mC
sites were identified in mRNA, implicating that 5-mC in RNA
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cellular functions of 5-mC in RNA have not been fully under-
stood, especially for the RNA demethylation mechanism. On the
other side, the functional role of 5-mC in DNA as an epigenetic
mark is well established.** DNA demethylation could be ach-
ieved through a consecutive oxidation of 5-mC by ten-eleven
translocation (Tet) proteins with the generation of three inter-
mediates, 5-hydroxymethylcytosine (5-hmcC), 5-formylcytosine
(5-foC), and 5-carboxylcytosine (5-caC).**® Due to the similarity
of the chemical structure between DNA and RNA, DNA and RNA
may share the same cytosine demethylation mechanism.
Indeed, Fu et al.* recently reported that Tet proteins can also
oxidize 5-mC to generate 5-hmC in RNA, which is similar to Tet
proteins oxidizing 5-mC to 5-hmC in DNA. And our group
further confirmed the existence of 5-foC in the RNA of
mammals.”® These studies indicated that 5-mC in RNA may
undergo the same cytosine demethylation pathway with gener-
ating the intermediates of 5-hmC, 5-foC, and 5-caC by Tet
proteins as that in DNA. However, endogenous 5-caC in RNA
has not been observed so far. To establish the above presumed
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RNA demethylation pathway, the identification of endogenous
5-caC in RNA is indispensable. However, the identification of
these modified nucleosides is usually challenging due to their
extremely low in vivo content as well as interference from the
highly abundant normal nucleosides. The reported occurring
frequency of 5-hmC and 5-foC in RNA is 1 to 20 per 10° cyto-
sines.**® 5-caC may be present at a lower levels than those of
5-hmC and 5-foC in the RNA of mammals. However, even
though the content of modified nucleosides is extremely low,
they may be biologically significant if they occur in specific gene
regulatory elements, such as 5-hmC, 5-foC, 5-caC, N®-methyl-
adenine, and N'-methyladenosine in DNA.>?'">*

In the current study, we established a method using chem-
ical labeling coupled with liquid chromatography-electrospray
ionization-tandem mass spectrometry analysis (LC-ESI-MS/MS)
for the sensitive and simultaneous determination of all of the
oxidation products of 5-mC in a possible RNA demethylation
pathway. We first evaluated the detection sensitivities of labeled
products with different labeling reagents carrying the same
reactive group of the bromoacetonyl moiety. Our results
demonstrated that the detection sensitivities of 5-mC, 5-hmC,
5-foC and 5-caC in RNA increased by 70-313 folds upon
2-bromo-1-(4-diethylaminophenyl)-ethanone (BDEPE) labeling.
Using the developed analytical method, we were able to identify
endogenous 5-caC in the RNA of mammals. In addition, we
found that 5-mC occurs in all RNA species; however, 5-hmC,
5-foC and 5-caC mainly occur in mRNA, and barely detected in
other types of RNA. Furthermore, we found that the content of
5-hmC in RNA of human colorectal carcinoma (CRC) and
hepatocellular carcinoma (HCC) tissues significantly decreased
compared to tumor adjacent normal tissues.

Experimental section
Chemicals and reagents

Cytidine (C), guanosine (G), adenosine (A), uridine (U),
5-methylcytidine (5-mC), and phosphodiesterase 1 were
purchased from Sigma-Aldrich (Beijing, China). 5-Hydrox-
ymethyleytidine (5-hmC), 5-formylcytidine (5-foC), and 5-car-
boxylcytidine (5-caC) were purchased from Berry & Associates
(Dexter, MI). 2-Bromo-1-(4-diethylaminophenyl)-ethanone
(BDEPE) and 2-bromo-1-(4-1-pyrrolidinylphenyl)-ethanone
(BPPE) were purchased from Alfa Aesar (Ward Hill, MA).
3-Bromoacetonyltrimethylammonium bromide (BTA) and
w-bromoacetonylpyridinium bromide (BPB) were synthesized
according to our previously described method.>*?¢ S1 nuclease
and alkaline phosphatase (CIAP) were from Takara Biotech-
nology Co., Ltd. (Dalian, China).

