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ABSTRACT OF DISSERTATION 

Adductomic Approach to Evaluate the Epitranscriptome and Disease 

by 
 

Gwendolyn Michelle Gonzalez 
 

Doctor of Philosophy, Graduate Program in Environmental Toxicology 
University of California, Riverside, September 2021 

Dr. Yinsheng Wang, Chairperson 
 

 
 

Chemical modifications on RNA play critical roles in post-transcriptional gene 

regulation. Like DNA epigenetic modifications, e.g., 5-methyl-2’-deoxycytidine (5-mdC) 

and 5-hydroxymethyl-2’-deoxycytidine (5-hmdC), they provide an additional layer of 

regulation by suppressing or enhancing gene expression. The various types of RNA, 

including ribosomal RNA (rRNA), transfer RNA (tRNA) and messenger RNA (mRNA), 

contain over 100 chemical modifications that make up the epitranscriptome. As more 

modified ribonucleosides are identified, so are the demands for sensitive and accurate 

methods for evaluating the epitranscriptome and its relationship with disease pathology.  

In chapter 2, I developed a highly sensitive method for profiling post-transcriptional 

modifications in RNA by using nano-liquid chromatography-multi-stage mass 

spectrometry (nLC-MS/MS/MS). This method enabled simultaneous profiling of 31 

modified ribonucleosides. To achieve a high-throughput scheduled selected-reaction 

monitoring, we assigned normalized retention time (iRT) values for each modified 

ribonucleoside with respect to the canonical ribonucleosides. We utilized the method for 

the identification of 20 modified ribonucleosides with minimal RNA input.  
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In chapter 3, we identified a RNA 5-methylcytidine (m5C) reader protein, YTHDF2 

based on quantitative proteomics. Even though m5C is abundant in all RNA types, the exact 

role of m5C remains elusive. YTHDF2 uses the same binding pocket to bind N6-

methyladenosine (m6A) and m5C. In addition, global m5C levels are altered in HEK293T 

cells upon CRISPR-mediated knockout of YTHDF2 gene.  

 In chapter 4, I developed a method to identify and quantify a novel RNA 

modification, 5-hydroxymethyluridine (5-hmrU) by using LC-MS/MS. I quantified 5-

hmrU in total RNA and mRNA samples isolated from mouse tissues, cultured cells, and 

Drosophila melanogaster. In addition, we identified ten-eleven translocation (Tet) 

enzymes, known oxidizers of 5-methylcytosine (m5C) to 5-hydroxymethylcytosine (5-

hmC) in DNA and RNA, to also mediate the oxidation of 5-methyluridine (m5U) to 5-

hmrU.  

 In chapters 5 and 6, we employ the epitranscriptome global profiling method to 

evaluate the role of the epitranscriptome on environmental toxin exposure and disease. 

Chapter 5 focuses on evaluating how levels of ribonucleosides are affected by air pollution 

and tobacco smoke. Total RNA samples isolated from peripheral blood from truck drivers 

and office workers were taken for LC-MS/MS/MS analysis. I found that smoking in men 

was associated with a decrease in global m6A level compared to non-smokers. By contrast, 

black carbon exposure from air pollution resulted in an increase in m6A level. In chapter 6, 

I evaluated the role of epitranscriptome modifications and its regulatory proteins upon 

infection with HIV-1 and SARS-CoV-2. HIV infection resulted in attenuated PCIF1 

protein level resulting in reduced m6Am level in host MT4 cell lines. In addition, I observed 
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similarities in modified ribonucleoside profile in viral RNA genomes of HIV-1 and SARS-

CoV-2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
	

Table of Contents 

Chapter 1: Introduction ....................................................................................................1	

1.	 The Epitranscriptome ............................................................................................2	
2.	 Epitranscriptome regulators .................................................................................4	

2.1	 Methyltransferases ........................................................................................5	
2.2	 Iron(II) – and 2-Oxoglutarate-dependent Dioxygenases ...........................8	
2.3	 RNA binding proteins .................................................................................11	

3.	 Epigenetic/epitranscriptomic response to diseases and environmental 
exposure ............................................................................................................................12	

3.1	 Air Pollution and Tobacco Smoking .........................................................14	
4.	 Methods to Assess the Epitranscriptome ...........................................................15	
4.1	 Liquid chromatography-tandem mass spectrometry methods ........................17	
5.	 Scope of this dissertation .....................................................................................19	
References .........................................................................................................................21	

Chapter 2: Normalized Retention Time for Scheduled Liquid Chromatography-
Multistage Mass Spectrometry Analysis of the Epitranscriptomic Modifications ....31	

Introduction ......................................................................................................................31	
Experimental Section .......................................................................................................32	
Results ...............................................................................................................................37	
References .........................................................................................................................49	

Chapter 3: YTHDF2 Binds to 5-Methylcytosine in rRNA ...........................................52	
Introduction ......................................................................................................................52	
Experimental Section .......................................................................................................53	
Results ...............................................................................................................................59	
References .........................................................................................................................72	

Chapter 4: Tet-mediated oxidation of 5-methyluridine RNA ......................................77	
Introduction ......................................................................................................................77	
Experimental Section .......................................................................................................78	
Results ...............................................................................................................................82	
Conclusion ........................................................................................................................92	
Reference ..........................................................................................................................93	

Chapter 5: Associations of smoking and air pollution with peripheral blood RNA 
N6-methyladenosine .........................................................................................................97	

Introduction ......................................................................................................................97	
Experimental Section .......................................................................................................99	
Results .............................................................................................................................107	
Discussion .......................................................................................................................116	



xiii 
	

References .......................................................................................................................125	

Chapter 6: Modified ribonucleosides and HIV-1 and SARS-CoV-2 infection .........131	

Introduction ....................................................................................................................131	
Experimental Section .....................................................................................................132	
Results and Discussion ...................................................................................................139	
Conclusions .....................................................................................................................144	
References .......................................................................................................................146	

Chapter 7: Concluding Remarks and Future Directions ...........................................150	

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
	

List of Tables 

Table 2.1: A list of ribonucleoside standards employed in this study and their sources...31 
 
Table 2.2. A list of precursor ions for ribonucleosides monitored in MS3, isolation width, 
and normalized collision energy (NCE). iRT scores obtained using PGC trapping column 
together with a Zorbax SB-C18 (long-fast, linear and non-linear gradients) or Magic C18-
AQ (long-fast, linear gradient) analytical column……………………………..…………33   
 
Table 2.3: A list of A) linear and B) non-linear mobile phase gradients employed in the 
present study...……………………………………………………………………………34 
 
Table 2.4: Average absolute difference between predicted and observed RT for different 
linear and non-linear gradients………………...…………………………………………40 
 
Table 2.5. Comparable quantification results obtained from the current scheduled LC-
MS/MS/MS method and those published previously. The data represent the mean and p-
values calculated using two-tailed Student’s t-test (n = 3)………………………………42 
 
Table 3.1. The primers and probes used in the present study……………………...…….53 
 
Table 3.2. A list of proteins with relative binding ratios toward m5C- over C-containing 
RNA identified from SILAC-based affinity screening experiments with the use of lysate of 
HeLa cells…………………………………...……………………………………………57 
 
Table 3.3. A list of proteins with relative binding ratios toward m5C- over C-containing 
RNA identified from SILAC-based affinity screening experiments with the use of lysate of 
HEK293T cells……………...……………………………………………………………57 
 
Table 4.1: A list of precursor ions for ribonucleosides monitored in MS2 or MS3, isolation 
width, and normalized collision energy (NCE). rU and m5U are monitored on the LTQ-
XL using MS3, while 5-hmrU is monitored exclusively on the Q-Exactive plus using 
MS2………………………………………………………………………………………77 
 
Table 5.1 Population Characteristics, Air Pollution Exposures, and Smoking Habits…103 
 
Table 5.2 Effect estimates from linear models examining the effects of air pollutants and 
smoking status on global m6A levels in whole blood RNA……………………….……105 
 
Table 5.3. Effect estimates from linear models examining the effects of smoking status on 
reader, writer and eraser mRNA expression in whole blood RNA……………………..109 
 
Table 5.4 Effect estimates from linear models examining the effects of air pollutants on 
reader, writer and eraser mRNA expression in whole blood RNA……………………..110 



xv 
	

 
Table 5.5 Results from sensitivity analyses examining the effects of air smoking status on 
global m6A levels in whole blood RNA………………………….…………...………..111 
 
Table 5.6. Effect estimates from crude linear models stratified by occupation examining 
the effects of air pollutants and smoking status on global m6A levels in whole blood RNA 
from the full study population………………………………………………….……....113 
 
Table 5.7. Effect estimates from crude linear models stratified by sex examining the effects 
of air pollutants and environmental tobacco smoke on global m6A levels in whole blood 
RNA…………………………………………………………………………………….113  
 
Table 5.8. Effect estimates from crude linear models stratified by sex examining the effects 
of ETS air pollutants on reader, writer and eraser mRNA expression in whole blood 
RNA…………………………………………………………………………...………..114 
 
Table 6.1. A list of precursor ions for ribonucleosides monitored in MS3, isolation width, 
and normalized collision energy (NCE)…………………………………………….….134  
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 



xvi 
	

List of Figures 

Figure 1.1 Epitranscriptome modifications in mRNA, tRNA, and rRNA…………………3  
 
Figure 1.2 The reversible and dynamic post-transcriptional regulation of modified 
ribonucleosides…………………………………………………………………..………..5 
 
Figure 2.1 The chemical structures of modified ribonucleosides used in the present 
study……………………………………………………………………………………...36 
 
Figure 2.2: Scheduled SRM for the analysis of modified ribonucleosides. A) The iRT-RT 
correlation for ribonucleosides on a Zorbax SB-C18 column with the use of long-fast 
gradient. Ribonucleosides are labeled on the line. Complete names and chemical structures 
are shown in Figure 1 and Table 2.1. B) Representative selected-ion chromatograms (SICs) 
for rA, rG, and their mono-methylated derivatives using a scheduled SRM LC-MS3 method 
with a non-linear, long-fast gradient. Interference peaks are denoted with *…………….37 
 
Figure 2.3: RT-iRT correlations acquired from the use of a porous graphitic carbon (PGC) 
trapping column and a Zorbax SB-C18 analytical column with different mobile phase 
gradients. A) linear gradients with modified gradient speeds (long, long-fast, and short-
fast); and B) non-linear gradients with different gradient speeds (long, long-fast, short-fast, 
short)……………………………………………………………………………………..38 
 
Figure 2.4: A) A comparison of RT-iRT correlations obtained from the use of Zorbax SB-
C18 and Magic C18-AQ analytical columns.  Data in B) RT and iRT correlations acquired 
from LC-MS3 analysis using PGC trapping column and Magic C18-AQ analytical column 
with different linear gradients (long, long-fast, and short-fast)………...…………..……39 
 
Figure 2.5: Precision and accuracy of the high-throughput scheduled SRM method 
determined by: A) absolute difference (in minutes) between the predicted and observed RT 
using linear and non-linear, modified gradients; and B) a comparison of quantification 
results from scheduled SRM LC-MS3 using long-fast, linear and non-linear gradients with 
those obtained with low-throughput method. The whiskers plotted in A) correspond to the 
5th and 95th percentiles and representative outliers are shown based on data acquired from 
an average of four LC-MS3 runs. On average, divergences of the predicted RTs from the 
observed RTs were within 2 and 2.5 min for linear and non-linear gradients, respectively. 
Detailed average difference from predicted RT for all gradients are found in Table 
2.3……………………………………………………………….……………………….40 
 
Figure 2.6. iRT-RT correlation analysis of ribonucleosides from the digestion of total RNA 
isolated from HEK-293T cells with the use of a non-linear gradient. Ribonucleosides are 
labeled on line……………………………………………………...………………….…41 
 



xvii 
	

Figure 2.7: Data represents the mean and standard deviation (n = 3) between low-
throughput method monitoring 6 precursor ions throughout the gradient and high-
throughput scheduled SRM method monitoring 33 unlabeled and 3 labeled precursor ions. 
p-values were calculated using two-tailed Student’s t-test are found in Table 
2.5……………………………………………………………………………..…….……42 
 
Figure 3.1. The identification of m5C-interacting proteins. (A) A schematic overview of 
the SILAC-based quantitative proteomics method for discovering m5C reader proteins. 
Shown is the workflow for a forward SILAC labeling experiment. (B) A scatter plot 
showing the proteins identified in RNA pull-down assay in HeLa cells. Displayed are 
results based on three forward and three reverse SILAC labeling experiments. (C) 
Representative ESI-MS for the [M+2H]2+ ions of YTHDF2 peptide SINNYNPK revealing 
the preferential binding of YTHDF2 toward the m5C probe in both forward (up) and reverse 
(bottom) SILAC experiments……………………………………….……………………56 
 
Figure 3.2. Representative MS/MS data of a tryptic peptide from YTHDF2 in SILAC 
experiments. Shown are the MS/MS for the [M+2H]2+ ions of YTHDF2 peptide 
SINNYNPK (A) and SINNYNPK* (B, ‘K*’ designates the heavy lysine), 
respectively…………………………………………………………...………………….58 
 
Figure 3.3. Electrophoretic mobility shift assay for measuring the binding affinities of 
YTHDF2 and W432A mutant proteins with methylated and unmethylated RNA probes. 
(A) The binding affinity of YTHDF2 and W432A mutant proteins with m5C- and C-
containing RNA probes. (B) The binding affinity of YTHDF2 with m6A- and A-containing 
RNA probes. Protein concentrations ranged from 0.5 to 4 µM. The dissociation constants 
(Kd) are listed in individual figure panels, and the data represent the mean ± S. D. from 
three separate EMSA experiments…………………………………………….…………58 
 
Figure 3.4. YTHDF2 is an m5C-binding protein. (A) LC-MS/MS/MS quantification results 
showed that recombinant YTHDF2 protein can enrich m5C-containing RNA from poly(A)-
tailed mRNAs of HEK293T cells. When YTHDF2 was cross-linked with its associated 
RNA by UV light and partially digested using RNase T1, the enrichment of m5C in the 
YTHDF2-bound fraction was increased compared to that without RNase T1 treatment. (B) 
LC-MS/MS/MS results showed that m6A was enriched in YTHDF2-bound mRNA than in 
the input or flow-through samples. (C) Relative enrichment of m5C in total RNA products 
immunoprecipitated with wild-type YTHDF2 over W432A mutant protein from HEK293T 
cells. The data in (A-C) represent the mean and SEM of results from three (A, B) or six (C) 
technical replicates, i.e. three parallel pull-down experiments each for data in (A) and (B), 
and six independent transfection and pull-down experiments for data in (C). ‘*’, P< 0.05; 
‘**’, P< 0.01. The P values were calculated using unpaired (A, C) or paired (B) two-tailed 
Student’s t-test. (D-E) Closed-up view of the docking models of the YTH domain of 
YTHDF2 with the 3-mer RNA housing an m6A (D) or m5C (E) in similar orientation. The 
comparison shows similar mode of recognition of m6A and m5C. RNAs and the residues 
involved in the recognition are depicted in stick representation. Hydrogen bonds are shown 



xviii 
	

in dashed lines. The nitrogen and oxygen atoms are colored in blue and red, respectively. 
YTH domain is colored in green, m6A- and m5C-containing RNA, i.e. G(m6A)C and 
G(m5C)C, are displayed in yellow and cyan, respectively…….…………………………60 
 
Figure 3.5 Linear regression analysis to show the overall levels of m5C in mtRNA of the 
YTHDF2-depeleted cells (Y axis) and the isogenic parental cells (X axis). ‘x’ and ‘f(x)’ 
represent m5C rates in HEK293T and YTHDF2 knockout cells, respectively……………63  
 
Figure 3.6 YTHDF2 regulates the m5C profile in rRNA. (A) The locations and levels of 
m5C in mature rRNA of HEK293T and the isogenic YTHDF2 knockout cells. The sites 
with high m5C levels are clustered in 5 regions, including one in the 18S rRNA and four in 
the 28S rRNA. (B) Linear regression analysis in the rRNAs showing that an approximately 
1.6- fold increase in m5C levels upon genetic ablation of YTHDF2. ‘x’ (X axis) and ‘f(x)’ 
(Y axis) represent m5C rates in HEK293T and YTHDF2 knockout cells, respectively. (C) 
LC-MS/MS/MS quantification results showing the total levels of m5C (left) and m6A 
(right) in 18S rRNA of HEK293T and the isogenic YTHDF2 knockout cells. Data represent 
the mean ± SEM (n = 3). ‘*’, p < 0.05; The p values were calculated using unpaired two-
tailed Student’s t-test…………………………………………………………….….……64 
 
Figure 4.1: MS3 spectra and SIC of 5-methyuridine (top) and 13C5-5-methyluridine 
(bottom) on LTQ-XL……………………………………………………………….……78  
 
Figure 4.2 LC-MS/MS for the detection and quantification of 5-hmrU. A) Depiction of 
Tet-mediated formation of 5-hmrU from m5U. B) Representative HPLC trace and elution 
time of 5-hmrC and 5-hmrU. C) schematic diagrams showing the proposed fragmentation 
pathways of the [M + H]+ ions of 5-hmrU and [1,3-15N2]-5-hmrU. 15N labeling is denotes 
in red. D) Representative selected ion chromatogram and MS/MS for 5-hmrU and labeled 
[1,3-15N2]-5-hmrU…………………………………………………………………..……79 
 
Figure 4.3: Calibration curves for uridine (rU), 5-methyluridine (m5U), and 5-hmrU. 
Uridine (rU) calibration curve was constructed using 2800 fmol of labeled 15N-uridine 
standard and 185 - 2200 fmol of unlabeled rU standard. 5.6 fmol of 13C5-5-methyluridine 
(m5U) isotope labeled standard with unlabeled m5U standard ranged from 0.305 – 61.6 
fmol was used to construct m5U calibration curve. For 5-hmrU analysis, 200 fmol of [1,3-
15N2]5-hmrU internal standard and unlabeled 5-hmrU standard ranged from 0.254 – 63.1 
fmol was used………………………………………………….…………………………80 
 