Chromatographic grade methanol and acetonitrile (ACN)
were purchased from Tedia Co. Inc. (Fairfield, OH). Formic acid
and triethylamine (TEA) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The water used
throughout the study was purified on a Milli-Q apparatus
(Millipore, Bedford, MA). Stock solutions of 5-mC, 5-hmC,
5-foC, and 5-caC were prepared in water at a concentration of
5 mM. BDEPE and BPPE were prepared in ACN at
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a concentration of 40 mM. BTA and BPB were prepared in ACN
at a concentration of 20 mM.

Biological and clinical samples

Human embryonic kidney (293T) cells were obtained from the
China Center for Type Culture Collection and maintained in
Dulbecco's modified Eagle medium supplemented with 10%
fetal bovine serum, 100 U mL ™" penicillin, and 100 pug mL ™"
streptomycin at 37 °C in a 5% CO, atmosphere. Total RNA was
extracted using E.Z.N.A.® HP Total RNA Kit (Omega Bio-Tek
Inc., Norcross, GA, USA) according to the manufacture's rec-
ommended procedure.

Male Sprague-Dawley rat (4 weeks old) was obtained from the
Center for Animal Experiment/ABSL-3 Laboratory of Wuhan
University and sacrificed to collect tissues and stored under
—80 °C. Liver tissue RNA was extracted using E.Z.N.A.® Tissue
RNA Kit (Omega Bio-Tek Inc., Norcross, GA, USA).

A total of 40 formalin-fixed, paraffin-embedded (FFPE) tissue
samples from colorectal carcinoma (CRC) patients, including 20
pairs of CRC tissues and matched tumor adjacent normal
tissues, and a total of 16 fresh tissue samples from hepatocel-
lular carcinoma (HCC) patients, including 8 pairs of HCC
tissues and matched tumor adjacent normal tissues, were
collected from Hubei Cancer Hospital. FFPE tissue RNA and
fresh tissue RNA were extracted using the E.Z.N.A.® FFPE RNA
Kit and E.Z.N.A.® Tissue RNA Kit (Omega Bio-Tek Inc., Nor-
cross, GA), respectively. mRNA was further isolated from total
RNA using the Promega PolyATtract® mRNA Isolation System
(Madison, WI). Small RNA (<200 nt) was purified using the
E.Z.N.A.® MiRNA Kit (Omega Bio-Tek Inc., Norcross, GA). 28S
rRNA and 18S rRNA were purified using agarose electropho-
resis, and the detailed isolation procedure can be found in the
ESIL.{ An approval was granted by the Hubei Cancer Hospital
Ethics Committee and met the declaration of Helsinki. All of the
experiments were performed in accordance with Hubei Cancer
Hospital Ethics Committee's guidelines and regulations.

Enzymatic digestion of RNA

Certain amounts of RNA (in 16 pL of H,0) were firstly denatured
by heating at 95 °C for 5 min and then chilling on ice for 2 min.
After adding 1/10 volume (2 pL) of S1 nuclease buffer (30 mM
CH;COONa, pH 4.6, 280 mM NacCl, 1 mM ZnSO,) and 360 units
(2 pL) of S1 nuclease, the mixture (20 uL) was then incubated at
37 °C for 2 h. To the resulting solution 10 pL of alkaline phos-
phatase buffer (50 mM Tris-HCl, 10 mM MgCl,, pH 9.0), 0.01
units (5 pL) of venom phosphodiesterase I, 30 units (1 pL) of
alkaline phosphatase, and 64 pL of H,O were subsequently
added. Then, incubation was continued at 37 °C for an addi-
tional 2 h followed by adding 100 pL of sterilized water and
extraction with an equal volume of chloroform twice. The
resulting aqueous layer was collected and further passed
through a solid phase extraction (SPE) cartridge filled with
50 mg of sorbent of graphitized carbon black (Weltech Co., Ltd.,
Wuhan, China) to remove the salts. The elution was then dried
with nitrogen gas at 37 °C for subsequent chemical labeling.

This journal is © The Royal Society of Chemistry 2016
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Chemical labeling

In this study, four different labeling reagents harboring the
same reactive group of bromoacetonyl moiety (Fig. 1, and Table
S1 in ESIT) were used to label 5-mC, 5-hmC, 5-foC, and 5-caC.
Chemical labeling conditions, including TEA content, reaction
temperature and time, and concentration of the labeling
reagents were optimized to achieve the best labeling perfor-
mance. The reactions were performed in 200 pL of ACN with
1 uM of 5-mC.

The labeling products were examined on a Shimadzu LC-15C
HPLC system (Tokyo, Japan) equipped with two LC-15C pumps,
a CTO-15C thermostated column compartment, a SPD-15C
UV/vis detector, and a RF-10A fluorescence detector (FLD). The
UV/vis detector was connected with FLD in series. The reaction
mixture was detected using a UV/vis detector with a wavelength
of 260 nm, and the derivatives of 5-mC, 5-hmC, 5-foC, and 5-caC
were detected by FLD with an excitation wavelength of 305 nm
and an emission wavelength of 370 nm. A Hisep C18-T column
(250 mm x 4.6 mm i.d., 5 um, Weltech Co., Ltd., Wuhan, China)
was used for the separation. The column temperature was set at
35 °C. Water containing 0.1% formic acid (v/v, solvent A) and
acetonitrile (solvent B) were employed as mobile phase with
a flow rate of 0.8 mL min~". A gradient of 5% B for 4 min and
5-45% B for 40 min was used.

Analysis of labeled products of 5-mC, 5-hmC, 5-foC, and 5-caC
by LC-ESI-MS/MS

Analysis of the labeled products of 5-mC, 5-hmC, 5-foC, and
5-caC was performed on the LC-ESI-MS/MS system consisting of
an AB 3200 QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA, USA) with an ESI source (Turbo Ionspray) and
a Shimadzu LC-20AD HPLC (Tokyo, Japan). Data acquisition
and processing were performed using AB SCIEX Analyst 1.5
Software (Applied Biosystems, Foster City, CA, USA). The HPLC
separation was performed on a Hisep C18-T column (150 mm X
2.1 mm i.d., 5 pm, Weltech Co., Ltd., Wuhan, China) at 35 °C.
Water containing 0.05% formic acid (v/v, solvent A) and ACN
(solvent B) was employed as the mobile phase. A gradient of
5-65% B for 40 min was used. The flow rate of the mobile phase
was set at 0.2 mL min~'. The mass spectrometry detection was
performed under positive ESI mode. The nucleosides and
labeled products were monitored using the multiple reaction
monitoring (MRM) mode. The MRM parameters were opti-
mized to achieve maximal detection sensitivity (Table S2, ESIT).
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Fig. 1 Chemical labeling of the cytosine modifications.
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Simultaneous analysis of 5-mC, 5-hmC, 5-foC, and 5-caC in
the RNA of mammals

The chemical labeling of all these cytosine modifications from
the digested RNA of mammals by BDEPE was performed under
the optimized conditions. Briefly, the nucleoside mixture of the
digested RNA was passed through an SPE cartridge filled with
50 mg of sorbent of graphitized carbon black (Weltech Co., Ltd.,
Wubhan, China) to remove the salts. The elution was then dried
with nitrogen gas at 37 °C followed by BDEPE labeling, which
was performed in 200 pL of ACN with 2 mM of BDEPE and 4 mM
of TEA. Then, the resulting solution was incubated at 60 °C for
4 h with shaking at 1500 rpm to label 5-mC, 5-hmC, 5-foC, and
5-caC. The labeled products were dried with nitrogen gas at
37 °C and then reconstituted in 100 pL of water containing 5%
ACN (v/v) followed by analysis using LC-ESI-MS/MS.