Figure 4.4: 5-hmrU is present in RNA of mammalian cells in a cell- and RNA type-
dependent manner. A) 5-hmrU levels in mouse tissues. (n = 3) B) 5-hmrU level of cultured 
cancer cell lines, HeLa and WM-266-4 (n = 3). C) 5-hmrU level in total RNA and mRNA 
of HEK293T cells (n = 3). D) The levels of 5-hmrU in total RNA of Drosophila larval at 
different developmental stages (6 technical replicates). p-values were obtained using 
unpaired student’s t test.…..………………………………………………………...……81 
 



xix 
	

Figure 4.5 m5U level in mammalian cells m5U level in A) human cultured cell lines, 
WM266 and HeLa (n = 3) and B) mouse tissues (n = 3). RNA type specificity in total RNA 
and mRNA of HEK293T cells (n = 3)………………………………….………………...81 
 
Figure 4.6: Tet protein mediated m5U demethylation to 5-hmrU. A) HEK293T cells 
overexpression catalytical domains of Tet1-3. pGEM-easy refers to transfection using 
control pGEM-T easy plasmid. Panels A) and B) depict the levels of m5U and 5-hmrU 
upon overexpression of catalytic domains of Tet1-3 in HEK293T cells. The data represent 
the mean and standard deviation of results obtained from three independent transfections. 
C) The levels of 5-hmrU in HEK293T cells upon ectopic expression of full length Tet1-3 
(n= 3). D-E) The levels of 5-hmrU in wild-type mouse ES cells and Tet knock-out mouse 
ES cells.  Levels of 5-hmrU in E) total RNA and F) mRNA of Drosophila Melanogaster 
with Tet protein deletion. The data in E) represents total RNA of 4 technical replicates of 
each treatments, while the preliminary data in F) represents mRNA of WT (n = 2) and Tet-
null (n = 3). All p-values were obtained using unpaired student’s t test.…………….…...84 
 
Figure 4.7 5-hmrC level in HEK293T cells overexpressing catalytic domain of Tet1-3. 
(n=3) The data represents the means and standard deviation of three biological replicates. 
All p-values were obtained using unpaired student’s t test……………………………….85 
 
Figure 5.1 A) Pearson’s correlation plot for mRNA expression levels of m6A readers, 
writers and erasers in whole blood; and B) Pearson’s correlation coefficients for each gene 
with m6A. Number and gradient represent the correlation coefficient, and text color 
represents the significance of the correlation at p ≤ 0.05 (black: significant, or gray: 
insignificant)……………………………………………………………………………104 
 
Figure 5.2 Adjusted mean percent global m6A/A with 95% confidence intervals by 
smoking ca- tegory for: A) Ever/never smokers; B) Smoking while wearing the monitor; 
C) Environmental tobacco smoke (ETS); and D) Pack Years. Models adjusted for: age, 
sex, and digestion batch. ETS models also adjusted for ever/never smoking 
status……………………………………………………………………………...…….106 
 
Figure 5.3 Predicted values for linear models of percent m6A/A with A) PM2.5 (µg/m3); 
B) PM10 (µg/m3); and C) Black carbon (µg/m3) with 95% confidence intervals and adjusted 
for: age, sex, smoking status, smoking on day of exposure, average daily temperature, 
average dew point, day of week and digestion batch. Points represent actual 
values……………………………………………………..…………………………….106 
 
Figure 5.4 Heat map of effect estimates from adjusted and crude models as relative percent 
change in gene expression according to A) smoking status; or B) following a 6-hour 
exposure to air pollutants with a 10-unit change in air quality measure. Values are on the 
multiplicative scale and were obtained by exponentiating the regression coefficient from 
the log-transformed model. FDR adjusted P values ≤ 0.2 are indicated. ETS: Environmental 
tobacco smoke…………………………………………………………………………..107 



xx 
	

Figure 5.5 Heat map of effect estimates as relative percent change in gene expression in 
sensitivity analyses on smoking status. Values are on the multiplicative scale and were 
obtained by exponentiating the regression coefficient from the log-transformed model. P-
values are indicated on tiles with significant effect estimates following FDR adjustment for 
multiple comparisons…………………………………………………………………...112 
 
Figure 5.6 Heat map of effect estimates from crude and adjusted models as relative percent 
change in gene expression following a 6-hour exposure to air pollutants with a 10-unit 
change in air quality measure in models excluding individuals that smoked on the day of 
m6A measurement. Values are on the multiplicative scale and were obtained by 
exponentiating the regression coefficient from the log-transformed model. FDR adjusted P 
values ≤ 0.05 are indicated…………………………………………………….………..112 
 
Figure 6.1 Calibration curves for 3-methylcytidine (m3C) and N4-acetylcytidine (ac4C). 
Mixture containing 5.16 fmol of 13C5-5-methylcytosine isotope labeled standard with 
unlabeled m3C standard ranged from 3.48 – 17.4 fmol were analyzed to construct m3C 
calibration curve. For the calibration curve of ac4C, 42.5 fmol of D3-m6A internal standard 
was mixed with unlabeled ac4C standard ranged from 2.25 – 11.27 fmol for LC-
MS/MS/MS analyses……………………………………………………………………131 
 
Figure 6.2 Calibration curves for guanosine and 2’-O-methylguanosine (Gm). Mixture 
containing 17.25 fmol of 13C5-2’-O-methyladenosine (13C5-Am) isotope labeled standard 
with unlabeled standard ranged from 0.244 – 9.76 pmol and 17.79 – 177.92 fmol of rG and 
Gm, respectively, were analyzed to construct calibration curves………………………..132 
 
Figure 6.3 Calibration curves for uridine, 5-methylcytosine (m5U) and pseudouridine (ψ). 
A mixture containing 5590 pmol of 15N2-uridine isotope labeled standard with unlabeled 
standard ranged from 0.37 – 18.95 pmol, 10.67 – 142.24 fmol, 0.21 – 4.20 fmol for uridine 
ψ, and Um respectively, were analyzed to construct calibration curves. For the calibration 
curve of m5U, 5.6 fmol of 13C5-m5U internal standard were mixed with unlabeled standard 
ranged from 4.62 – 13.40 fmol for LC-MS/MS/MS analyses……………………..…….133 
 
Figure 6.4 Calibration curves for N6,6-dimethyladenosine (m6,6A). For the calibration curve 
of m6,6A, 42.5 fmol of D3-m6A internal standard were mixted with unlabeled m6,6A 
standard ranged from 0.90 – 4.51 fmol were analyzed for LC-MS/MS/MS analyses….134 
 
Figure 6.5 Calibration curves for Adenosine, N6-methyl-2’-O-methyladenosine (m6Am) 
and N6-methyladenosine (m6A). For the calibration curve of adenosine, 8 pmol of 13C5-
labeled adenosine was added unlabeled adenosine standard ranging from 105.8 fmol - 32 
pmol were analyzed. For the calibration of m6Am and m6A, 85 fmol of D3-N6-
methyladenosine (D3-m6A) internal standard were mixed with m6Am and m6A unlabeled 
standards ranging from 0.45 – 9.4 fmol and 1.8 – 63 fmol, respectively, were analyzed...135 
 



xxi 
	

Figure 6.6: Representative A) SICs and B) MS/MS for rA and 13C5-rA, and MS/MS/MS 
for m6A, m6Am and D3-m6A……………………………………………….…………....136 
 
Figure 6.7 HIV infection results in diminished m6Am host by PCIF1 and host 
epitranscriptome level. A) and B) represents LC-MS/MS/MS analysis of mock and HIV-
LAI infected MT4 cells at a dose of 0.4 MOI for 3 days. Mean ± SD of 3 biological 
replicates. Statistical analysis was conducted using an unpaired student t test. PCIF1 
mRNA (C) and protein (D) levels were taken on day 2, 3, and 5 after infection (n = 3). 
Figure D) top represents high exposure, while D) bottom represents PCIF at low exposure. 
E) and F) represents the m6Am and m6A level in PCIF1 knockout in Jurkat T cells. G) 
represents epitranscriptome analysis of PBMC cells extracted from human healthy (n = 4) 
and HIV infected (n = 5) patients. N.D means not detectable. Statistical analysis was 
conducted using 3 biological replicates with unpaired student t test……………….…..138 
 
Figure 6.8 LC-MS/MS/MS analysis of HIV-1 and SARS-CoV-2 viral genome. The data 
represents the global modified ribonucleoside profile in A) HIV and B) SARS-CoV-2 
genomic RNA from three independent digestions……………..…………………….…141 
 



1 
	

Chapter 1: Introduction 
 

Cells utilize various mechanisms to cope with homeostatic stress. Epigenetics is a 

form of gene expression regulation that does not alter the primary sequence but employs 

chemical modifications on DNA, RNA and proteins. The various epigenetic marks impart 

differing functions.  

Some common DNA epigenetic marks, including 5-methyl-2’-deoxycytidine 

(m5dC) and 5-hydroxymethyl-2’-deoxycytidine (5-hmdC), repress and enhance gene 

expression, respectively.1 In the genome, 5-mdC is commonly found at CpG islands.2 It is 

reported that approximately 70% of all human CpG islands found at promoters are 

methylated, resulting in repression of downstream genes.2 Conversely, the presence of 

m5dC’s oxidization product, 5-hmdC, is an epigenetic mark in its own respect and is 

associated with enhancement of gene expression.3 

DNA and histone epigenetic marks work synergistically to mediate transcription of 

genes.2 m5dC marks on CpG islands signal histone methyltransferases to hypermethylate 

histones. Interestingly, the different methylation states, including mono-, di-, and tri-

methylations, result in varying functions. Histone 3-lysine 9 trimethylation (H3K9me3) 

and histone 3-lysine 27 trimethylation (H3K27me3) result in repression and are commonly 

found in areas where CpG islands are hypermethylated.4 Conversely, mono-, di-, and tri-

methylations of histone 3 at lysines 4, 36, and 79 are activation marks.4 However, 

methylations are not the sole histone epigenetic mark. Other histone modifications include 

acetylations, ubiquitinations, and phosphorylations.4 The different types of modifications 

as well as their positions on histone tails can result in altered gene expression. 
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Identifying epigenetic marks and their functions is vital in understanding their 

dysregulation in disease. The varying types of cancer and other diseases can result from 

entire reorganization of these epigenetic marks, such as hypomethylation of the genome. 

Therefore, expanding our knowledge in gene expression regulation can assist our 

understanding of disease pathology. One form of gene expression regulation that has only 

begun to be explored is the presence of modified ribonucleosides, which are referred to as 

the epitranscriptome.  

1. The Epitranscriptome 

An emerging concept in gene expression regulation is the presence of modified 

ribonucleosides in mRNA, tRNA, and rRNA that make up the epitranscriptome (Figure 

1.1). Over 100 modifications mediate structure, function, translation, splicing, stability, 

and interactions with other biomolecules.5, 6 In addition to simple base modifications, 

including methylations and acetylations, other modifications contain backbone 

methylations and bulky adducts, e.g., 5-S-methoxycarbonylhydroxymethyluridine 

(mchm5U). 

A few modified ribonucleosides, including 5-methylcytidine (m5C) and 

pseudouridine (y), are well documented in various mammalian cell RNA, including 

tRNAs, rRNAs, and mRNA. 7-10  In tRNA, m5C is commonly found at the 48th and 49th 

position near the T-y-C stem, suggesting an influence in tRNA stability.8 In addition, in-

vitro experiments demonstrated the importance of m5C tRNA methylation on Mg2+ 

binding.11 In mRNA, y is tightly regulated in response to environmental cues, including 

glucose deprivation.12 However, in different types of RNA, the exact function of m5C and 
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Figure 1.1 Epitranscriptome modifications in mRNA, tRNA, and rRNA.  

 

y are not well understood, so are true for the majority of other modified ribonucleosides.  

Over the past few decades, modified ribonucleosides on mRNA were gaining 

interest. Modifications, such as N7-methylguanosine (m7G) and N6,2’-O-

dimethyladenosine (m6Am), are found in the 5’-cap region of mRNA, where they mediate 

cap-dependent translation and recruitment of  small (40S) ribosomal subunit and translation 

initiation factors.6, 13 In addition, the presence of m6Am increases mRNA stability by 

inhibiting the mRNA decapping enzyme, DCP2.6 However, viral RNA and uncapped RNA 

are translated through a cap-independent mechanism by internal ribosomal entry site 

(IRES) motif and the presence of N6-methyladenosine (m6A) in the 5’ untranslated region, 

respectively. 13, 14 In mammalian cells, m6A occurs at a frequency of 0.1-0.4% per 

adenosine in mRNA and is one of the most abundant internal mRNA modifications.15 

Antibody-based sequencing has determined that DRACH is an m6A consensus sequence 
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with D representing A/G/U, R representing A/G, and H representing A/C/U.16, 17 In 

addition, m6A is enriched at stop codons, 3’-untranslated regions (3’-UTRs), and few are 

found on long exons.15 Investigations into mRNA modifications have revealed the 

importance of m7G, m6Am, and m6A in mRNA stability and translation efficiency. Follow 

up investigations are necessary to decipher the presence of other modified ribonucleosides, 

such as N4-acetylcytidine (ac4C), and their functions in mRNA metabolism.  More 

importantly, the various aspects of mRNA metabolism governed by modified 

ribonucleoside regulators, like m6A, are vital in our understanding of the origins of 

diseases.15 

2. Epitranscriptomic regulators 

Cells are equipped with mechanisms to rapidly respond to stimuli. Epigenetic 

modifications and their dynamic nature is common among all modes of epigenetic 

regulation. Genome and histone modifications are regulated by readers, writers, and erasers 

to mediate the transcriptional fate of genes. It has recently been recognized that mRNA 

levels correlate well with protein levels for only some protein-coding genes.18 This 

discrepancy has paved the road for investigations into post-transcriptional regulation of 

gene expression. 

Recently, several modified ribonucleosides within the epitranscriptome, including 

mRNA, were found to be dynamic and reversible. Tissue-dependent distribution of 

epitranscriptomic modifications was one of the first indications of regulatory proteins.7, 19, 

20  Readers, writers, and erasers govern the modified ribonucleoside level and function 

through translation and stability of the transcript of interest.21-23 For instance, YTHDF2  
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Figure 1.2 The reversible and dynamic post-transcriptional regulation of modified 
ribonucleosides. 
 

binding of m6A- containing RNA results in degradation of that particular transcript. In the 

following sections, I will review some of the key epitranscriptome writers 

(methyltransferases), erasers (demethylases), and readers (RNA binding proteins) (Figure 

1.2).  

2.1 Methyltransferases 

Methylation is one of the most commonly identified and researched modifications. 

They occur in all types of ribonucleosides, including cytidine, uridine, adenosine and 

guanosine.24, 25 The most investigated methylations exist in bacteria tRNA. However, a few 

of the modified ribonucleosides have also been identified in mRNA, including m5C, m7G, 

2’-O-methylations (Nm), and m6A.  
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Methylations are installed on RNA by an enzyme called methyltransferases. There 

are 3 main classes of m5C methyltransferase: tRNA-specific methyltransferase (Trm4), 

nucleolar protein 2 (Nop2), and DNA methyltransferase (DNMTs). Trm4 is important in 

early tRNA metabolism by methylating positions 34 and 40 of tRNALeu (CAA) and 

tRNAPhe (GAA).26 Further studies identified cysteine 310 as a vital catalytic residue and 

the ability of the N-terminus to enhance cysteine availability for binding to m5C.26 Through 

sequence complementarity, Trm4’s human homolog, NSUN2, was identified and was 

found to be involved in c-Myc dependent proliferation.8 Even though NSUN2 has sequence 

similarity, it is unable to methylate tRNALeu (GAA).8  

Another methyltransferase is Nop2, in yeast, responsible for maturation of 60S 

rRNA from 26S rRNA in a methylation-dependent manner.27 Nop2’s key cysteine residue 

(Cys424) is essential for yeast viability.27 The remainder of the Nop2/NSUN family are 

highly conserved in mammals. Deletion of critical NSUN genes, NSUN5A/B/C, results in 

a mental disorder called Williams-Beuren syndrome.28  

The most well-studied nucleic acid methyltransferases are the DNA (cytosine-5)-

methyltransferases (DNMTs). DNMTs are responsible for inheritance and maintenance of 

DNA methylation patterns.29 Until fairly recently, DNMTs were only known to mediate 

DNA methylation. However, recent investigations have demonstrated its role in RNA 

methylation. DNMT2 was the first of this family shown to methylate RNA, specifically 

tRNAAsp.  Using DNMT2 modeling and in-vitro experiments, it was illustrated that tyrosine 

residue impedes DNA but not RNA binding.30  
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In addition to m5C, there are a few modifications that have been identified in 

mRNA.  The N7-methylguanosince (m7G) cap is essential for cap-dependent mRNA 

translation.31 Following the m7G cap, mRNA typically contains a 2’-O-methylation on the 

first nucleotide, installed by CMTr1.32 Phosphorylated serine RNA Pol II acts as a scaffold 

for RNMT, the N7-methylguanosine methyltransferase, and CMTr1 to co-transcriptionally 

methylate mRNA with essential modified ribonucleosides.32 Typically, if the first 

nucleotide is 2’-O-methyladenosine (Am), a second methylation event can occur to form 

m6Am by PCIF1.32-34 Upon further investigation, PCIF1 was found to be cap-specific and 

requires the 2’-O-methylation to be present.32, 34 However, PCIF1 is not responsible for 

internal m6A formation.33 Human methyltransferase-like 3 (METTL3) and 14 (METTL14) 

form a heterodimer with Wilms’ tumor-1 associating protein (WTAP) making a stable 

complex which mediates m6A methylation in a sequence-dependent manner.17, 35 The 

METTL3 methyltransferase complex is primarily responsible for the most common 

internal mRNA modification.35 METTL3 binds S-adenosyl-L-methionine (SAM), while 

METTL14 and WTAP are important in substrate recognition and nuclear speckle 

localization, respectively.17, 35-38 The METTL3-METTL14 complex methylates not only 

mRNA, but to a lesser degree, microRNA (miRNA), long intergenic non-coding RNA 

(LincRNA), and pseudogenes.17 Recently, METTL16 was found to methylate 

approximately 20% of all m6A, but differ from those methylated by METTL3-METTL14 

complex, suggesting substrate and sequence specificity.39  METTL16 is also associated 

with methylated U6 small nuclear RNA (snRNA) and the 3’-UTR of methionine 

adenosyltransferase 2A (MAT2A).39 m6A methyltransferases is the most heavily studied 
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mono-methylations in RNA. The ability for m6A to be removed from RNA is due to 

regulatory proteins, including demethylases. 