High resolution mass spectrometry experiments were also
performed on the LC-QTOF-MS system consisting of a MicrO-
TOF-Q orthogonal-accelerated TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) with an ESI source (Turbo Ion-
spray) and a Shimadzu LC-20AB binary pump HPLC (Tokyo,
Japan). Data acquisition and processing were performed using
Bruker Daltonics Control 3.4 and Bruker Daltonics Data anal-
ysis 4.0 software. The HPLC separation was performed on
a Hisep C18-T column (150 mm x 2.1 mm i.d., 5 pm, Weltech
Co., Ltd., Wuhan, China) at 35 °C. Water containing 0.05%
formic acid (v/v, solvent A) and ACN (solvent B) was employed as
mobile phase. A gradient of 5-65% B for 40 min was used. The

flow rate of the mobile phase was set at 0.2 mL min~ .

Statistical analysis

The statistical data were processed with SPSS 19.0 software
(SPSS Inc.). The paired t-test was performed to evaluate the
differences of cytosine modifications in RNA between tumor
tissues and tumor adjacent normal tissues. All p values were
two-sided, and generally, p values <0.05 were considered to have
statistical significance.

Results and discussion

Strategy for the sensitive identification and quantification of
oxidation products of 5-mC in RNA

5-mC is one of the most important modifications in RNA
molecules with potential functions on the control and regula-
tion of gene transcription and protein translation.? The mech-
anism of DNA cytosine demethylation in mammals has been
well established.?®*” But how RNA cytosine demethylation is
achieved is still unclear. Recent studies reported the discovery
of 5-hmC and 5-foC in RNA in mammalian cells and found that
Tet proteins also possess the activity of catalyzing the formation
of 5-hmC from 5-mC in RNA, indicating that RNA may undergo
the same Tet-mediated oxidative demethylation pathway as that
in DNA."?° However, the further oxidation product of 5-mC in
RNA (ie. 5-caC) has not been identified in mammals, which
therefore makes the hypothesis deficient.

In this respect, sensitive and accurate identification and
quantification of the oxidation products of 5-mC in RNA will

Chem. Sci,, 2016, 7, 5495-5502 | 5497


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6sc01589a

Open Access Article. Published on 11 May 2016. Downloaded on 6/21/2026 8:49:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

certainly facilitate the establishment of the RNA demethylation
pathway. However, direct identification and quantification of
these cytosine modifications in RNA has not been realized,
which may be due to their extremely low in vivo abundances.
Our recent study demonstrated that the N3 and N4 positions of
cytosine could react with bromoacetonyl groups.® Therefore,
here we systemically evaluated the chemical labeling of cytosine
modifications of 5-mC, 5-hmC, 5-foC, and 5-caC in RNA by
different reagents bearing a bromoacetonyl moiety (Fig. 1). With
the appropriate chemical labeling, the ionization efficiencies
can be dramatically enhanced, which therefore can increase the
detection sensitivities of these cytosine modifications. Along
this line, we were able to identify and quantify all of the
oxidation products of 5-mC in the RNA of mammals.

Identification of labeled products of 5-mC, 5-hmC, 5-foC, and
5-caC

We examined the labeled products of 5-mC, 5-hmC, 5-foC, and
5-caC with four different labeling reagents, including BDEPE,
BPPE, BTA, and BPB, by LC-ESI-MS/MS. As expected, the four
cytosine modifications successfully reacted with the labeling
reagents and formed the desired derivatives. Typically, the
labeled products were formed via the reaction of the bromoa-
cetonyl group with the N3 and N4 positions of cytosine.