2.2 Iron(II) – and 2-Oxoglutarate-dependent Dioxygenases 

The iron (II)-and-2-oxoglutarate-dependent dioxygenases (2OG-D), also known as 

the a-ketoglutarate-dependent dioxygenases, function in DNA repair and epigenetic 

regulation. This family consists of 80 enzymes that are known to coordinate Fe(II) at 2-

histidine-1-carboxylate motif and bind 2OG within its metal ion core.40 Using 2-OG as a 

cofactor with Fe(II), the 2OG-D can oxidize methyl groups into a hydroxymethyl group.15  

Initial investigations demonstrated the 2OG-D’s capability to demethylate lysine 

residues in proteins.40 For example, a subset of 2OG-Ds, known as the Jumonji domain 

(JMJD)-containing proteins hydroxylate the 5th carbon of lysine or arginine, important for 

the function of RNA splicing proteins and histones.40 The different families, like LSD and 

Jumonji domain protein, are not only histone lysine-dependent, but are also methylation 

state-dependent, e.g. mono-, di-, and tri-methylations.41-44 The LSD family of proteins are 

only capable of demethylating lysine mono- and di-methylations.41 However, the Jumonji 

domain proteins are capable of demethylating all methylation states.44 That being said, the 

different members of the Jumonji domain family, including KDM4A, KDM4B, and 

KDM4C, have differing activities toward various methylated lysines on histones and their 

methylation states.4  

Alkylated nucleic acids can also be oxidized by the 2OG dioxygenases. AlkB is 

one of the first enzymes identified within the 2OG-D family to function on nucleic acids 

in E. coli.40 Early evidence suggested that 2OG-D functions primarily for repair of DNA 
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lesions induced by alkylating agents.45 Within the past few decades, AlkB was identified 

as a RNA demethylase, first misunderstood as a RNA repair protein, but now recognized 

as a mono-methylated ribonucleoside demethylase.46 AlkB oxidizes 3-methylcytidine 

(m3C) and N1-methyladenosine (m1A), resulting in the spontaneous loss of formaldehyde 

to form the corresponding unmethylated nucleoside.40 The known nucleosides that AlkB 

can oxidize have expanded to 1-methylguanosine, 3-methylthymine, and N4-

methylcytidine.40 In mammals, AlkB homologs are referred to as ALKBH1-8 and fat-mass 

and obesity associated gene (FTO). Many members within the ALKBH family have no 

known substrate in proteins or nucleic acids. For instance, ALKBH6 and ALKBH7 

knockout in HEK293T cells has demonstrated their role in necrosis, but their binding 

partners and substrates remain poorly understood.47  

FTO, alternatively called ALKBH9, is shown to mediate human obesity and energy 

homeostasis.48 FTO was originally revealed to oxidatively demethylate 3-methylthymine 

(m3T) and 3-methyluridine (m3U) in-vitro.49 However in 2011, N6-methyladensine (m6A) 

was identified as one of FTO’s primary substrates.48 ALKBH5 can also oxidatively 

demethylate m6A in vitro and in vivo.50 Similar to FTO, ALKBH5 mediates mRNA export, 

metabolism, and processing in nuclear speckles.50 From a pathological prospective, both 

ALKBH5 and FTO play crucial roles in cancer, viral infection, and fertility.48, 50, 51  

However, FTO is a promiscuous eraser as it demethylates internal m6A in mRNA and 

m6Am found in the 5’ cap region of mRNA,6 revealing the potential of dynamic regulation 

of multiple modified ribonucleosides by a single demethylase.  
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ALKBH8 is the only member in the ALKBH family to have both a 

methyltransferase and hydroxylase domain.52, 53 To perform as a methyltransferase, 

ALKBH8 and Trm112b recognize and methylate 5-carboxymethyluridine (cm5U) to 5-

methylcarboxymethyluridine (mcm5U) at wobble positions of tRNA.52 ALKBH8 can 

subsequently oxidize mcm5U to 5-S-methoxycarbonylhydroxymethyluridine (mchm5U).53 

ALKBH8’s importance in cell survival has only been monitored in E. coli, where its’ 

genetic depletion results in sensitivity to DNA damaging agents.54 However, ALKBH8’s 

function in mammalian cells has not been investigated. Similar to many of the other 

members of the ALKBH family, a thorough assessment of other potential targets have yet 

to be identified. 

Like the ALKBH family’s action on DNA and RNA, ten-eleven translocation (Tet) 

proteins are also epigenetic and epitranscriptomic regulators.19, 55 Tet proteins are widely 

understood as the 5-methyl-2’deoxycytidine (m5dC) hydroxylase on CpG islands of 

DNA.56 5-hydroxymethyl-2’-deoxycytidine (5-hmdC) is a m5dC oxidation product and is 

regarded as an epigenetic marker for active transcription on its own.57 Tet can further 

oxidize 5-hmdC to 5-formyl-2’-deoxycytidine (5-fodC) and 5-carboxyl-2’-deoxycytidine 

(5-cadC). 5-fodC and 5-cadC in DNA play a role in the demethylation process to restore 

the unmethylated 2’-deoxycytidine through base-excision repair.55 In short, thymine DNA 

glycosylase recognizes 5-fodC and 5-cadC to excise the modified base and signal the base 

excision repair (BER) pathway to restore an unmodified 2’-deoxycytidine.56 In RNA, the 

5-hydroxymethyl-, 5-formyl-, and 5-carboxyl-cytidine modifications were identified.19, 55 

However, their exact functions in RNA remain elusive. 
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2.3 RNA binding proteins 

It is now understood that modified ribonucleosides are marks to facilitate and 

discriminate mRNAs for a specific fate using RNA-binding proteins. RNA-binding 

proteins play a critical role in RNA stability, turnover, and translation efficiency.58-60 

Investigations primarily focus on N7-methylguanosine (m7G) and m6A-mRNA binding 

proteins due their high abundance.  

  mRNA is protected from degradation by the presence of a poly-A tail and a 5’-

cap.61 The 5’-m7G cap on mRNA is the most heavily studied. Cap-dependent degradation 

is mediated by RNA-binding proteins to recognize the poly-A tail and m7G cap of a mRNA 

sequence of interest.61 The process is initiated through deadenylation of the mRNA by 

exonucleases.62 In yeast, Dcp1 hydrolyzes the m7G cap to release m7GDP.62 In mammalian 

systems, hDcp2 is recognized as the human mRNA decapping enzyme that is necessary 

and sufficient of proper mRNA decay.62 Further studies demonstrated the ability for other 

modifications to influence decapping, including m6Am. The presence of m6Am as the first 

nucleotide after the 5’-cap can also inhibit hDcp2 activity. 

 Another mechanism of mRNA degradation and stability is based on m6A-binding 

proteins.  Among the known modified ribonucleosides, m6A has the best characterized 

readers that bind directly21 or indirectly by secondary structures induced by the presence 

of m6A.58, 63, 64 The YTH family members are known as direct binders of m6A, m5C, and 

m1A to influence RNA stability.21, 65, 66 YTHDF1 and YTHDF3 enhance and promote 

translation, respectively, in an m6A-dependent manner.67, 68 YTHDF1 interacts directly 

with translation machinery, including translation initiation factor, Elf3, in a cap-dependent 
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translation manner.15, 69 Conversely, YTHDF2 binding hinders translation by promoting 

mRNA degradation.70 YTHDF2 carries the m6A-containing mRNA to processing bodies 

by targeting m6As at the stop codon, 3’-untranslated region (3’-UTR), and coding region, 

indicating its role in modulating mRNA stability.70  

As described in the past few sections, the regulators of the epitranscriptome govern 

the fate and function of all types of ribonucleoside modifications. Some of the readers, 

writers and erasers have been identified for m6A. However, the proteins mediating other 

modification level and function within key regulator families, including the 2OG-Ds, 

remain elusive.  

3. Epigenetic/epitranscriptomic response to diseases and environmental exposure 
 

Cancer is linked to aberrant epigenetic and epitranscriptomic regulation. It is now 

recognized that one of the hallmarks of cancer is abnormal m6A levels.15, 71-73 A common 

characteristic in various cancers, including breast cancer, is induction of hypoxia-inducible 

factors and known m6A regulatory proteins, like ALKBH5, resulting in altered m6A 

levels.15, 74 In addition, high expression of FTO in acute myeloid leukemia (AML), a 

malignant hematopoietic cancer, is associated with increased tumor growth.75 Moreover, 

FTO knockdown resulted in diminished tumor growth, indicating its ability to promote 

self-renewal.75 While investigation in human lung cancer demonstrated METTL3’s ability 

to enhance translation of oncogene by interacting with translation initiation factors, 

including nuclear cap-binding protein subunit 1 (CBP80) and eukaryotic translation 

initiation factor (EIF4E).15  
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Investigations into environmental toxins have also indicated altered gene 

expression. Metals and metalloids, like arsenite, found in ground water and food supply 

can enter cells to cause a variety of effects. Arsenite and nickel exposure can cause an array 

of diseases by altering gene expression and protein functions.76-78 High exposure is 

common in drinking water, food and industrial waste supplies in countries where arsenite 

levels are not tightly regulated.79 Investigations into chronic exposure through drinking 

water in mice resulted in learning and memory impairment, and anxiety-like behavior.80 In 

humans, chronic exposure causes impaired cognitive abilities.81 Some possible 

mechanisms are related to low levels of dopamine at the synaptic cleft.80 At a molecular 

level, arsenite can displace metals, such as iron and zinc, critical for metal ion-dependent 

protein, like the 2OG-Ds or zinc finger proteins.78, 82, 83 As a result, histone and DNA 

hypomethylation is commonly observed in exposed human subjects.83 However, only a 

few studies have been conducted to evaluate the effect of arsenite exposure on 

ribonucleoside modifications, specifically methylations regulated by 2OG-Ds. One study 

revealed elevated levels of m6A in dopaminergic neurons associated with diminished FTO 

expression caused by arsenite.80   

Until recently, the impact of modified ribonucleosides was and still is not well 

understood especially in complex diseases resulting from environmental exposure, 

including air pollution. This is partly due the limited knowledge of the regulatory proteins 

that mediate modified RNA levels. Therefore, epidemiological studies that have been 

conducted are limited to m6A in RNA. 
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3.1 Air Pollution and Tobacco Smoking 

Since the industrial revolution, air quality has become the major health issue. The 

World Health Organization’s 2016 analysis suggests that 4.2 million deaths were a result 

from chronic exposure to poor air quality world-wide.84 As a whole, government 

organizations have created legislation for corporations and automobile emissions to lessen 

their carbon footprint. However, the high cost of converting to alternative resources have 

hindered progress. As a result, people within low-income communities or live in areas 

where air quality is not tightly regulated are at an increased risk of cancer and illness, 

including acute lower respiratory infection, lung cancer, ischemia heart disease and 

stroke.84  

A few studies have been conducted to elucidate the relevant pathways mediating 

air pollution-driven illness. Many of the air pollution studies have also linked tobacco 

smoke using similar disease pathologies.  For instance, tobacco smoking-related cancers is 

a preventable disease worldwide associated with changes in genome-wide methylation at 

CpG islands in whole and peripheral blood.85 Perinatal exposure from maternal smoking 

during pregnancy results in DNA hypomethylation in cord and whole blood.85 

Analogously, a study conducted using peripheral blood samples from Beijing truck drivers 

found elevated levels of 5-hmrC in DNA in exposure to high levels of particulate matter 

less than 10 µm.86  Overall the results from the described studies suggest that there is 

reprogramming of epigenetic regulators during disease progression. However, only a few 

investigations have been conducted on epitranscriptomic regulators and their relationship 

to environmental exposure. By expanding the technologies available to investigate the 
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epitranscriptome, researchers will be able to investigate how our environmental exposure 

confers adverse human health consequences by perturbing the epitranscriptome. 

4. Methods to Assess the Epitranscriptome 

Over the past 50 years, targeted analysis methods have been developed to 

understand the epitranscriptome topology, function, and regulation. Common techniques 

are based on the modifications’ separation by physiochemical properties and differential 

chemical reactivities.8 

Methods utilizing physicochemical separation are thin-layer chromatography 

(TLC) and reverse phase high-performance liquid chromatography (HPLC).8 Two-

dimensional TLC is one of the first techniques to identify the presence of modified 

ribonucleosides in tRNA.87 The experimental design consists of 32P labeling of the 3’ end 

of modified ribonucleoside following enzymatic digestion, but in doing so destroying any 

sequence context information.87 Similar to TLC, liquid chromatography (LC) methods also 

require nuclease digestion and dephosphorylation prior to separation using a reverse-phase 

C18 column.24, 88 However, both techniques require substantial amounts of RNA per 

experiment.   

Other methods utilize modified ribonucleosides’ chemical reactivity for sequencing 

techniques. Normally, the chemical modifications on RNA do not alter base pairing 

properties or inhibit reverse transcription, making their identification, quantification, and 

sequencing difficult.89 Therefore, methods were developed utilizing antibodies or clickable 

biomolecules followed by sequencing to identify modified ribonucleosides based on 

selective purification and mismatches compared to control, respectively. These methods 
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can provide sequence information, including in mRNA and tRNA, but are limited to a few 

number of modifications including m6A, m5C, pseudouridine (y), and 2’-O-methylations 

(Am, Gm, Cm, and Um).5, 10, 12, 90  

For instance, antibody-based m6A-seq analysis revealed a consensus sequence, 

RRACH, and m6A topology in mRNA.5, 89 The antibody-enriched sequence fragments are 

labeled with a coded primer then sequenced.5 Currently, sequencing requires a few 

micrograms of mRNA and excellent resolution of approximately 18 nucleotides around the 

modification, but are limited by the number of antibodies commercially available for 

epitranscriptomic modifications and lack of specificity.89 For instance, the frequently used 

m6A antibody also recognizes m6Am.5, 6 Therefore, initial m6A-seq analysis 

mischaracterized the presence of m6A at the transcription start sites (TSS).6  

Another form of modified ribonucleosides sequencing technique is based on click 

chemistry.  Sequencing y modifications through click chemistry has enhanced our ability 

to identify y at single-nucleotide resolution.12 Treatment with N-cyclohexyl-N′-(2-

morpholinoethyl)-carbodiimide metho-p-toluensulphonate (CMC) prior to sequencing to 

form N3-[N-cylcohexyl-N’-b-(4-methylmorpholinium)ethylcarbodiimide]-y (N3-CMC-

y), a known reverse transcription terminator.10, 12 However, CMC can covalently link 

uridine, guanosine and y residues to form uridine-CMC (U-CMC), guanosine-CMC (G-

CMC) an N3-CMC-y, respectively.12 To remove U-CMC and G-CMC adducts, alkaline 

treatment results in hydrolysis of only U-CMC and G-CMC, leaving only y-CMC to 

prematurely terminate reverse transcriptase during sequencing.10 This method has a false 
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discovery rate of 0.1%.12 However, the method does not provide sequence information on 

the 3’-end of the y.  

A major limitation with modified ribonucleoside sequencing methods is their 

inability to simultaneously evaluate multiple modifications at a transcriptome-wide scale. 

A single method, called RBS-Seq, can simultaneously sequence m5C, y, and m1A at single-

base resolution.91 Utilizing bisulfite treatment, m5C and m1A are detected using signature 

mismatch, while y is identified with 1-2 base deletions.91 Moreover, the method has 

surpassed typical sequencing methods by simultaneously identifying crucial 

ribonucleoside modification sites within the same sequence of tRNA, rRNA, or mRNA.91 

Even with this advancement in epitranscriptome monitoring, the method lacks the ability 

to monitor a multitude of possible ribonucleoside modifications.  

4.1 Liquid chromatography-tandem mass spectrometry methods 
	
Tandem mass spectrometry (MS/MS) methods have provided new advancements 

in epitranscriptomic research. These methods combine LC separation and mass spectra 

information which have led to the identification of novel nucleosides in a highly sensitive 

manner.8, 24, 88 In addition, LC-MS/MS methods can monitor several modifications 

simultaneously. Over the past decade, the number of modified ribonucleosides that could 

be identified in a single injection has risen from 20 to 67 nucleobases in tRNA.24, 88 

However, most methods target highly modified tRNA to identify the effect of stressors on 

modification level.92  

A typical LC-MS/MS method follows a similar work flow. First, highly purified 

RNA is required for accurate identifications of modified ribonucleosides within a specific 
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RNA type, i.e. tRNA, mRNA, and microRNA. Obtaining pure samples is essential to 

ensure the modification and its level is not due to a contaminate of another type of RNA, 

such as rRNA. Total RNA consists primarily of approximately 80% rRNA and 15% 

tRNA.93 Therefore, when isolating RNA types of low abundance, like tRNA or mRNA, 

extra purification steps and thorough assessment of  purity, by bioanalyzer analysis, are 

required. This is important because of step 2, hydrolysis of RNA into mononucleosides. 

Different experimental set-ups and preferences have resulted in slightly different digestion 

protocols.7, 24 In general, endo- and exo-nucleases are used to enzymatically digest RNA. 

The resulting mixture will consist of mononucleotides of the sample. Therefore, any 

contamination in a purified RNA sample of any RNA type will be indistinguishable from 

one another once digested into mononucleotides. In addition to nucleases, digestions can 

also incorporate a dephosphorylation step for nucleoside production. Finally, the sample is 

subject to reverse phase-liquid-chromatography mass spectrometry (LC-MS) analysis. 

Various C18 stationary phase materials are utilized to enhance the separation capabilities 

of modified ribonucleosides.7, 88 Mono-methylated ribonucleosides, such as N3-

methylcytidine (m3C), N4-methylcytidine (m4C), and m5C, have very close relative 

retention time.94 Therefore, any chromatographic shift can result in co-elution of any two 

or more mono-methylated cytidines. By modifying LC gradients and optimizing stationary 

phase materials, methods can accurately and reproducibly separate mono-methylated 

nucleosides. The modified ribonucleosides are then identified and quantified using a mass 

spectrometer. Multi-stage tandem mass spectrometry (MSn) has allowed for identification 

of different modified ribonucleosides based on characteristic fragmentation. Nucleobases, 
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in both DNA and RNA, have a unique fragmentation due to cleavage of  the N-glycosidic 

bond.54, 92, 95 This provides a clear way of identifying a modification of interest by its m/z 

value and fragmentation pattern.96  

In addition to global profiling of ribonucleosides, LC-MS/MS methods have been 

developed for modified ribonucleoside sequencing.97, 98 However, this LC-MS/MS method 

is limited to tRNA. mRNA transcripts are highly variable among cells, making it difficult 

to purify enough mRNA transcripts for a MS-based sequencing analysis.99 For tRNA 

analysis, enzymatic digestion using RNase T1 results in cleavage at the 3’ end of 

guanosine. The short segments are subjected to LC-MS/MS analysis to identify not just 

one modified ribonucleoside per tRNA segment but several,100 thus broadening our 

knowledge of what modifications are present in a tRNA of interest but also provides 

sequence context information.  