The product ion spectrum showed that m/z 429.2 and 297.1,
m/z 445.2 and 313.2, m/z 443.2 and 311.2, m/z 648.3 and 516.3,
which represent the parent ions of the 5-mC, 5-hmC, 5-foC, and
5-caC derivatives and their product ions, were observed after
BDEPE labeling (Fig. 2). Similarly, the expected labeled prod-
ucts were also obtained via BPPE, BTA, and BPB labeling
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Fig.2 Productions spectra of BDEPE labeled 5-mC (A), 5-hmC (B), 5-
foC (C), and 5-caC (D).
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(Fig. S1-S3, ESIt). It is worth noting that the carboxyl group at
the fifth position of 5-caC also reacts with the labeling reagents
of BDEPE, BTA and BPB (Fig. 2D, S2D and S3D in ESIY).
However, BPPE mainly reacts with the carboxyl group of 5-caC
(Fig. S1D, ESIt). We reason that it is more favorable for the
bromoacetonyl group of BPPE to form the ester with the
carboxyl group of 5-mC since BPPE contains a pyrrolidyl group
that increases the steric hindrance in the cyclization reaction
between the bromoacetonyl group and the N3 and N4 positions
of cytosine.

Improvement of detection sensitivity and LC separation upon
chemical labeling

The main purpose for chemical labeling is to improve the LC
separation and detection sensitivities of 5-mC, 5-hmC, 5-foC,
and 5-caC during LC-ESI-MS/MS analysis. To obtain the best
detection, we optimized the labeling conditions, including TEA
concentration, reaction temperature and time, and the
concentration of the labeling reagents. The detailed optimiza-
tion conditions for the four labeling reagents are shown in
Fig. S4-S7 and listed in Table S1 in ESL{ Then we investigated
the LC separation and detection sensitivities of 5-mC, 5-hmC,
5-foC, and 5-caC upon labeling under their own optimized
reaction conditions. The extracted ion chromatograms show
that the retentions of native 5-mC, 5-hmcC, 5-foC and 5-caC were
relatively weak and they coeluted on the reversed-phase chro-
matographic column even under optimized separation condi-
tions (Fig. 3A). However, after labeling using BDEPE and BPPE,
the retention and separation resolution dramatically increased
(Fig. 3B and S8A in ESIf), which can be attributed to the
increased hydrophobicity of these labeled products. However,
as for labeling using BTA or BPB, that harbors quaternary
ammonium or pyridinium groups, the retentions of these
derivatives did not increase on the reversed-phase chromato-
graphic column (Fig. S8B and S8C in ESIT). The weak retentions
of the BTA and BPB labeled products were due to the weak
interaction between the positively charged derivatives and
reversed-phase chromatographic column. In addition, the
excess amounts of labeling reagents could be readily removed
using a six-way valve through switching to a waste line after (for
BDEPE and BPPE) or before (for BTA and BPB) the labeled
products elute out, thus avoiding contamination of the mass
spectrometer (Fig. S9, ESIT).
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Fig. 3 Extracted ion chromatograms of 5-mC, 5-hmC, 5-foC, and
5-caC before (A) and after (B) labeling using BDEPE under the opti-
mized conditions. The amount of 5-mC, 5-hmC, 5-foC, and 5-caC
were 200 fmol.
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Compared to the native forms of 5-mC, 5-hmC, 5-foC, and 5-
caC, chemical labeling could also dramatically increase their
detection sensitivities. The limits of detection (LODs) of 5-mC,
5-hmC, 5-foC, and 5-caC with and without chemical labeling are
shown in Table 1. We found that these cytosine modifications
labeled by BDEPE offered the best detection sensitivities with
typically decreased LODs by 70 to 313 folds (Table 1). We reason
that the differentially increased detection sensitivities using the
four labeling reagents could be attributed to the differences of
chemical properties of the derivatives as well as the labeling
efficiency. Generally, the increased hydrophobicity of these
labeled products results in a longer retention time in elution
with a higher ratio of organic solvent. Thus, the analytes could
be ionized more effectively in ESI owing to higher spraying and
desolvation efficiency under higher ACN content. The BDEPE
and BPPE labeled products showed longer retention times than
the BTA and BPB labeled products, therefore the overall detec-
tion sensitivities of these cytosine modifications labeled by
BDEPE and BPPE were better than those labeled by BTA and
BPB. In addition, the labeling efficiencies obtained for BDEPE
were the best among the four labeling reagents (Table S3, ESIT),
which also contributed to the high detection sensitivities
offered by BDEPE. The relative low labeling efficiencies for BTA
and BPB could be due to the positive charge near the bromoa-
cetonyl group that decreases the electrophilicity of the bro-
moacetonyl group. Taken together, here we chose BDEPE as the
labeling reagent for the following experiments.

Method validation

With BDEPE as the labeling reagent, the calibration curves of
5-mC, 5-hmC, 5-foC, and 5-caC were constructed by plotting the
mean peak area ratios of 5-mC/10” G, 5-hmC/10° G, 5-foC/10° G,
or 5-caC/10” G versus the mean molar ratios of 5-mC/10° G,
5-hmC/10° G, 5-foC/10° G, or 5-caC/10” G based on data ob-
tained from triplicate measurements using BDEPE labeling
coupled with LC-ESI-MS/MS analysis. The results showed that
good linearities within the range of 0.2-50 5-mC/10° G, 0.2-100
5-hmC/10° G, 0.2-50 5-foC/10° G, and 0.2-50 5-caC/10’ G were
obtained with the coefficients of determination (R?) being
greater than 0.99 (Table S4, ESIT). The accuracy and reproduc-
ibility of the developed method were evaluated with the REs and
RSDs being less than 16.0% and 15.2% (Tables S5-S8, ESIT),
respectively, demonstrating that good accuracy and reproduc-
ibility were achieved.

Table 1 Limits of detection of 5-mC, 5-hmC, 5-foC, and 5-caC with
and without chemical labeling

LODs (fmol)

5-mC 5-hmC 5-foC 5-caC
Without labeling 4.20 9.40 14.30 25.01
BDEPE labeling 0.06 0.07 0.10 0.08
BPPE labeling 0.43 0.69 0.79 1.21
BTA labeling 2.20 4.72 6.22 0.53
BPB labeling 5.25 2.72 16.59 4.41

This journal is © The Royal Society of Chemistry 2016
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Determination of the oxidation products of 5-methylcytosine
in the RNA of mammals

With the established method, we explored the oxidation prod-
ucts of 5-mC in the RNA of mammals, including 293T cells,
mouse liver tissue and human CRC tissue. Shown in Fig. 4 are
the typical extracted ion chromatograms of BDEPE labeled
cytosine modification standards as well as the detected oxida-
tion products of 5-mC in the RNA of mammals. The results
demonstrated that all of these four cytosine modifications of
5-mC, 5-hmC, 5-foC, and 5-caC can be detected (Fig. 4). It is
worth noting that 5-caC also can be distinctly observed in these
samples even with much lower intensities than 5-mC and
5-hmC.

To further confirm these cytosine modifications in RNA, we
also employed high resolution mass spectrometry to examine
the BDEPE labeled products. The results showed that the
molecular weight of the ions in the spectra of the BDEPE labeled
standards were identical to the theoretical values, further
demonstrating the successful labeling (Fig. 5, left panel). In
addition, the high resolution MS spectra of the BDEPE labeled
products from the RNA of human CRC tissue were similar to the
BDEPE labeled standards and the fragment ions were identical
to the theoretical values (Fig. 5, right panel), supporting the
expected existence of these cytosine modifications in the RNA of
mammals.

We then further explored these cytosine modifications in
different RNA species. In this respect, we isolated different types
of RNA, including mRNA, 28S rRNA, 18S rRNA and small RNA
(<200 nt) from the total RNA of mouse liver tissue. The detailed
isolation procedure of rRNA and small RNA can be found in the
text in the ESI.{ The purified 28S rRNA, 18S rRNA, small RNA
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Fig. 4 Determination of 5-mC (A), 5-hmC (B), 5-foC (C), and 5-caC
(D) in the RNA of mammals using BDEPE labeling coupled with LC-ESI-
MS/MS analysis. Extracted ion chromatograms of the BDEPE labeled
standards, BDEPE labeled cytosine modifications in the RNA from
human CRC tissue, mouse liver tissue and 293T cells are shown in each
panel.
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Fig. 5 Confirmation of the cytosine modifications in the RNA of
mammals using high-resolution mass spectrometry. (A) Product-ion
spectra of BDEPE labeled 5-mC standard (left) and 5-mC from the RNA
of human CRC tissue. (B) Product-ion spectra of BDEPE labeled
5-hmC standard (left) and 5-hmC from the RNA of human CRC tissue.
(C) Product-ion spectra of BDEPE labeled 5-foC standard (left) and
5-foC from the RNA of human CRC tissue. (D) Product-ion spectra of
BDEPE labeled 5-caC standard (left) and 5-caC from the RNA of
human CRC tissue.