LC-MS/MS methods have provided an approach to identify the interplay of disease 

and modified ribonucleoside level. Cells, like yeast, are known to respond to cellular stress 

by altering modified RNA level.92 Therefore, LC-MS/MS approaches provide an effective 

tool for understanding RNA biology.   

5. Scope of this dissertation 

As established by the previous sections, there is a recent appreciation of modified 

ribonucleosides and their impact on heath. The goal of the presented studies is to design a 

sensitive method to accurately identify and quantify epitranscriptome modifications. In 

addition, we have utilized highly sensitive LC-MS/MS methods to identify the regulators, 

including readers and erasers, responsible for the highly dynamic and reversible 
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modifications in RNA. Finally, we applied our method to evaluate the role the 

epitranscriptome in air pollution, tobacco smoke, and viral infection.  
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Chapter 2: Normalized Retention Time for Scheduled Liquid 

Chromatography-Multistage Mass Spectrometry Analysis of the 

Epitranscriptomic Modifications 

 
Introduction 
 

There are over 100 types of modified nucleosides in RNA, primarily in transfer 

RNA (tRNA) and ribosomal RNA (rRNA).1-3 These modifications in tRNA and rRNA can 

influence their stability and maturation, respectively, thereby impacting translation 

efficiency and cellular response to stress.1, 4 Recently, several types of modified 

nucleosides have also been identified in other types of RNA, including messenger RNA 

(mRNA) and microRNA (miRNA).5-9 The biological functions of these RNA 

modifications, their regulatory enzymes, and their contributions to disease pathology, 

however, remain incompletely understood and are under intense investigation.8  

Conventional methods for monitoring RNA modifications are often suitable for a 

single or a few types of modifications with relatively high modification stoichiometry, and 

are semi-quantitative.1, 9-11 For instance, bisulfide sequencing is commonly employed for 

mapping 5-methylcytosine (m5C) in DNA and RNA.10 False positives can arise from 

imperfect deamination of cytosine to uracil and the method cannot distinguish m5C from 

its oxidation products of 5-hydroxymethylcytosine (5-hmrC), 5-formylcytosine (5-forC) 

and 5-carboxylcytosine (5-carC).10, 12  

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) constitutes a 

powerful tool for accurately identifying and quantifying modified nucleosides, and most 
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measurements are based on the characteristic neutral loss of a ribose or 2-deoxyribose from 

protonated nucleosides during collisional activation.1, 8, 9, 13, 14 Nevertheless, previously 

published LC-MS/MS methods for ribonucleoside analysis require relatively large amount 

of RNA (100-1000 ng) per injection.1, 7, 14 For RNAs of relatively low abundance, including 

mRNA and miRNA, obtaining a substantial amount of RNA is laborious and costly. 

Scheduled selected-reaction monitoring (SRM) method relying on the use of 

normalized retention time (iRT) for the prediction of retention times of analytes under 

given chromatographic conditions has been employed for high-throughput analyses of 

peptides and modified 2¢-deoxyribonucleosides.13, 15 A scheduled SRM method is 

advantageous in limiting acquisition time for specific precursor ions to a few minutes, 

thereby allowing for shorter cycle time and providing more data points per 

chromatographic peak to enable robust and sensitive analyte detection.13  

The objective of this study was to develop a nano-flow liquid chromatography-

multistage MS (nLC-MS3) method to simultaneously monitor modified ribonucleosides 

with low nanogram quantities of RNA. We show that the scheduled SRM method can 

facilitate simultaneous assessment of a large number of ribonucleosides (27 modified 

nucleosides and 4 unmodified canonical nucleosides, structures shown in Figure 2.1) in a 

single LC-MS3 run without compromising detection sensitivity or accuracy.  

Experimental Section 
  
RNA sample preparation 

Total RNA was isolated from HEK293T cells and digested with enzymes following 

previously published procedures.9 Briefly, total RNA was isolated using E.Z.N.A. Total 
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RNA Kit I (Omega) according to the manufacturer’s recommended procedures. The RNA 

samples were then enzymatically digested to mononucleosides with nuclease P1 and 

phosphodiesterase 2 at 37°C for 4 hrs. Alkaline phosphatase and phosphodiesterase 1 were 

subsequently added to the resulting solution, and the mixture was incubated at 37°C for 2 

hrs. The enzymes were subsequently removed from the digestion mixture by chloroform 

extraction. 

A mixture of ribonucleoside standards and 20 ng of enzymatically digested RNA 

was used for defining iRT values and for establishing iRT-RT correlation. A list of 

ribonucleoside standards employed in this study are shown in Table 2.1. 

Nanoflow liquid chromatography-multistage mass spectrometry (nLC-MS3) analysis 

Unscheduled and scheduled SRM experiments were performed on an LTQ-XL 

linear ion trap mass spectrometer coupled with an EASY-nLC II (Thermo Fisher Scientific, 

San Jose, CA). The mass spectrometer was operated in the positive-ion mode with the 

electrospray, capillary, and tube lens voltages being 2.0 kV, 12 V, and 100 V, respectively. 

Ion transport tube temperature was maintained at 275°C. Precursor ions for MS2 and MS3 

analyses of ribonucleosides are listed in Table 2.2.  

To assign iRT values, a nucleoside mixture from the enzymatic digestion of total 

RNA and stable isotope-labeled ribonucleoside standards was loaded, at a flow rate of 2.5 

µL/min, onto a 5- cm or 3.5-cm long in-house packed porous graphitic carbon (PGC, 5 µm 

particle size, Thermo Fisher Scientific) trapping column (150 µm i.d.) for linear and non-

linear gradients, respectively. Analytes eluting from the trapping column were directed to 

and resolved on an 18-cm Zorbax SB-C18 (5 µm in particle size, 100 Å in pore size,  
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Table 2.1: A list of ribonucleoside standards employed in this study and their sources. 

Modified Ribonucleoside Abbreviation Reference Citation or 
Vendor 

N3-methylcytidine m3C 1616 

N4-methylcytidine m4C 1717 
5-methylcytidine m5C 

99 2´-O-methylcytidine Cm 

5-hydroxymethylcytidine 5-hmrC 

88 5-formylmethylcytidine 5-forC 

5-carboxymethylcytidine 5-carC 

2-thiocytidine s2C Carbosyth 
N4-acetylcytidine ac4C Prof. Xiaochun Yu, the 

City of Hope 
2´-O-methyluridine Um Thermo Fisher Scientific 
N3-methyluridine m3U 1 
5-methyluridine m5U Sigma-Aldrich 

5-hydroxymethyluridine 5-hmrU 1818 
N1-methyladenosine m1A 1919 
N6-methyladenosine m6A 

3 2´-O-methyladenosine Am 

8-methyladenosine m8A 2020 

N6-acetyladenosine ac6A Prof. Xiaochun Yu, the 
City of Hope 

N6,6-dimethyladenosine m6,6A Toronto Research 
Chemicals 

N6-methyl-2´-O-methyl-adenosine m6Am Toronto Research 
Chemicals 

Inosine rI Sigma Aldrich 
7-methylinosine m7I 1919 

N1-methylguanosine m1G 

      2121 N2-methylguanosine m2G 

O6-methylguanosine m6G 
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Agilent) or Magic C18-AQ (5 µm in particle size, 100 Å in pore size, Michrom 

BioResources) analytical column (75 µm i.d.) at a flow rate of 300 nL/min. Mobile phases 

A and B were 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid in acetonitrile, 

respectively, and the mobile phase gradients are listed in Table 2.3. Briefly, linear 

gradients had a linear increase from 16% to 70% mobile phase B over 65 min for the fast 

gradient (hereafter referred to as linear, long-fast gradient). To evaluate iRT-RT correlation 

with complex gradients, we also employed a gradient with a step-wise increase in %B, 

which is referred to as non-linear gradient. For instance, non-linear, long-fast gradient 

consisted of 0−16% B in 5 min, 16−22% B in 23 min, 22−50% B in 17 min, 50-90% B in 

5 min and finally at 90% B for 30 min. 

To assign iRT values for modified ribonucleosides, the iRT values for cytidine (rC) 

and adenosine (rA) were arbitrarily assigned to 10 and 100, respectively, and the iRT 

values for the nucleoside of interest (X) was determined using the following equation: iRTX 

= 100 – [(RT2 – RTX)/(RT2-RT1)] ́  90, where iRTX represents the iRT value for nucleoside 

X, and RTX, RT2, and RT1 designate the observed retention times for X, rA and rC, 

respectively. The predicted retention time for nucleoside X was calculated from its iRT 

(iRTX) and the actual retention times observed for rC (RT1) and rA (RT2) in the calibration 

run with the following equation: RTX = RT2 – (100 – iRTX) ´ (RT2 – RT1)/90. 

Quantifications of 5-methylcytidine and 2¢-O-methylcytidine 

For all measurements, 2.5 ng of digested RNA spiked with isotopically labeled 

standards was loaded onto a 4.1-cm PGC trapping column and eluted to an 18-cm Zorbax 

SB-C18 analytical column. The same sample was injected and analyzed using the  
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Table 2.2. A list of precursor ions for ribonucleosides monitored in MS3, isolation width, 
and normalized collision energy (NCE). iRT scores obtained using PGC trapping column 
together with a Zorbax SB-C18 (long-fast, linear and non-linear gradients) or Magic C18-
AQ (long-fast, linear gradient) analytical column.   
 
 iRT Transitions Isolation 

Width 
NCE 

Zorbax 
Linear 

Zorbax 
Non-Linear 

Magic 
Linear MS2 MS3 MS2 MS3 MS2 MS3 

rC 10.0 10 10 244 ®112 112 ® 95 3 2 37 40 
Cm 26.5 18.7 26.5 258 ®112 112 ® 95 3 2 37 40 

m3C 22.9 17.2 22 258 ®126 126 ® 109 3 2 37 40 
m4C 12.3 12.2 20.3 258 ®126 126 ® 108 3 2 37 40 
m5C 32.0 31.6 29.4 258 ®126 126 ® 108 3 2 37 40 

5-hmrC 18.2 22 21.6 274 ® 142 142 ® 124 3 2 37 42 

s2C 62.0 57 43 260 ® 128 128 ® 111 3 2 43 35 
ac4C 139.9 121.6 123.1 286 ® 154 154 ® 112 3 2 43 37 

5-forC 110.4 107.9 105 272 ® 140 140 ® 97 3 2 42 45 
5-carC 304.9 148.9 235.8 288 ® 156 156 ® 138 3 2 42 45 

rU 39.6 35.9 38.1 245 ® 113 113 ® 96 3 2 43 50 
Y 32.8 24.1 26.9 245 ® 179 179 ® 151 3 2 43 50 
Um 51.4 52.4 52.1 259 ® 113 113 ® 96 3 2 43 50 

m3U 59.9 69.0 60.8 259 ® 127 127 ® 96 3 2 43 50 
m5U 67.02 79.5 65.7 259 ® 127 127 ®110 3 2 43 50 

5-hmrU 40.3 43.2 46.3 275 ® 143 143 ® 125 3 2 37 42 
rA 100.0 100.0 100.0 268 ® 136  3 2 35  
Am 115.0 108.8 116.1 282 ® 136 136 ® 94 3 2 43 40 

m1A 50.8 45.1 49.6 282 ® 150 150 ® 133 3 2 43 37 
m6A 153.7 130.6 157 282 ® 150 150 ® 133 3 2 43 37 
m8A 163.0 134.2 155.7 282 ® 150 150 ® 133 3 2 43 37 
ac6A 164.3 139.8 162.8 310 ® 178 178 ® 136 3 2 43 37 
m6,6A 260.0 196.3 259.8 296 ® 164  3 2 37  
m6Am 170.5 138.1 173.9 296 ® 150 150 ® 94 3 2 37 35 

rI 84.6 92.7 81.8 269 ® 137  3 2 35  
m7I 33.5 29.0 33.1 283 ® 151 151 ® 133 3 2 42 39 
rG 173.5 138.2 164.4 284 ® 152 152 ® 135 3 2 42 39 
Gm 186.4 143.6 168.5 298 ® 152 152 ® 135 3 2 42 39 

m1G 153.4 134.0 148.7 298 ® 166 166® 148 3 2 42 39 
m2G 154.3 134.3 148.7 298 ® 166 166® 148 3 2 42 39 
m6G 241.1 230.9 233.4 298 ® 166 166® 148 3 2 42 39 
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Table 2.3: A list of A) linear and B) non-linear mobile phase gradients employed in the 
present study. 
 
A. Linear Gradients 

Short and Fast Long Long and fast 
Time % B Time % B Time % B 

0 0 0 0 0 0 
5 16 5 16 5 16 
35 75 70 50 70 75 
37 90 72 90 72 90 
47 90 80 90 80 90 

 
 
B. Non-linear Gradients 
 

 
 

 
 

 

 

 

 

scheduled LC-MS/MS/MS method, with precursor ions for the stable isotope-labeled 

standards being incorporated into the transition list. 

 

Results 
 

To assign iRT values and to assess iRT-RT correlation, we injected a solution 

containing nucleoside mixture from the digestion of 5 ng of total RNA isolated from 

HEK293T cells and synthetic standard ribonucleosides. For accurate prediction of 

Short Short and Fast Long Long and fast 
Time % B Time % B Time % B Time % B 
0 0 0 0 0 0 0 0 
5 16 5 16 5 16 5 16 
14 20 14 22 28 20 28 22 
23 30 23 50 45 30 45 50 
25 90 25 90 50 90 50 90 
40 90 40 90 80 90 80 90 
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retention times, we employed the four canonical ribonucleosides (i.e. cytidine, uridine, 

guanosine and adenosine) as standards, where we assigned the iRT values of cytidine and 

adenosine as 10 and 100, respectively. The long-fast gradient was employed for calculating 

iRT scores for uridine, guanosine and modified ribonucleosides using retention time and 

linear regression analysis (Figures 2.1 and 2.2, Table 2.2).  

Traditionally, linear gradients were employed for establishing RT-iRT 

correlation.13, 15 To assess the reliability of iRT-RT correlation under different 

chromatography settings, we considered different gradients speeds (long, long fast, and 

short fast), and examined both linear and non-linear gradients. Our results showed that all 

different gradients yielded linear iRT-RT relationships with good correlation coefficients: 

linear gradients (long, R2 = 0.992; long-fast, R2= 0.997; short-fast, R2 = 0.987) and non-

linear gradients (long, R2 = 0.969; long-fast, R2 = 0.995; short, R2 = 0.975; short-fast, R2 = 

0.972) (Figure 2.3). Therefore, normalized retention time values can also be employed for 

more complex gradients. Typically, non-linear gradients allow for more efficient 

separation of closely eluting species.  

We also observed that short gradients exhibited poor separation efficiencies, and 

did not allow for the elution of a few modified hydrophobic nucleosides. Longer gradients, 

especially those with higher content of mobile phase B, including long and long-fast 

gradients, facilitate the elution of all or nearly all target nucleosides. Consistent with the 

previous study,13 the number of analytes eluted in a single run depends on the length of the 

gradient and the maximum percentage of mobile phase B. 

Next, we examined if a similar iRT-RT correlation could be attained using an  
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Figure 2.1: The chemical structures of modified ribonucleosides used in the present study. 
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Figure 2.2: Scheduled SRM for the analysis of modified ribonucleosides. A) The iRT-RT 
correlation for ribonucleosides on a Zorbax SB-C18 column with the use of long-fast 
gradient. Ribonucleosides are labeled on the line. Complete names and chemical structures 
are shown in Figure 1 and Table 2.1. B) Representative selected-ion chromatograms (SICs) 
for rA, rG, and their mono-methylated derivatives using a scheduled SRM LC-MS3 method 
with a non-linear, long-fast gradient. Interference peaks are denoted with *.  
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Figure 2.3: RT-iRT correlations acquired from the use of a porous graphitic carbon (PGC) 
trapping column and a Zorbax SB-C18 analytical column with different mobile phase 
gradients. A) linear gradients with modified gradient speeds (long, long-fast, and short-
fast); and B) non-linear gradients with different gradient speeds (long, long-fast, short-fast, 
short).  
 
 
analytical column packed with a different stationary phase material, Magic C18-AQ. We 

found that, with the use of different linear gradients, the iRT values exhibit excellent linear 

correlations with the observed RTs on this analytical column (Figures 2.4). Moreover, iRT 

values did not differ substantially with the use of Magic C18-AQ or Zorbax SB-C18 

analytical column (Figure 2.4, Table 2.2), suggesting that iRT values and RT predictions 

are transferable to other reversed-phase C18 stationary phase materials. 

On average, the RTs predicted from iRTs were within 2 and 2.5 min of the actual 

RTs with the use of the linear and non-linear gradients, respectively (Figure 2.5 and Table 

2.4). The iRT values were assigned based on the long-fast gradient; thus, the elution times 

of analytes with the use of long-fast gradient were more accurately predicted and overall 

display smaller variations from the predicted RTs than those with other modified gradients 

(Figure 2.5). In addition, the analytes exhibiting the largest uncertainty in RT prediction 
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Figure 2.4: A) A comparison of RT-iRT correlations obtained from the use of Zorbax SB-
C18 and Magic C18-AQ analytical columns.  Data in B) RT and iRT correlations acquired 
from LC-MS3 analysis using PGC trapping column and Magic C18-AQ analytical column 
with different linear gradients (long, long-fast, and short-fast). 
 
 
eluted toward the end of the gradients, e.g. rG and its mono-methylated derivatives (Figure 

2.2 and 2.5). Expanding the acquisition time window for later-eluting analytes will 

compensate for drift in RT without compromising measurement efficiency because a 

relatively small number of modified nucleosides elute from the column toward the end of 

the gradient. 