(<200 nt) were examined via agarose and polyacrylamide gel
electrophoresis (Fig. S10 in ESIT). And the purity of the isolated
mRNA was evaluated using the N°N°-dimethyladenosine
according to previous methods (Fig. S11 in ESI{).?® Our results
showed that 5-mC occurs in all RNA species with more abun-
dant in mRNA and small RNA (Fig. 6). However, 5-hmC, 5-foC
and 5-caC mainly occur in mRNA, and are barely detected in
other types of RNA, such as 28S rRNA, 18S rRNA and small RNA
(Fig. 6). The results are consistent with the recently just pub-
lished paper stating that 5-hmC mainly exists in mRNA.*
Collectively, the proved existence of 5-caC in RNA, together
with previously identified 5-hmC and 5-foC, suggested the
possible oxidative demethylation of 5-mC in the RNA of
mammals. Therefore, 5-mC in RNA may potentially undergo
demethylation through a similar pathway as Tet-mediated DNA
demethylation. The further oxidative products of 5-hmC in DNA
using Tet, i.e. 5-foC and 5-caC, could be readily recognized by
thymine-DNA glycosylase, and the subsequent base excision
repair machinery could result in the restoration of

5500 | Chem. Sci,, 2016, 7, 5495-5502

View Article Online

Edge Article
(A)120 (B) 25
110 20
& 100 ® 15
%
B %0 ]
o 20 ‘-E’ 0.8
5 H
10 0 04
0 0.0
ol vS‘ ol P A b >
o B s ® PR N R
©) 4. © 2
154 138
© [
<S °g
3] 3]
2 044 8 15
w w 1.0
0:21 0.5
0.0- 0.0
> Nl N\ N> > ‘\P >
GO R P & @ o
R o @\\ ,\g,s“’y &

Fig. 6 Determination of 5-mC (A), 5-hmC (B), 5-foC (C), and 5-caC
(D) in different RNA species from mouse liver tissue. 10 pg total RNA
and 1 ug other RNA species were used for quantification.

unmethylated cytosine. As for the 5-hmC in RNA, however, it is
still not straightforward for this process. A recent study showed
that 5-mC in mRNA can decrease translation and 5-hmC can
favor the translation.*® Since the half-life of RNA is normally
short, therefore, 5-hmC, 5-foC and 5-caC in mRNA may also be
alternatively removed with degradation of mRNA once they
fulfil their regulation functions. However, further investigation
is required to elucidate the mechanism.

Content change of 5-mC, 5-hmC, 5-foC, and 5-caC in the RNA
of human CRC and HCC tissues

CRC and HCC are common human cancers and the leading
causes of cancer deaths worldwide.*® Our previous study
demonstrated the significant decrease of the oxidation products
of 5-mC in the DNA of CRC and HCC tissues compared to
adjacent normal tissues.’**® With the developed sensitive
analytical method in the current study, we were able to identify
and quantify all of the oxidation products of 5-mC in RNA.
Therefore, here we further explored the correlation of the
oxidation products of 5-mC in RNA with human CRC and HCC.