The major motivation for developing this method was to achieve simultaneous 

quantifications of modified ribonucleosides with a scheduled SRM method. By using an 

LTQ-XL linear ion trap mass spectrometer, we divided data acquisition time into 10-min 

retention time windows and monitored the transitions for ribonucleosides in individual 

windows based on their predicted retention times. In doing so, we were able to monitor a 

small number of analytes per acquisition time segment rather than monitoring all analyte 

transitions throughout the entire gradient. However, some scan events are redundant 

between segments because several analytes have similar transitions. For example, N1-

methyladneosine (m1A) and N6-methyladenosine (m6A) share the same MS/MS transition,  
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Figure 2.5: Precision and accuracy of the high-throughput scheduled SRM method 
determined by: A) absolute difference (in minutes) between the predicted and observed RT 
using linear and non-linear, modified gradients; and B) a comparison of quantification 
results from scheduled SRM LC-MS3 using long-fast, linear and non-linear gradients with 
those obtained with low-throughput method. The whiskers plotted in A) correspond to the 
5th and 95th percentiles and representative outliers are shown based on data acquired from 
an average of four LC-MS3 runs. On average, divergences of the predicted RTs from the 
observed RTs were within 2 and 2.5 min for linear and non-linear gradients, respectively. 
Detailed average difference from predicted RT for all gradients are found in Table 2.3. 

 

 

Gradient Average Deviation from 
Predicted RT (min) 

Linear Long-fast 0.1 

Linear Long 1.6 

Linear Short-fast 0.7 

Nonlinear Long-fast 1.3 

Non-linear Long 2.3 

Non-Linear Short-fast 1.5 

Non-linear Short 1.0 

 
Table 2.4: Average absolute difference between predicted and observed RT for different 
linear and non-linear gradients. 
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Figure 2.6. iRT-RT correlation analysis of ribonucleosides from the digestion of total RNA 
isolated from HEK-293T cells with the use of a non-linear gradient. Ribonucleosides are 
labeled on line.  
 
 
but differ in MS/MS/MS (data not shown) and retention time (Figure 2.2).Thus, common 

precursor ions may be monitored in more than one retention time segment for isomeric 

ribonucleosides; nevertheless, they are easily distinguishable from one another based on 

retention time and MS3.9  

Next, we utilized the method to identify all possible modified ribonucleosides in 

the nucleoside mixture of 2.5 ng of total RNA isolated from HEK293T cells. Conventional 

LC- MS/MS-based global screening methods require considerable amount of RNA 

digestion mixture per injection.1, 2, 14 Another drawback of these methods resides in the 

throughput, where a single or few analytes of interest are monitored per run to enable short 

cycle time and robust quantification.6, 9 Our scheduled LC-MS3 method incorporated more 

analytes per run while ensuring cycle time in each segment is short enough for robust  
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Figure 2.7: Data represents the mean and standard deviation (n = 3) between low-
throughput method monitoring 6 precursor ions throughout the gradient and high-
throughput scheduled SRM method monitoring 33 unlabeled and 3 labeled precursor ions. 
p-values were calculated using two-tailed Student’s t-test are found in Table 2.5. 
 
 

Method 
m5C/rC (%) Cm/rC (%) 

Mean p-value LOQ 
(amol) Mean p-value LOQ 

(amol) 

Low Through-put Method 0.0455 NA 361 ± 45 0.4975 NA 502 ± 22 

High Through-put Method 
(Linear Gradient) 0.0489 0.1451 511 ± 75 0.5135 0.5342 1026 ± 

288 

High Through-put Method 
(Non-linear Gradient) 0.0456 0.9915 520 ± 108 0.4695 0.2937 1054 ± 

251 
 
Table 2.5. Comparable quantification results obtained from the current scheduled LC-
MS/MS/MS method and those published previously. The data represent the mean and p-
values calculated using two-tailed Student’s t-test (n = 3). 
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quantification. Furthermore, the use of isotopically labeled standards provides 

unambiguous identification and reliable quantification, as isotopically labeled standards 

exhibit identical chromatographic behaviors and fragmentation pathways to the unlabeled 

analytes.9 Our results revealed the presence of 20 modified ribonucleosides and the 4 

canonical ribonucleosides in the nucleoside mixture of 2.5 ng of total RNA (Figure 2.6).  

We also compared the quantification results for 5-methylcytidine (m5C) and 2¢-O-

methylcytidine (Cm) obtained from the scheduled LC-MS/MS/MS method with a 

previously published stable-isotope dilution method based on unscheduled SRM analysis 

of two modified ribonucleosides.9 The scheduled method allowed for monitoring 

significantly more types of modifications, including isotopically labeled standards. 

Meanwhile, the quantification results for m5C and Cm are as reliable as those obtained from 

the previously published low-throughput method, as manifested by the lack of statistically 

significant differences in the quantification results between the two methods (Figure 2.7 

and Table 2.5). Furthermore, we examined the limits of quantification (LOQ), which is 

defined as the amount analyte that gives rise to a signal to noise level of 10. The results 

indicate that LOQ could be obtained in the mid to high attomole range for rC, m5C, and Cm 

using the scheduled LC-MS/MS/MS method (Table 2.5). Therefore, the scheduled SRM 

method offers high-throughput analysis without diminishing quantification efficiency.  

 

Discussion 

LC-MS/MS is a widely used tool for global RNA modification screening. Recently 

published LC-MS/MS-based methods have overcome some long-standing analytical 
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challenges, including assessing the levels of modified nucleosides of low abundance. 

Nano-flow LC with a PGC column afforded improved sensitivity and global screening 

capabilities for the analyses of modified ribonucleosides.14, 22 Another need in the analysis 

of modified ribonucleosides resides in the differentiation of regioisomers. MS/MS-based 

methods, through monitoring the neutral loss of a ribose, do not allow for the differentiation 

of regioisomeric mono-methylated nucleobase modifications, e.g. m1A and m6A. 

Nevertheless, MS/MS/MS on a linear ion-trap mass spectrometer can provide diagnostic 

fragment ions for distinguishing some of these regioisomers.9 In addition, retention time 

provides another dimension of information to corroborate identification of modified 

ribonucleosides based on MS/MS and/or MS/MS/MS.  

Future studies would benefit from expanding the number of modified 

ribonucleosides to be monitored. The method presented here targeted modified 

ribonucleosides with elution time between rC and m6,6A. Other more hydrophobic 

modified ribonucleosides are known to exist, including N2,N2-dimethylguanosine and N6-

isopentenyladenosine.1, 23 The analyses of these nucleosides may entail the use of 

alternative stationary phase materials for efficient elution, as well as using other more 

hydrophobic nucleosides as standards for iRT determination. 

In conclusion, we developed a scheduled SRM method for targeted analyses of 

modified ribonucleosides. We established iRT values for 27 modified and 4 canonical 

ribonucleosides. We also observed consistent iRT scores for ribonucleosides with the use 

of two types of stationary phase materials, Zorbax SB-C18 and Magic C18-AQ, and with 

different mobile phase gradients. We reason that the iRT values should be easily 
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transferable on different chromatographic settings and in different laboratories for reliable 

retention time prediction. We also showed that the precision and accuracy of the scheduled 

LC-MS/MS/MS method were comparable to those obtained previously with the low-

throughput, unscheduled SRM method. Therefore, the scheduled SRM-based LC-

MS/MS/MS method allows for robust and high-throughput analysis of modified 

ribonucleosides, which holds great potential for investigations into the dynamic regulation 

of the epitranscriptome.  
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Chapter 3: YTHDF2 Binds to 5-Methylcytosine in rRNA  

Introduction 
 

RNA harbors more than 100 distinct types of modifications, which modulate its 

structure and functions.1 Recent transcriptome-wide mapping studies revealed the 

widespread occurrence of 5-methylcytidine (m5C),2, 3 N6-methyladenosine (m6A),4, 5 N6,2¢-

O-dimethyladenosine (m6Am),6 and pseudouridine (Y)7-9 in mRNA. In addition, proteins 

involved in the installation (writers),10-12 removal (erasers)13, 14 and recognition (readers)4, 

15-17 of m6A have been discovered and found to play important roles in modulating the 

localization, stability, and translational efficiencies of mRNA. These recent exciting 

findings suggest that post-transcriptional modifications of RNA, similar as methylation of 

cytosine in DNA and post-translational modifications of histones, may play an epigenetic 

role in gene expression.18 

Recent studies also offered some insights into the functions of m5C in RNA.3, 19, 20 

In this respect, m5C in tRNA and rRNA were shown to stabilize the secondary structure of 

tRNA and regulate translational fidelity, respectively.19, 21 In addition, m5C is known to be 

present in mRNA, where a previous transcriptome-wide mapping study revealed the 

enrichment of m5C in the untranslated regions of mRNA in HeLa cells,2 though a recent 

study showed that m5C in mRNA may not be as widespread as initially thought.3 Hence, 

the functions of m5C in mRNA remain unclear. NSUN2 and TRDMT2 are two known 

methyltransferases for the formation of m5C in eukaryotes (writers),22, 23 and m5C in RNA 

can be converted to 5-hydroxymethylcytidine by ten-eleven translocation (Tet) enzymes 
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(erasers).24, 25 A recent study showed that m5C can interact with mRNA export adaptor 

ALYREF (reader).26 However, it is unknown whether other cellular proteins are also 

involved in the recognition of m5C in RNA. 

In this study, we discovered, by employing an unbiased quantitative proteomics 

method, a number of candidate protein readers of m5C, including YTH domain-containing 

proteins. We also showed that YTH domain-containing family protein 2 (YTHDF2) binds 

to m5C-carrying RNA in vitro and in cells. In addition, genetic ablation of YTHDF2 elicited 

substantial elevations in the levels of m5C at multiple loci in rRNA. Moreover, YTHDF2 

could modulate rRNA maturation in human cells. Together, our study expanded the 

functions of YTHDF2 and provided a foundation for understanding better the biological 

functions of m5C in RNA. 

 
Experimental Section 
 
Cell culture 
 

HeLa and HEK293T cells (ATCC) were cultured at 37°C in Dulbecco’s Modified 

Eagle Medium (DMEM) containing 10% fetal bovine serum (Invitrogen) and 100 units 

ml−1 penicillin and 100 µg ml-1 streptomycin (Life Technologies) in an incubator 

containing 5% CO2.  

For SILAC experiments, DMEM medium without lysine or arginine was obtained 

from Fisher Scientific. The complete light and heavy DMEM media were prepared by the 

addition of light or heavy lysine and arginine ([13C6,15N2]-L-lysine and [13C6]-L-arginine, 

Sigma), along with dialyzed fetal bovine serum, to the above medium. The cells were 
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cultured in a 37°C incubator for at least 10 days (more than 5 cell doublings) to ensure 

complete stable isotope incorporation. 

Quantitative discovery of m5C-binding proteins 

Biotin-labeled oligoribonucleotides with the sequence of 5′-biotin-

ACUGGCUCCUUCCACGUCUCACXAGGCAGACAGU-3′ (X=C or m5C) were 

obtained from Integrated DNA Technologies (IDT). HeLa cells cultured in SILAC medium 

were harvested at 70-80% confluence, washed with PBS and lysed in CelLytic M cell lysis 

buffer (Sigma). The lysates were centrifuged at 13,000 rpm and at 4°C for 10 min. The 

supernatant was pre-cleared at 4°C for 1 h by incubation with streptavidin-conjugated 

agarose beads (Thermo Scientific). Biotinylated RNA baits (3 µg) were incubated, at 4°C 

for 2 h, with pre-cleared cell lysates in a binding buffer containing 10 mM Tris-HCl (pH 

7.5), 150 mM KCl, 1.5 mM MgCl2, 0.05% (v/v) IGEPAL CA-630, 0.5 mM DTT, and 

0.4 units µl−1 RNase inhibitor (New England Biolabs). Streptavidin-conjugated agarose 

beads were then added to the mixture, which was kept in a shaker at 4°C for 2 h. The beads 

were extensively washed, and the heavy and light lysates were then combined. In forward 

SILAC experiments, the m5C and the control probes were incubated with the heavy and 

light isotope-labeled lysates, respectively. The opposite incubations were conducted in 

reverse SILAC experiments. The samples were separated on a 10% (w/v) SDS-PAGE gel 

for a short distance (1 cm) and stained with Coomassie blue. The gel was then destained. 

The proteins were subsequently reduced and alkylated with dithiothreitol and 

iodoacetamide, respectively, and then digested in gel with trypsin (Roche) at 37°C for 16 
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h. The resulting tryptic peptides were subsequently extracted from the gel with 5% acetic 

acid, desalted and analyzed using LC-MS/MS. 

LC-MS/MS experiments were performed as previously described.27 Briefly, the 

peptides were separated on an EASY-nLC II and analyzed on an LTQ Orbitrap Velos mass 

spectrometer equipped with a nanoelectrospray ionization source (Thermo). The trapping 

column (150 µm × 50 mm) and separation column (75 µm × 120 mm) were both packed 

with ReproSil-Pur C18-AQ resin (3 µm in particle size, Dr. Maisch HPLC GmbH, 

Germany). The peptide samples were firstly loaded onto the trapping column in 

CH3CN/H2O (2:98, v/v) at a flow rate of 4.0 µl/min, and resolved on the separation column 

with a 120-min linear gradient of 2-40% acetonitrile in 0.1% formic acid and at a flow rate 

of 300 nl/min. The LTQ-Orbitrap Velos mass spectrometer was operated in the positive-

ion mode, and the spray voltage was 1.8 kV. The full-scan mass spectra (m/z 300-2000) 

were acquired with a resolution of 60,000 at m/z 400 after accumulation to a target value 

of 500,000 in the linear ion trap. MS/MS data were obtained in a data-dependent scan mode 

where one full MS scan was followed with 20 MS/MS scans.  

 Protein identification and quantification were performed using Maxquant,28 

Version 1.2.2.5 against International Protein Index (IPI) database, version 3.68. The 

maximum number of miscleavages for trypsin was two per peptide. Cysteine 

carbamidomethylation and methionine oxidation were set as fixed and variable 

modifications, respectively. The search was performed with the tolerances in mass 

accuracy of 10 ppm and 0.6 Da for MS and MS/MS, respectively. The required false-

positive discovery rate was set at 1% at both the peptide and protein levels, with the 
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minimal required peptide length being set at 6 amino acids. For obtaining reliable results, 

the quantification of the protein expression ratio was based on six independent SILAC 

labeling experiments, which included three forward and three reverse labelings. 

Vector construction and protein expression 

The human YTHDF2 gene was amplified from mRNA isolated from HEK293T 

cells by reverse transcription-PCR to introduce a 5' XbaI site and a 3' BamHI site, and 

subcloned into pRK7-3´FLAG vector. The pGEX-4T-1-YTHDF2 vector was a gift from 

Prof. Chuan He.16 The vector for the YTHDF2-W432A mutant was constructed by site-

directed mutagenesis using primers containing the indicated mutations. The primers are 

listed in Table 3.1. 

Recombinant YTHDF2 and YTHDF2-W432A proteins were obtained by inducing 

transformed Rosetta (DE3) pLysS Escherichia coli cells with 1 mM isopropyl 1-thio-β-D-

galactopyranoside when OD600 of the culture reached approximately 0.6, and culturing at 

room temperature overnight. Subsequently, the recombinant proteins were extracted from 

the lysate with glutathione agarose (Pierce) following the manufacturer’s recommended 

procedures. The proteins were concentrated and purified using Microcon YM-30 

ultracentrifugal filters (Millipore). 

Cellular RNA sample preparation and LC-MS/MS/MS measurement 

Total RNA was extracted from HEK293T cells using TRI reagent (Sigma), and 

mRNA was isolated and purified by using PolyATtract mRNA Isolation System IV 

(Promega) and RiboMinus Transcriptome Isolation Kit (Invitrogen) according to the 

manufacturers’ instructions. 
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Table 3.1. The primers and probes used in the present study. 

 

Primer Name Primer Sequence 

pRK7-YTHDF2-F 5'- AAATCTAGAATGTCGGCCAGCAGCCTCTTG -3' 
pRK7-YTHDF2-R 5'- AAAGGATCCTTTCCCACGACCTTGACGTTCC-3' 

YTHDF2W432A-
F 

5'- 
GTTCCATTAAGTATAATATTGCGTGCAGCACAGAGC 
-3' 

YTHDF2W432A-
R 

5'-
GCTCTGTGCTGCACGCAATATTATACTTAATGGAAC-
3' 

ITS1 5'-CCTCGCCCTCCGGGCTCCGTTAATGATC-3' 
ITS2 5'-CGCACCCCGAGGAGCCCGGAGGCACCCCCGG-3' 

 

 

The in vitro pull-down experiment was performed using a previously reported 

method with minor changes.16 Briefly, recombinant YTHDF2 protein purified from E. coli 

was pretreated with RNase to remove any residual RNA from bacteria cells, washed 

thoroughly, and incubated with mRNA from HEK293T cells in IPP buffer (10 mM Tris-

HCl, pH 7.4, 150  mM NaCl, 0.1% IGEPAL CA-630, 0.5 mM DTT, 40 units ml−1 RNase 

inhibitor) at 4°C for 2 h. GST-affinity beads (Pierce) were then added to the mixture, and 

the mixture was incubated at 4°C with shaking for another 2 h. Unbound mRNA was 

recovered from the aqueous phase as the flow-through fraction.   

The beads were washed for four times and the YTHDF2-bound mRNA was 

extracted from the beads using TRI reagent. The procedures for in vitro RNA cross-linking 

and immunoprecipitation (CLIP) were similar as the in vitro RNA pull-down experiment, 

with the following modifications: Before immunoprecipitation with GST-affinity beads, 
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the RNA-protein mixture was cross-linked by irradiating on ice for three times with 0.15 

J/cm2 of 254 nm UV light each time; after UV cross-linking, the RNA-protein mixture was 

subjected to RNase T1 digestion (1 unit µl−1 RNase T1 for 8 min at 22°C); after 

immunoprecipitation and washing, the RNA was detached from GST-affinity beads by 

treating with proteinase K (1 mg ml−1) at 50°C for 30 min, and the RNA was further 

recovered by using Zymo RNA Clean and Concentrator.  