A total of 40 tissue samples derived from 20 CRC patients
and 16 tissue samples from 8 HCC patients were analyzed. The
mean content of 5-mC, 5-hmC, 5-foC and 5-caC in CRC tissues
were 5.1 £+ 0.7/10° G, 17.9 + 2.9/10° G, 9.8 + 2.3/10° G, 7.3 +
1.2/107 G, respectively; and the mean content of these modifi-
cations in tumor adjacent normal tissues were 6.5 & 1.2/10° G,
38.2 £ 5.6/10° G, 13.7 £ 2.6/10° G, 7.3 £ 1.3/10” G, respectively
(Fig. 7, and Table S9 in ESIt). As for the HCC tissues, the mean
content of 5-mC, 5-hmC, 5-foC and 5-caC were 4.5 + 0.9/10° G,
7.9 + 1.0/10° G, 6.8 + 2.0/10° G, 4.2 + 1.3/10” G, respectively;
and the mean content of these modifications in tumor adjacent
normal tissues were 3.7 + 0.6/10° G, 12.8 + 2.0/10° G, 4.2 +
1.0/10° G, 4.9 + 1.2/107 G, respectively (Fig. 7, and Table S10 in
ESIT). The statistical results suggested the significant depletion

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Quantification and statistical analysis of 5-mC (A), 5-hmC (B),
5-foC (C), and 5-caC (D) in the total RNA of human CRC tissues and
tumor adjacent normal tissues (left panel) or in the total RNA of human
HCC tissues and tumor adjacent normal tissues (right panel).

of 5-hmC in human CRC (p = 3.1 x 10~ *) and HCC (p = 0.005)
tissues compared to tumor adjacent normal tissues; however, 5-
mC, 5-foC, and 5-caC showed no significant difference between
CRC or HCC tissues and tumor adjacent normal tissues (Fig. 7,
and Tables S9 and S10 in ESIT).

In addition, we further explored the content change of 5-hmC,
5-foC and 5-caC in the mRNA of HCC tissues since 5-hmC, 5-foC
and 5-caC predominantly occur in mRNA. The results showed
that 5-hmC significantly decreased in the mRNA of HCC tissues
compared to tumor adjacent tissues (p = 0.03), but 5-foC and
5-caC showed no significant changes between HCC tissues and
tumor adjacent tissues (Fig. 8, and Table S11 in ESIf).

The recent discovery of dynamic RNA modifications raised
the possible regulatory roles of RNA modifications in biological
processes.*>* In the current study, we found that 5-hmC in RNA
dramatically decreased in CRC and HCC tissues, which is
consistent with previous reports of the significant decrease of 5-
hmC in the DNA of CRC and HCC tissues.**** As the oxidation of
5-mC forms 5-hmC in RNA, similar to that of 5-mC to 5-hmC in
DNA, the results demonstrated the depletion of 5-hmC in RNA
may also have biological significance on epigenetic regulation
in human tumors, which, however, still needs further investi-
gation to fully understand their biological and pathological
functions.
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Fig. 8 Quantification and statistical analysis of 5-mC (A), 5-hmC (B),
5-foC (C), and 5-caC (D) in the mRNA of human HCC tissues and
tumor adjacent normal tissues.

Conclusions

In the current study, we established a highly sensitive method
using chemical labeling coupled with LC-ESI-MS/MS analysis
for the simultaneous analysis of the oxidation products of 5-mC
in the RNA of mammals. Upon BDEPE labeling, the detection
sensitivities increased by 70 to 313 folds. Using the developed
method, we were able to identify endogenous 5-caC in RNA. The
discovery of endogenous 5-caC in RNA together with previously
reported 5-hmC and 5-foC in RNA indicated that RNA may
undergo the same cytosine oxidative demethylation as that in
DNA. The generation of the intermediates of 5-mC oxidation
products may present a signal mediating RNA degradation. In
addition, we found that 5-hmC, 5-foC and 5-caC mainly occur
in mRNA, and 5-hmC in RNA showed significant depletion in
tumor tissues compared to tumor adjacent normal tissues. The
marked depletion of 5-hmC in RNA in tumor tissues may have
profound effects on epigenetic regulation in the development
and formation of cancers.
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