For cellular pull-down experiment, HEK293T cells were transfected with a plasmid 

encoding FLAG-tagged YTHDF2 or the corresponding W432A mutant. After a 48-h 

incubation, the cells were washed with PBS and lysed in a lysis buffer, which contained 10 

mM HEPES (pH 7.5), 150 mM KCl, 2 mM EDTA, 0.5% IGEPAL CA-630, 0.5 mM DTT, 

protease inhibitor (Sigma), and 40 units ml−1 RNase inhibitor. The supernatant was 

incubated with anti-FLAG M2 beads (Sigma) at 4°C overnight. The beads were washed 

for three times with a washing buffer containing 50 mM HEPES (pH 7.5), 200 mM NaCl, 

2 mM EDTA, 0.05% IGEPAL CA-630, and 0.5 mM DTT. The beads were then incubated 

with proteinase K (1.2 mg/ml) at 55°C for 1 h. The sample was centrifuged at 5000 rpm 

for 1 min and the RNA was recovered from the supernatant. 

The LC-MS/MS/MS measurement of RNA samples was performed using 

previously reported methods with some modifications.29 Briefly, 100 ng of mRNA was 

digested with 1 unit of nuclease P1 in a 25-µl buffer containing 25 mM NaCl and 2.5 mM 

ZnCl2. The mixture was then incubated at 37°C for 2 h, and to the mixture were added 0.5 

unit of alkaline phosphatase and 3 µl of 1.0 M NH4HCO3. After incubating at 37°C for an 

additional 2 h, the digestion mixture was dried and reconstituted in 100 µl ddH2O. 
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Uniformly 15N-labeled cytidine and [13C5]-m5C were employed as internal standards for 

the quantifications of cytidine and m5C, respectively, and 13C5-labeled adenosine and [D3]-

m6A were used as internal standards for the quantifications of adenosine and m6A, 

respectively. The enzymes in the digestion mixture were removed by extraction using 

chloroform:isoamyl alcohol (24:1). The aqueous layer was dried, reconstituted in 10 µL of 

ddH2O, and injected for LC-MS/MS/MS analysis on an LTQ-XL linear ion trap mass 

spectrometer equipped with nanoelectrospray ionization source and an EASY-nLC II 

(Thermo). The instrument conditions and scan events were previously described.29 For 

cytidine and m5C quantification, the pre-column and analytical column were packed with 

porous graphitic carbon (PGC) and Zorbax-SB C18, respectively, where a gradient of 0-

15% B in 10 min, 15-35% B in 40 min, 35-90% B in 1 min, and 90% B in 15 min was 

used. For adenosine and m6A quantification, both the pre-column and analytical column 

were packed with Magic C18 AQ, where a gradient of 0-15% B in 40 min, 55-90% B in 1 

min, and 90% B in 10 min was employed.  

 

Results 
 
A quantitative proteomics method led to the identification of multiple putative m5C-

interacting proteins 

Systematic identifications of m5C-binding proteins constitute an important step 

toward understanding the biological functions of m5C in RNA. Hence, we employed a 

quantitative proteomics method to screen for proteins in HeLa and HEK293T cells that can 

bind to m5C-bearing RNA, where we employed metabolic labeling with SILAC 



60 
	

 

Figure 3.1. The identification of m5C-interacting proteins. (A) A schematic overview of 
the SILAC-based quantitative proteomics method for discovering m5C reader proteins. 
Shown is the workflow for a forward SILAC labeling experiment. (B) A scatter plot 
showing the proteins identified in RNA pull-down assay in HeLa cells. Displayed are 
results based on three forward and three reverse SILAC labeling experiments. (C) 
Representative ESI-MS for the [M+2H]2+ ions of YTHDF2 peptide SINNYNPK revealing 
the preferential binding of YTHDF2 toward the m5C probe in both forward (up) and reverse 
(bottom) SILAC experiments. 
 

(stable isotope labeling by amino acid in cell culture) (Figure 3.1A).30 In this respect, we 

chose an RNA sequence derived from the mRNA of the human CINP gene, which was 

recently shown to carry an m5C at position 748 (with approximately 46% methylation in 

HeLa cells),2 as the probe bait and the corresponding unmethylated sequence as the control 

bait.  
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Our results led to the identification of multiple proteins exhibiting preferential 

binding toward the m5C-bearing RNA over control (Figure 3.1). These proteins include 

mRNA cleavage stimulation factors CSTF1-3, YTH domain-containing family proteins 1-

3 (YTHDF1-3), pre-mRNA splicing factors SFPQ/NONO, and others (ratio of m5C/C>1.4, 

Tables 3.2 and 3.3). Figure 3.1C depicts the representative electrospray ionization-mass 

spectrometry (ESI-MS) results for a tryptic peptide derived from YTHDF2 (MS/MS for 

the peptide are shown in Figure 3.2), which supports the preferential binding of YTHDF2 

toward the m5C probe. 

 
YTHDF2 is a reader for m5C-containing RNA 
 

Because YTHDF2 was previously found to be a reader protein for m6A and N1-

methyladenosine,4, 31 we decided to choose this protein for further investigation. In this 

context, we examined whether YTHDF2 can bind directly to m5C in RNA by performing 

electrophoretic mobility shift assay (EMSA) with recombinant YTHDF2 protein purified 

from E. coli. Our results showed that YTHDF2 binds more strongly to an m5C-carrying 

RNA substrate than its unmethylated counterpart, though the binding affinity is much 

weaker than that toward m6A-containing RNA (Figure 3.3). 

The X-ray crystal structure of YTHDF2 revealed three aromatic amino acid 

residues in the hydrophobic pocket of YTHDF2 that are crucial for its recognition of 

m6A.32, 33 To explore whether this hydrophobic pocket also assumes an important role in 

binding toward m5C, we conducted EMSA experiment with a mutant form of YTHDF2 

protein where the conserved Trp432 was mutated to an alanine (W432A). The result indeed 

showed that the mutation led to a reduction in binding affinity toward the m5C-containing 



62 
	

Table 3.2. A list of proteins with relative binding ratios toward m5C- over C-containing 
RNA identified from SILAC-based affinity screening experiments with the use of lysate of 
HeLa cells. 
 

Protein name Average 
(m5C/C) S.D. 

CSTF3 Cleavage stimulation factor 77 kDa subunit 1.452  0.058  
CSTF2 Beta CstF-64 variant 2 1.449  0.052  
CSTF1 Cleavage stimulation factor subunit 1  1.421  0.117  
YTHDF1 YTH domain family protein 1 1.576  0.050  
YTHDF3 YTH domain family protein 3 1.516  0.071  
YTHDF2 Isoform 1 of YTH domain family protein 2 1.496  0.140  
YTHDC2 Probable ATP-dependent RNA helicase 
YTHDC2 1.106  0.105  

SFPQ Isoform Long of Splicing factor, proline- and 
glutamine-rich 1.514  0.202  

NONO Non-POU domain-containing octamer-binding 
protein 1.577  0.173  

 
 
 
 
 
Table 3.3. A list of proteins with relative binding ratios toward m5C- over C-containing 
RNA identified from SILAC-based affinity screening experiments with the use of lysate of 
HEK293T cells. 
 

Protein name Average 
(m5C/C) S.D. 

CSTF2 Isoform 1 of Cleavage stimulation factor 64 kDa subunit 2.822  1.889  
CSTF1 Cleavage stimulation factor 50 kDa subunit 1.657  0.191  
CSTF3 Cleavage stimulation factor 77 kDa subunit 1.550  0.602  
YTHDF2 Isoform 1 of YTH domain family protein 2 2.340  1.633  

SFPQ Isoform Long of Splicing factor, proline- and glutamine-rich 4.763  2.770  

NONO Non-POU domain-containing octamer-binding protein 4.108  1.956  
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Figure 3.2. Representative MS/MS data of a tryptic peptide from YTHDF2 in SILAC 
experiments. Shown are the MS/MS for the [M+2H]2+ ions of YTHDF2 peptide 
SINNYNPK (A) and SINNYNPK* (B, ‘K*’ designates the heavy lysine), respectively. 
 

 

 
 
 
Figure 3.3. Electrophoretic mobility shift assay for measuring the binding affinities of 
YTHDF2 and W432A mutant proteins with methylated and unmethylated RNA probes. 
(A) The binding affinity of YTHDF2 and W432A mutant proteins with m5C- and C-
containing RNA probes. (B) The binding affinity of YTHDF2 with m6A- and A-containing 
RNA probes. Protein concentrations ranged from 0.5 to 4 µM. The dissociation constants 
(Kd) are listed in individual figure panels, and the data represent the mean ± S. D. from 
three separate EMSA experiments. 
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probe (Figure 3.3), suggesting that m5C may bind to the same hydrophobic pocket in 

YTHDF2 that is required for m6A recognition. 

To further substantiate the above findings, we performed in vitro pull-down assay 

to determine if recombinant YTHDF2 can allow for the enrichment of m5C-carrying 

mRNA. LC-MS/MS/MS analysis of the mononucleoside mixture arising from the 

enzymatic digestion of the poly(A)-tailed mRNA samples revealed that the level of m5C 

was significantly higher in the YTHDF2-bound fraction than the input or flow-through 

fraction (Figure 3.4A). When the YTHDF2 protein was cross-linked with its associated 

RNA using UV light and the cross-liked RNA was partially digested using RNase T1, the 

enrichment of m5C in the YTHDF2-bound fraction was increased compared to that without 

RNase T1 digestion (Figure 3.4A). Similar observations were made for m6A (Figure 

3.4B), which is in keeping with the previous finding of YTHDF2 binding m6A.16 We 

further expressed FLAG-tagged wild-type YTHDF2 and the W432A mutant in HEK293T 

cells, immunoprecipitated the proteins using anti-FLAG beads, and quantified the levels of 

m5C in the total RNA samples isolated from the immunoprecipitated proteins. Our results 

showed that the levels of m5C were significantly higher in the pull-down samples of wild-

type YTHDF2 than those of the W432A mutant (Figure 3.4C). Together, the above results 

support that YTHDF2 can bind directly to m5C, and this binding entails the intact 

hydrophobic pocket of YTHDF2 that is also involved with m6A binding. 

We realized that the exact mechanism of recognition of m5C by YTHDF2 

necessitates structural studies. We have attempted, but failed to obtain the crystal structure 
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of complex with m5C-bearing RNA. Therefore, we performed structural modeling for 

YTHDF2 in YTHDF2-m5C-RNA using the crystal structures of YTH domain in complex  

with m6A-carrying RNA as a reference model.33, 34 The results showed that m6A is docked 

in the aromatic cage of the YTH domain comprised of W432, W486 and W491 (Figure 

3.4D). Aside from the hydrophobic interaction, the side chain carbonyl oxygen of D422 

forms a hydrogen bond with the N1 of m6A at an average distance of 3.0 Å. The mode of 

binding is nearly identical to that observed in the crystal structure,33 which validates our 

docking method. The results from the corresponding docking of m5C-carrying RNA 

showed that m5C is sandwiched between W432 and W491 at the hydrophobic cage (Figure 

3.4E). In addition, the side-chain carbonyl oxygen of D422 forms a hydrogen bond with 

the exocyclic N4 nitrogen of m5C at an average distance of 3.0 Å. Hence, the comparison 

of the docking structures showed a similar mode of recognition of m5C and m6A by the 

YTH domain of YTHDF2. 

YTHDF2 regulates the m5C profile in RNA of human cells 

Others revealed that YTHDF2 interacts physically with components of m6A 

writers35 and it protects the m6A in the 5′ UTR of stress-induced transcripts by limiting the 

FTO-mediated demethylation of m6A.36 Thus, we next investigated how the absence of 

YTHDF2 in HEK293T cells alters the distribution of m5C in RNA by employing a recently 

reported method of bisulfite conversion and next-generation sequencing analysis,2, 3 where 

we knocked out the YTHDF2 gene by using the CRISPR-Cas9 system and conducted the 

experiments in three replicates.  
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Figure 3.4. YTHDF2 is an m5C-binding protein. (A) LC-MS/MS/MS quantification results 
showed that recombinant YTHDF2 protein can enrich m5C-containing RNA from poly(A)-
tailed mRNAs of HEK293T cells. When YTHDF2 was cross-linked with its associated 
RNA by UV light and partially digested using RNase T1, the enrichment of m5C in the 
YTHDF2-bound fraction was increased compared to that without RNase T1 treatment. (B) 
LC-MS/MS/MS results showed that m6A was enriched in YTHDF2-bound mRNA than in 
the input or flow-through samples. (C) Relative enrichment of m5C in total RNA products 
immunoprecipitated with wild-type YTHDF2 over W432A mutant protein from HEK293T 
cells. The data in (A-C) represent the mean and SEM of results from three (A, B) or six 
(C) technical replicates, i.e. three parallel pull-down experiments each for data in (A) and 
(B), and six independent transfection and pull-down experiments for data in (C). ‘*’, P< 
0.05; ‘**’, P< 0.01. The P values were calculated using unpaired (A, C) or paired (B) two-
tailed Student’s t-test. (D-E) Closed-up view of the docking models of the YTH domain of 
YTHDF2 with the 3-mer RNA housing an m6A (D) or m5C (E) in similar orientation. The 
comparison shows similar mode of recognition of m6A and m5C. RNAs and the residues 
involved in the recognition are depicted in stick representation. Hydrogen bonds are shown 
in dashed lines. The nitrogen and oxygen atoms are colored in blue and red, respectively. 
YTH domain is colored in green, m6A- and m5C-containing RNA, i.e. G(m6A)C and 
G(m5C)C, are displayed in yellow and cyan, respectively. 
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To process the bisulfite sequencing data, we employed a recently reported statistical 

method to calculate the adjusted p values,3 which was used to define the final list of the 

'authentic' m5C sites, and the mean m5C rate, which was used for comparing the levels of 

m5C between HEK293T cells and the isogenic YTHDF2 knockout cells. To examine 

whether there is a global change in m5C level, we performed a linear regression analysis 

using the m5C rates between HEK293T and YTHDF2 knockout cells in three groups of 

loci derived from rRNA, mitochondrial RNA (mtRNA), and others (primarily mRNAs). 

The results revealed no appreciable change in m5C rates in mtRNAs upon deletion of 

YTHDF2 gene [f(x) = 1.0046x + 0.0009; R2 = 0.9928, where ‘x’ and ‘f(x)’ represent m5C 

rates in HEK293T and YTHDF2 knockout cells, respectively] (Figure 3.5). This result 

underscores that the sample processing (bisulfite treatment, cloning and sequencing) and 

data analysis workflow does not elicit a global bias favoring the YTHDF2 knockout cells 

or the parental HEK293T cells. 

The m5C levels in the rRNAs, however, increased globally in the YTHDF2 

knockout cells over the parental cells, where there is an approximately 1.6-fold increase in 

m5C levels upon genetic ablation of YTHDF2 [f(x) = 1.6327x + 0.0028 and R2 = 0.9307. 

Figure 3.6B]. Interestingly,the sites with high m5C levels are clustered in 5 regions of 

mature rRNAs, including one on the 18S rRNA and 4 on the 28S rRNA (Figure 3.6A). In 

this regard, LC-MS/MS/MS analysis of 18S rRNA also revealed that the level of m5C, but 

not m6A, in 18S rRNA was significantly higher in the YTHDF2 knockout cells (Figure 

3.6C). 
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Figure 3.5 Linear regression analysis to show the overall levels of m5C in mtRNA of the 
YTHDF2-depeleted cells (Y axis) and the isogenic parental cells (X axis). ‘x’ and ‘f(x)’ 
represent m5C rates in HEK293T and YTHDF2 knockout cells, respectively.  
 

Discussion 

m5C is one of the most prevalent post-transcriptional modifications of RNA in 

human cells 3, 19, 20. In this study, we employed a state-of-the-art bioanalytical method, 

which involves SILAC-based quantitative proteomics, to screen for interacting proteins of 

m5C, and this experiment led to the identification of multiple putative readers of m5C, 

including three YTH domain-containing proteins (YTHDF1-3, Figure 3.1). We further 

showed that the purified recombinant YTHDF proteins can bind directly to m5C-containing 

RNA in vitro (Figure 3.3). Moreover, robust quantification by using LC-MS/MS/MS with 

the stable isotope-dilution method revealed that affinity pull-down using recombinant 

YTHDF2 and RNA-protein photocross-linking followed by pull-down of ectopically 

expressed YTHDF2 both lead to enrichment of m5C (Figure 3.4). Similar LC-MS/MS/MS  
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Figure 3.6 YTHDF2 regulates the m5C profile in rRNA. (A) The locations and levels of 
m5C in mature rRNA of HEK293T and the isogenic YTHDF2 knockout cells. The sites 
with high m5C levels are clustered in 5 regions, including one in the 18S rRNA and four in 
the 28S rRNA. (B) Linear regression analysis in the rRNAs showing that an approximately 
1.6- fold increase in m5C levels upon genetic ablation of YTHDF2. ‘x’ (X axis) and ‘f(x)’ 
(Y axis) represent m5C rates in HEK293T and YTHDF2 knockout cells, respectively. (C) 
LC-MS/MS/MS quantification results showing the total levels of m5C (left) and m6A 
(right) in 18S rRNA of HEK293T and the isogenic YTHDF2 knockout cells. Data represent 
the mean ± SEM (n = 3). ‘*’, p < 0.05; The p values were calculated using unpaired two-
tailed Student’s t-test. 

 

measurement showed that genetic ablation of YTHDF2 led to augmented levels of m5C in 

18S rRNA (Figure 3.6). 

Different members of the YTH domain-carrying proteins are known to exert 

distinct functions, where bindings of m6A-bearing mRNA with YTHDF2 and YTHDF1 

result in mRNA decay16 and promotion of translation,17 respectively. The characterizations 
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of reader proteins of m5C is an important step toward understanding the biological 

functions of m5C in RNA.  

Our findings, along with recent structural and functional studies of YTH-domain 

family proteins, support that YTHDF2 is a versatile reader that can recognize m6A, m1A 

and m5C,4, 31 though the binding affinity toward m5C is much weaker than that toward m6A. 

In this vein, several published structural studies of YTH domain-containing proteins 

uncovered a hydrophobic pocket comprised of two or three aromatic residues that are 

instrumental for the recognition of methyl group in m6A 32-34, 37, 38. It is conceivable that 

the same hydrophobic pocket may be able to accommodate the 5-methyl group of m5C. 

This is indeed supported by our findings that mutation of one of the conserved aromatic 

residues, i.e. W432, at the hydrophobic pocket to an alanine reduces markedly the binding 

affinity of the protein toward m5C-carrying RNA. In addition, our docking studies revealed 

a very similar mode of recognition of m5C and m6A by the YTH domain of YTHDF2. 

Furthermore, all YTH domain-housing proteins, except YTHDC1 which preferentially 

binds m6A in GG(m6A)C sequence, bind m6A regardless of sequence context 37, despite 

the fact that m6A is known to exist in RRAC (‘R’ is a G or A) and RGAC consensus 

sequence motifs in mammalian and yeast species, respectively 4, 5. The lack of recognition 

of the consensus flanking nucleobase(s) of m6A is consistent with the notion that YTH 

domain-containing proteins can recognize, in addition to m6A, other post-transcriptionally 

modified ribonucleosides (i.e. m1A and m5C). 

We also found that YTHDF2 modulates the distribution of m5C in both coding and 

non-coding RNA, where its depletion led to pronounced increases in the levels of m5C at 
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multiple sites in rRNA and decreases in m5C levels at many sites in mRNA. These results 

suggest that YTHDF2 may play versatile roles in regulating m5C levels. In this vein, 

previous reports showed that binding of YTHDF2 with m6A-bearing mRNA decreases 

m6A levels by P-body-mediated mRNA degradation,16 but increases the m6A levels of 

some stress-induced transcripts by protecting them from demethylation.39 Moreover, m5C 

in rRNA is known to modulate translational fidelity;21 hence, the findings made from the 

present study suggest that the function of m5C in this process may involve, at least partly, 

its recognition by YTHDF2.  

In summary, we identified, by using an unbiased quantitative proteomic method, 

YTHDF2 protein as a reader of m5C in RNA, which expands the repertoire of RNA 

modifications that can be regulated by this protein. In this vein, polymorphism in YTHDF2 

gene was previously found to be associated with longevity in humans 40; thus, the results 

from the present study suggest that the function of YTHDF2 in this process could be 

attributed, in part, to its recognition of m5C in RNA. Furthermore, the data from our 

SILAC-based quantitative proteomic screening showed that m5C may also be recognized 

by other cellular proteins. Further characterizations of these proteins in m5C recognition 

and RNA metabolism will promote our understanding about the biological functions of 

m5C in RNA.  
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Chapter 4: Tet-mediated oxidation of 5-methyluridine RNA 

Introduction 
 

In cells, the four canonical ribonucleosides are heavily modified, resulting in over 

100 diverse chemical structures.1-4 N6-methyladenosine (m6A) and 5-methylcytidine (m5C) 

are examples of modified ribonucleosides with known regulatory proteins, i.e., readers, 

writers, and erasers.5-8 The dynamic regulation of modified nucleobases differ among the 

various types of RNA. For example, m5C has been identified in transfer RNA (tRNA), 

messenger RNA (mRNA), and ribosomal RNA (rRNA).7, 9 However, the regulatory 

proteins are RNA type-specific, as demonstrated by DNA methyltransferase 2 (DNMT2) 

and NSUN2, which are responsible for m5C methylation in tRNA and rRNA, 

respectively.10-12 Perturbation of epitranscriptomic regulators has been linked to modified 

ribonucleoside levels which in turn lead to disease, including cancers, viral infection, and 

diabetes.2, 13-15 Therefore, it is imperative to identify modified ribonucleosides and their 

regulatory proteins.  

One potentially important, but insufficiently investigated modified ribonucleoside 

is 5-methyluridine (m5U). For over 50 years, we have known that m5U is present in 

tRNA.16, 17 Global modified ribonucleoside profiling has consistently identified m5U as a 

prevalent modification in  total RNA, rRNA and small nucleolar RNA (snRNA).1, 2, 4 Even 

though, tRNA and rRNA methyltransferases, including TrmA, TrmU54, and RlmC, have 

been identified in E. coli, none have been identified in mammalian or other higher-order 

organisms.18-20 In addition, investigations have yet to identify potential eraser or reader 
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proteins for m5U; however, ten-eleven translocation (Tet) enzymes have been shown to act 

on similar substrates.21 

Tet proteins are a family of enzymes in the Fe2+ and 2-oxoglutarate-dependent 

dioxygenases that oxidize N-alkylated nucleobases in both DNA and RNA.22 Tet proteins 

can sequentially oxidatively demethylate 5-methylcytosine to 5-hydroxymethylcytosine 

(5-hmC), 5-formylcytosine (5-foC), and 5-carboxycytosine (5-caC) in DNA and RNA.23-

25 Tet proteins were also shown to oxidize thymidine to 5-hydroxymethyl-2’-deoxyuridine 

in DNA.21  Due to the structural similarity between 5-methylcytosine and 5-methyluridine 

and Tet’s ability to oxidize thymidine, we were prompted to investigate the possibility of 

Tet to produce 5-hydroxymethyluridine from m5U in RNA.  

 

Experimental Section 
 
Materials 

All chemicals and enzymes unless otherwise specified were from Sigma-Aldrich 

(St. Louis, MO). We obtained erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) 

hydrochloride, [1,3-15N2]-cytidine, and 5-methylcytidine were obtained from Tocris 

Bioscience (Ellisville, MO), Cambridge Isotope Laboratories (Andover, MA), and Berry 

& Associates (Dexter, MI), respectively. HEK293T human embryonic kidney cells, HeLa 

human cervical cancer cells, and WM-266-4 human melanoma cells, and cell culture 

reagents were purchased from ATCC (Manassas, VA, USA). Expression vectors for the 

catalytic domains of human Tet126, human Tet2 (amino acids 1129-2002)27, mouse Tet3 
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contained amino acids 697-1669, and those of the full-length Tet1-Tet3, were prepared as 

previously described.24 

Total RNA samples from mouse embryonic stem (ES) cells and mouse ES cells 

with the depletion of all three Tet genes were isolated previously.28 In addition, total RNA 

of tissues from 19-21 week old mice were also employed for m5U and 5-hmrU analyses. 

Cell Culture and Transfection  

 HEK293T cell were cultured using ATCC’s Dulbecco's Modified Eagle Medium, 

while HeLa and WM-266-4 cells were cultured in Eagle's Minimum Essential Medium 

(ATCC), supplemented with 10% fetal bovine serum and penicillin (100 IU/mL). The cells 

were maintained at 37°C in a 5% CO2 atmosphere. 

 Transfections were carried out using a previously published method.24 Briefly, at 

50% cell confluence level, cells were transfected with 1.5 µg of pGEM-T Easy plasmid 

(Pormega), catalytic domain or full-length Tet1-3 plasmids with Mirus Bio TransIT 

transfection reagent (Thermo Fisher) using the manufacturer’s recommended protocol. 

However, full-length Tet2 plasmid was transfected with 3.0 µg of plasmid. All cells were 

harvested for total RNA extraction at 48 hours post transfection.  

RNA extraction, digestion, and off-line HPLC enrichment  

Total RNA was isolated from HEK293T, WM266-4, HeLa cultured cells and 

mouse pancreas, brain, and spleen tissues by Tri-Reagent (Sigma-Aldrich) following the 

manufacturer’s recommended procedures. RNA digestion to individual ribonucleosides 

was performed following previously published procedures.9 Briefly, the total RNA samples 

were enzymatically digested to ribonucleosides with nuclease P1 and phosphodiesterase 2 
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at 37 °C for 4 hrs. A second enzyme mixture, comprising of alkaline phosphatase and 

phosphodiesterase 1, was added to the resulting RNA solution and incubated at 37 °C for 

2 hrs. The digestion mixture (50 ng) was aliquoted for 5-methyluridine (m5U) analysis. To 

the remaining digestion mixture (9,950 ng) of total RNA, 200 fmol of [1,3-15N2]5-hmrC 

and 200 fmol of [1,3-15N2]5-hmrU were added. The enzymes were subsequently removed 

from the digestion mixture by chloroform extraction followed by drying of the aqueous 

layer. The resulting residues were reconstituted in doubly distilled water and subjected to 

off-line HPLC separation for enrichment of 5-hmrC and 5-hmrU.  

PolyA mRNA was obtained using PolyATtract mRNA Isolation Systems 

(Promega) followed by removal of rRNA contaminations using the RiboMinus 

Transcriptome Isolation Kit (Invitrogen). Digestion was scaled down for a 1 µg digestion 

following the above procedures. From the resulting digestion mixture 30 ng was aliquoted 

for m5U analysis. The remaining digestion mixture was supplemented with 20 fmol of [1,3-

15N2]5-hmrC and 20 fmol of [1,3-15N2]5-hmrU standards. Chloroform extraction, drying, 

and off-line HPLC separation were also performed for 5-hmrC and 5-hmrU enrichment.  

 Enrichment of 5-hmrC and 5-hmrU was performed using a Beckman HPLC system 

with pump module 125 and a UV detector (module 126) connected with a 150 x 4.6 mm 

Kinetex C18 column (5 µm in particle size, 100 Å pore size, Phenomenex) for 

ribonucleoside separation. Mobile phases A and B were 10 mM ammonium formate (pH 

8.0) and methanol, respectively. Ribonucleosides were separated using the following 

gradient: 42 min 0-0.5% B and 27 min 0.5-8% B, and the flow rate was 0.35 mL/min. A 

representative HPLC trace is shown in Figure 4.2B. 5-hmrC was collected in the time 
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window of 12-14 min, while 5-hmrU was collected from 16-21 min. All fractions were 

dried by Speed-vac and reconstituted in doubly distilled water for LC-MS/MS analysis.  

Nano-flow liquid chromatography tandem mass spectrometry (nLC-MS/MS and 

MS/MS/MS) 

 5-hmrU and 5-hmrC were analyzed using a Q-Exactive plus quadrupole-orbitrap 

mass spectrometer coupled with an Ultimate 3000 (Thermo Fisher Scientific, San Jose, 

CA). The mass spectrometer was operated in the positive-ion mode with voltages of 1.8 

kV and 50 V for electrospray and tube lens, respectively. The ion transport tube 

temperature was maintained at 275°C. PRM transitions were: 5-hmrC (m/z 274 to 

142.061), 5-[1,3-15N2]5-hmrC (m/z 276 to 144.056), hmrU (m/z 275 to 125.035), and bl 

(m/z 277 to 127.029). Normalized collision energy (NCE) was set at 42%. 5-hmrC and 5-

hmrU HPLC fractions were loaded on a 3.5-cm long in-housed packed porous graphitic 

carbon (PGC, 5 µm particle size, Thermo Fisher Scientific) column and resolved on a 20 

cm Zorbax SB-C18 (5 µm in particle size, 100 Å in pore size, Agilent) column at a flow 

rate of 2 µL/min for loading and 300 nL/min for elution. Mobile phases A and B were 0.1% 

(v/v) formic acid in water and 0.1% (v/v) formic acid in 80% acetonitrile in water, 

respectively. Analytes were eluted using a gradient of 0-60% B in 20 min. The 

concentrations of 5-hmrC and 5-hmrU were determined using calibration curves. The 

calibration curve for 5-hmrU was previously published.24 The calibration curve for 5-hmrU 

was constructed by analyzing mixtures containing 200 fmol of [1,3-15N2]5-hmrU labeled 

standard and 0.254 – 63.1 fmol of unlabeled 5-hmrU standard (Figure 4.3).    
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 5-methyluridine analyses were performed on an LTQ-XL linear ion trap mass 

spectrometer coupled with an EASY-nLC II (Thermo Fisher Scientific, San Jose, CA). The 

mass spectrometer electrospray, capillary, and tube lens voltages being 2.0 kV, 12 V, and 

100 V, respectively. The ion transport tube temperature was maintained at 275°C. The 

instrument was operated in the positive-ion mode, SRM transitions were: m5U (m/z 259 to 

127), 5-methyl-13C5-uridine (m/z 264 to 127), uridine (m/z 245 to 113), and 15N-uridine 

(m/z 247 to 116). The columns described above were also used for this analysis. Nucleoside 

samples (2.5 ng each) were loaded at a flow rate of 2.5 µL/min and eluted with a gradient 

of 0−16% B in 5 min, 16−22% B in 25 min, and 22-41% B in 10 min at a flow rate of 300 

nL/min. The uridine (rU) calibration curve was constructed by analyzing mixtures 

containing using 2800 fmol of labeled 15N-uridine standard and 185 - 2200 fmol of 

unlabeled rU standard (Figure 4.3). The m5U calibration curve was constructed by 

analyzing mixtures containing 5.6 fmol of 5-methyl-13C5-uridine standard and 0.305 – 61.6 

fmol of unlabeled m5U standard. 

A summary of the LC-MS transitions and parameters can be found in Table 4.1 

 

Results 
 
Quantifications of m5U and 5-hmrU 

 Global screening analysis of modified ribonucleoside using tandem mass 

spectrometry has previously identified 5-methyluridine (m5U) as a prevalent modification 

in transfer RNA (tRNA) and ribosomal RNA (rRNA) of micro-organisms.1, 16, 17, 19, 20 

However, these investigations focused on reporting sequence context but have not reported  
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 Transitions Isolation 
Width 

NCE 

MS2 MS3 MS2 MS3 MS2 MS3 

rU 245 ® 113 113 ® 96 3 2 43 50 
15N-rU 247 ® 115 115 ® 97 3 2 43 50 
m5U 259 ® 127 127 ®110 3 2 43 50 

13C5-m5U 264 ®127 127 ® 110 3 2 43 50 
5-hmrU 275 ® 125.035  2  42  

[1,3-15N2] 5-hmrU 275 ® 127.029  2  42  
5-hmrC 274 ®142.061  2  42  

[1,3-15N2]5-hmrC  276 ® 144.056  2  42  
 
Table 4.1: A list of precursor ions for ribonucleosides monitored in MS2 or MS3, isolation 
width, and normalized collision energy (NCE). rU and m5U are monitored on the LTQ-
XL using MS3, while 5-hmrU is monitored exclusively on the Q-Exactive plus using MS2. 
 

a global quantification level. We developed a method to reliably quantify m5U levels in 

RNA. Using MS3 on a linear ion-trap mass spectrometer, we measured m5U level using a 

stable isotope-dilution method. The labeled standard, 5-methyl-13C5-uridine, had similar 

retention time and MS3 spectra as its unlabeled m5U standard (Figure 4.1). In the MS3 

spectra we observed a characteristic loss of H2O and NH3, respectively, in labeled and 

unlabeled standards (Figure 4.1). Calibration curves were generated for an accurate 

quantification (Figure 4.3). 

Second, we assessed the conditions necessary to identify and quantify 5-

hydroxymethyluridine (5-hmrU) in RNA. To the best of our knowledge there is no current 

evidence to suggest 5-hmrU is present in RNA of any type, potentially due to its low 

abundance. In addition, global modified ribonucleoside screening by LC-MS/MS analysis 

may have overlooked or been unable to detect 5-hmrU due to its inherent poor ionization 

efficiency. As with m5U, we employed the use of stable isotope-dilution method to  
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Figure 4.1: MS3 spectra and SIC of 5-methyuridine (top) and 13C5-5-methyluridine 
(bottom) on LTQ-XL.  
 
 

 

Figure 4.2 LC-MS/MS for the detection and quantification of 5-hmrU. A) Depiction 
of Tet-mediated formation of 5-hmrU from m5U. B) Representative HPLC trace and 
elution time of 5-hmrC and 5-hmrU. C) schematic diagrams showing the proposed 
fragmentation pathways of the [M + H]+ ions of 5-hmrU and [1,3-15N2]-5-hmrU. 15N 
labeling is denotes in red. D) Representative selected ion chromatogram and MS/MS for 
5-hmrU and labeled [1,3-15N2]-5-hmrU. 
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Figure 4.3: Calibration curves for uridine (rU), 5-methyluridine (m5U), and 5-hmrU. 
Uridine (rU) calibration curve was constructed using 2800 fmol of labeled 15N-uridine 
standard and 185 - 2200 fmol of unlabeled rU standard. 5.6 fmol of 13C5-5-methyluridine 
(m5U) isotope labeled standard with unlabeled m5U standard ranged from 0.305 – 61.6 
fmol was used to construct m5U calibration curve. For 5-hmrU analysis, 200 fmol of [1,3-
15N2]5-hmrU internal standard and unlabeled 5-hmrU standard ranged from 0.254 – 63.1 
fmol was used. 
 

accurately identify and quantify 5-hmrU, while ensuring that the correct time frame was 

employed during off-line HPLC enrichment of this modified ribonucleoside. Based on our 

off-line HPLC trace, both 5-hmrC and 5-hmrU elute similar to their unmodified nucleoside 

counterparts (Figure 4.2B). The retention time of 5-hmrC aligns with the previously 

published HPLC trace.24 In addition, the HPLC trace obtained for 5-hydroxymethyl-2’-

deoxyuridine (5-hmdU) has a similar retention time to its ribonucleoside counterpart.29 
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The protonated ions of the unlabeled and labeled 5-hmrU undergo losses of both 

the ribose and water upon collisional activation to give fragment ions of m/z 125.0346 and 

127.029, respectively (Figure 4.2C and 4.2D). The isotopically labeled 5-hmrU standard 

has identical elution time and MS2 to the unlabeled analyte, allowing for unambiguous 

identification and accurate quantification when combined with a 5-hmrU calibration curve 

(Figure 4.2D and Figure 4.3). 

Identification of 5-hmrU in RNA samples isolated from mammalian tissues and 

cultured human cells 

We employed the above-described method to measure the levels of 5-hmrU in the 

total RNA samples isolated from several types of mouse tissues. Our results showed that 

the levels of 5- hmrU were 2.92, 1.37, and 1.92 per 108 ribonucleosides in mouse pancreas, 

spleen and brain, respectively (Figure 4.4A). The 5-hmrU level in pancreas is significantly 

higher than spleen, suggesting a tissue-type dependence. This parallels previous 

observations made for 5-hmrC, which also demonstrated that the levels of the modified 

ribonucleoside varied with tissue types, though the levels of 5-hmrC in heart and brain 

were higher than the other types of tissues analyzed.24 Furthermore, the 5-hmrC level in 

pancreas was the lowest compared to the other tissues24; however our analysis revealed the 

pancreas exhibits higher level of 5-hmrU compared to pancreas and spleen. 

Corresponding analyses were performed for m5U of the mouse tissues. The m5U 

level was the highest in mouse brain compared to the other tissue types, where 0.98, 0.86, 

and 0.75 modifications per 100 uridines were detected in total RNA samples of mouse 

brain, spleen, and pancreas, respectively (Figure 4.5B). This result differs from 5-hmrC  
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Figure 4.4: 5-hmrU is present in RNA of mammalian cells in a cell- and RNA type-
dependent manner. A) 5-hmrU levels in mouse tissues. (n = 3) B) 5-hmrU level of 
cultured cancer cell lines, HeLa and WM-266-4 (n = 3). C) 5-hmrU level in total RNA and 
mRNA of HEK293T cells (n = 3). D) The levels of 5-hmrU in total RNA of Drosophila 
larval at different developmental stages (6 technical replicates). p-values were obtained 
using unpaired student’s t test. 
 

 

 

Figure 4.5 m5U level in mammalian cells m5U level in A) human cultured cell lines, 
WM266 and HeLa (n = 3) and B) mouse tissues (n = 3). RNA type specificity in total RNA 
and mRNA of HEK293T cells (n = 3). 
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and m5C where tissues displaying higher level of m5C correlated with higher level of 5-

hmrC.24 Interestingly, the level of m5U was the lowest in the mouse pancreas; however, 5-

hmrU was highest in pancreas. Overall, our results suggest 5-hmrU level is tissue type-

dependent. (Figure 4.4A and 4.5B). 

Next we evaluated if 5-hmrU was detectable in cultured mouse embryonic stem 

cells and human cancer cell lines, including HeLa cervical cancer and WM-266-4 

melanoma cells. We observed 5-hmrU at levels of 2.7, 1.7, and 1.5 per 108 ribonucleosides, 

respectively (Figure 4.4B). Our results suggest that 5-hmrU is elevated in mouse ES cells 

compared to the human cultured cancer cell lines (Figure 4.4A and 4.4B). We then 

identified the corresponding m5U levels. Mouse ES cells had the highest amount of m5U 

compared to the cultured human cell lines. This correlates well with the 5-hmrU data, 

where mouse ES cells also have higher level of m5U and 5-hmrU (Figure 4.4B and Figure 

4.5A).  

We also sought to determine if 5-hmrU may be RNA-type specific. We isolated 

poly(A) mRNA from HEK293T cells and measured the basal total RNA 5-hmrU level. The 

results indicated a lower level of 5-hmrU in mRNA than total RNA of HEK293T cells 

(Figure 4.4C). Moreover, mRNA samples also contained lower levels of m5U compared 

to the total RNA from HEK293T cells (Figure 4.5C). Taken together, we conclude that 5-

hmrU is present in total RNA and mRNA of mammalian cells.  

Identification of 5-hmrU in Drosophila melanogaster total RNA 

  Our results have demonstrated that 5-hmrU is present in mammalian systems. We 

wanted to evaluate if 5-hmrU is present in Drosophila melanogaster. We analyzed the level 
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of 5-hmrU in the developing drosophila larva at 0-8 hours, 8-12 hours, and in adult head. 

The results revealed that 5-hmrU is present at the various developmental stages at levels of 

14.8, 10.4, and 25.8 modifications per 108 ribonucleosides, respectively (Figure 4.4D). The 

overall level of 5-hmrU is approximately 10 times higher in Drosophila than in mammalian 

systems, indicating not only is 5-hmrU a stable modification in Drosophila RNA but it 

potentially has a gene regulatory function (Figure 4).  

Ten-eleven translocation (Tet) proteins demethylate m5U to 5-hmrU 

Having demonstrated the presence of 5-hmrU in mammalian RNA, we wanted to 

determine if Tet proteins are responsible for oxidizing m5U to 5-hmrU. Employing a 

sensitive LC-MS/MS method, we evaluated Tet1-3’s ability to oxidize m5U in total RNA. 

Upon overexpression of the catalytic domains of Tet1-Tet3, we observed a statistically 

significant decreases in global m5U levels using in HEK293T cells (Figure 4.6A). The 

results indicate that Tet proteins may play a pivotal role in m5U regulation. Interestingly, 

previous reports demonstrated that Tet overexpression did not influence global m5C 

levels.24 Therefore, Tet protein may play a more influential role on m5U regulation than 

m5C.  

To corroborate the m5U results, we assessed 5-hmrU in cells overexpressing the 

catalytic domains of Tet1-3. We identified a statistically significant increase in 5-hmrU 

level in cells overexpressing Tet1 and Tet3, but not Tet2 (Figure 4.6B). In addition, the 

levels of 5-hmrC are elevated upon overexpression of the catalytic domains of Tet1-3 

(Figure 4.7).24 Our results indicate that Tet1 and Tet3 proteins’ catalytic domain has the 

capability to oxidatively demethylate m5U to 5-hmrU (Figure 4.6A and 4.6B). The  
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Figure 4.6: Tet protein mediated m5U demethylation to 5-hmrU. A) HEK293T cells 
overexpression catalytical domains of Tet1-3. pGEM-easy refers to transfection using 
control pGEM-T easy plasmid. Panels A) and B) depict the levels of m5U and 5-hmrU 
upon overexpression of catalytic domains of Tet1-3 in HEK293T cells. The data represent 
the mean and standard deviation of results obtained from three independent transfections. 
C) The levels of 5-hmrU in HEK293T cells upon ectopic expression of full length Tet1-3 
(n = 3). D-E) The levels of 5-hmrU in wild-type mouse ES cells and Tet knock-out mouse 
ES cells.  Levels of 5-hmrU in E) total RNA and F) mRNA of Drosophila Melanogaster 
with Tet protein deletion. The data in E) represents total RNA of 4 technical replicates of 
each treatments, while the preliminary data in F) represents mRNA of WT (n = 2) and Tet-
null (n = 3). All p-values were obtained using unpaired student’s t test. 
 

possibility arose that the other regions of Tet protein may alter its binding affinity and 

activity. We next overexpressed the full-length protein in HEK293T cells. The results 

indicate that only full-length Tet3 protein can produce 5-hmrU (Figure 4.6C). Tet3 protein 

is primarily found in the cytosol30 and since the analysis was performed on total RNA 

which primarily consists of ribosomal RNA (rRNA), the results are in line with Tet3’s 

ability to mediate the formation of 5-hmrU levels in rRNA in the cytosol. 
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Figure 4.7 5-hmrC level in HEK293T cells overexpressing catalytic domain of 
Tet1-3. The data represent the mean and standard deviation of three independent 
transfections. All p-values were obtained using unpaired student’s t test. 

 
 
We also examined how the loss of function of Tet proteins in Drosophila 

melanogaster affects the level of 5-hmrU. Drosophila is a model organism to evaluate Tet 

activity in RNA. In mammalian cells, Tet proteins is most commonly associated with the 

ability to demethylate 5-methyl-2’-deoxycytidine (5-mdC).25, 31 However, there is nearly 

no detectable 5-mdC in Drosophila 32, suggesting that 5-mdC is not Tet’s primary substrate 

in Drosophila.33 Therefore, we sought to examine if the 5-hmrU measured in Drosophila 

RNA is Tet-mediated. Since the Tet protein is highly expressed in drosophila’s central 

nervous system34, we quantified the level of 5-hmrU in Drosophila head with genetic 

ablation of Tet protein. We observed a decrease in 5-hmrU levels in the Tet-null total RNA 

(Figure 4.6E). In addition, mutations on Tet’s DNA binding domain resulted in decreased 

levels of 5-hmrU (Figure 4.6E). Moreover, preliminary data from Tet-null Drosophila 

exhibited a decreased level of 5-hmrU in brain mRNA (Figure 4.6F). These results indicate 

that m5U is an important substrate of Tet proteins in Drosophila. As a whole, these results 

suggest that Tet mediates demethylation of m5U to 5-hmrU in total RNA and mRNA.  
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Conclusions 
 
 In this study, we developed a method to identify a previously unrecognized 

modified ribonucleoside, 5-hmrU, in mammalian cells, as well as in mouse and Drosophila 

tissues. We were not only able to identify 5-hmrU in total RNA but also in the mRNA of 

HEK23T cells. Its presence in RNA suggests that 5-hmrU may play a role in 

epitranscriptomic regulation or potentially as a transition intermediate toward 

demethylation. However, the analysis also suggests the existence of other modifications 

beyond N6-methyladenosine (m6A), N6,2’-O-dimethyladenosine (m6Am), 5-methylcytosine 

(m5C), m5U and 2’-O nucleosides (Nm) in mRNA. Therefore, more thorough investigations 

are necessary to evaluate the potential for other modifications in mRNA and their 

respective readers, writers, and erasers.  

 Our results corroborate those from Pfaffeneder, et.al, where Tet enzyme displays 

the ability to oxidize substrates besides cytidine and its respective oxidation products.21 

Their findings demonstrated that Tet proteins can also oxidize thymine in DNA to yield 5-

hmdU.21 Our findings suggest Tet has an additional substrate of interest, m5U, which is 

used to catalyze the formation of 5-hmrU in high order organisms in vivo. However, 

additional experiments are necessary to determine if Tet proteins can catalyze the 

conversion of 5-hmrU to 5-formyluridine and 5-carboxyuridine. Overall, Tet’s ability to 

oxidize DNA and RNA opens the possibility of other members of 2-oxoglutarate dependent 

dioxygenases to function beyond their known targets.  
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Chapter 5: Associations of smoking and air pollution with peripheral 

blood RNA N6-methyladenosine  

 
Introduction 
 

Similar to epigenetic modifications of DNA that impact gene expression, chemical 

modifications of RNA play a critical role in post- transcriptional regulation. The 

epitranscriptome is composed of over 100 different types of modifications on messenger 

RNAs (mRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs) and small RNAs. The 

most abundant internal mRNA modification is N6-methyladenosine (m6A), with 

approximately one to three modifications per transcript.1 However, m6A modifications are 

also abundant on rRNA, microRNA and long non-coding RNAs.2 Modified 

ribonucleosides play important roles in mRNA translation, stability, export, and splicing, 

suggesting their wide-reaching implications for cellular functions.1 m6A is regulated by 

proteins that interpret, add, and remove nucleic acid modifications, termed readers, writers, 

and erasers (RWEs). The N6 position of adenosine in mRNA are methylated co-

transcriptionally in the nucleus by a methyltransferase complex, which includes methyl- 

transferase-like protein 3 (METTL3), METTL14, and Wilms' tumor 1-associating protein 

(WTAP) (m6A writers).1 m6A undergoes clear active demethylation catalyzed by Fat mass 

and obesity-associated protein (FTO) and AlkB homolog 5 (ALKBH5) (m6A erasers). 

Furthermore, m6A reader proteins provide an additional layer of transcriptome regulation, 

such as YTH domain-containing family protein 2 (YTHDF2), which promotes the decay 

of m6A-containing mRNAs.3 Through its role in RNA metabolism, m6A is a key player in 
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cell fate, with research demonstrating the importance of m6A in cell development and 

differentiation.4-7 Additionally, growing evidence implicates m6A and its RWEs in many 

facets of human health and disease. Altered m6A has been linked to cancer progression,8 

immunity and viral infection,9, 10 obesity and adipogenesis,11-13 diabetes,14, 15 and male 

infertility.16, 17 

Most importantly for the field of environmental health, early research suggests that 

m6A is responsive to cellular stress conditions and may play a functional role in stress 

response. Increased m6A content in mRNA molecules from oxidative stress leads to 

accumulation of mRNA triage in stress granules,18 while YTHDF2 protects m6A from 

demethylation in stress-induced mRNA transcripts, promoting selective translation.19 

Recently, research demonstrated that in vitro exposure of A549 human lung cancer cells to 

several environmental toxicants induced dose-dependent decreases in global m6A levels.20 

Furthermore, parental diet during pregnancy was associated with m6A modifications in the 

hypothalamus of offspring11 and arsenite exposure was associated with elevated m6A and 

decreased FTO in mouse neurons.21 These studies suggest that m6A may be responsive to 

stress in a tissue-specific manner. However, to date, no study has examined the response 

of m6A to environmental exposures in a human population. We hypothesized that global 

m6A and its RWEs in human blood may serve as a mechanism and biomarker of exposure 

to environmental stressors, such as cigarette smoke and air pollution. Particulate air 

pollutants and cigarette smoking have profound health impacts, leading to mortality, 

cardiovascular diseases, cancers, and declines in lung function.22-24 Furthermore, these 

toxicants regulate epigenetics via induction of oxidative stress.25, 26 Thus, our objective was 
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to conduct the first human population study to determine the associations between total 

RNA m6A and its RWEs with smoking and air pollution exposures in a population of highly 

exposed adults from Beijing, China. We further aimed to investigate associations between 

gene expression of RWEs and total m6A levels in blood in a healthy population, which has 

been previously unexplored. To accomplish these goals, we measured, using a sensitive 

mass-spectrometry approach, global m6A levels in total RNA, and examined gene 

expression of six RWEs in peripheral blood from 106 truck drivers and office workers at 

the end of an eight-hour workday. We then examined the correlations between m6A and 

RWEs, and their associations with indicators of smoking status, personal PM2.5 and black 

carbon (BC), and ambient PM10 measured throughout the workday. 

 

Experimental Section 
 
Study population  

We leveraged existing samples and data from the Beijing Truck Driver Air 

Pollution Study, which recruited 60 truck drivers and 60 indoor office workers from June 

15th to July 27th, 2008, with the goal of examining the health effects of personal air 

pollutant exposures.27 All study participants had been on their current jobs for great than 

two years, had no significant medical illness interfering with their ability to work, and were 

not pregnant. Participants were matched by age (within 5 years), sex, smoking status, and 

education, and assessed on two independent workdays at a 1–2-week interval. In the 

present study, we only included data and samples from the first study visit with blood 

samples collected at the end of the study day. In-person interviews were conducted to 



100 
	

determine demographic and lifestyle characteristics. Self-administered questionnaires were 

collected at the end of the study day to determine any relevant exposures on that day 

(alcohol or tea consumption, cigarette smoking, traffic, etc.). All participants provided 

individual written informed consent before the start of the study and institutional review 

board approval was obtained from all participating institutions prior to recruitment. 

Ambient and personal air pollutant exposures  

Ambient PM10 exposure data during the study period were computed from 27 

monitoring stations from the Beijing Municipal Environmental Bureau to estimate daily 

average PM10 levels in Beijing.28 To assess personal PM2.5 and BC exposures, study 

participants wore gravimetric samplers during the eight hour work day as previously 

described.28 The sampler was carried in a belt pack with the inlet clipped near the breathing 

zone. Each sampler setup included an Apex pump (Casella Inc., Bed- ford, UK), a Triplex 

Sharp-Cut Cyclone separator (BGI Inc., Waltham, MA), and a 37-mm Teflon filter placed 

on top of a drain disc and inside a metal filter holder. Filters were stored in atmosphere-

controlled conditions before and after sampling and were weighed with a microbalance 

(Mettler-Toledo Inc., Columbus, OH). We calculated a time-weighted average of PM2.5 

concentration by dividing the change in filter weight before and after sampling by the 

volume of air sampled. Technical validation tests of personal PM2.5 measurement found 

high reproducibility (r = 0.944) of results between samplers.28 The blackness of the filters 

used to measure PM2.5 was assessed using an EEL Model M43D Smoke Stain 

Reflectometer (Diffusion Systems Ltd., London, UK), by applying standard black-smoke 

index calculations of the absorption coefficients based on reflectance.29 We assumed a 
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factor of 1.0 for converting the absorption coefficient to BC mass,30, 31 which was then 

divided by the sampled air volume to calculate average BC exposure concentration.29 We 

obtained daily outdoor average temperature and dew point data for Beijing from the 

National Oceanic and Atmospheric Administration (NOAA) online database. 

Smoking status exposures  

Information on smoking status was collected from in-person interviews. 

Information on the number of cigarettes smoked on the test day and the exposure to 

environmental tobacco smoke (ETS) was collected by self-administered questionnaires at 

the end of the test day. Smokers were categorized into ever/never smokers and 

current/former smokers. Pack years was divided into three categories: none, <3.8 pack 

years, and >3.8 pack years (3.8 pack years was the median). As approximately half of the 

current smokers smoked on the day of testing, we created a binary variable called “smoked 

while wearing the monitor” to indicate acute tobacco smoke exposure and serve as a 

covariate for the air pollutant models. As there was only one self-identified female smoker, 

analyses on smoking status, pack years, and smoking while wearing the monitor, were 

conducted only in men. 

Sample collection and RNA isolation  

Peripheral blood samples from the first study visit were collected into PAXgene 

Blood RNA Tubes (Qiagen, Germantown, MD) at each post-work exam (between 4:00 pm 

and 6:00 pm hours). Total RNA was extracted with the PAXgene Blood-RNA Kit Qiagen-

763134 (Qiagen, Germantown, MD) and RNA quality and quantity were confirmed with 

an Implen spectrophotometer (Implen, Westlake Village, CA). There were 108 samples 
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from this visit with enough RNA yield for global m6A analysis and 101 of the original 108 

RNA samples with enough yield for gene expression analysis. Samples were stored at −80 

°C until use. 

Quantitation of global m6A from total RNA  

We digested 100 ng of total RNA with 1 unit of nuclease P1 (Sigma-Aldrich, St. 

Louis, MO) in a buffer containing 25 mM NaCl and 2.5 mM ZnCl2. The mixture was then 

incubated at 37 °C for 2 hrs., followed by the addition of 2.5 units Antarctic phosphatase 

and Antarctic phosphatase buffer (New England Biolabs, Ipswich, MA). After incubating 

at 37 °C for an additional 2 hrs., the digestion mixture was dried using a Speed-vac and 

reconstituted in 100 µL ddH2O. To quantify the levels of global m6A in total RNA, we 

measured the levels of global m6A and adenosine (rA) with a previously reported stable 

isotope-dilution method.32 In this vein, we added 42.5 fmol of D3-N6- methyladenosine and 

8 pmol of 15N3-labeled adenosine as internal standards to 10 ng of digested RNA. All 

enzymes from the digestion mixture were removed by chloroform extraction. The aqueous 

layer was dried and reconstituted in ddH2O. Approximately 25% of the nucleoside mixture 

was injected for nLC-MS3 analysis. The nLC-MS3 measurements were conducted on an 

LTQ-XL linear ion trap mass spectrometer equipped with a nanoelectrospray ionization 

source and an EASY-nLC II (Thermo Fisher Scientific, San Jose, CA). The in-house-

prepared trapping column (150 µm × 50 mm) and analytical column (75 µm × 25 mm) 

were packed with stationary phase materials of porous graphitic carbon (5 µm in particle 

size, Thermo Fisher Scientific) and Zorbax SB-C18 (5 µm beads, 100 Å in pore size, 

Agilent), respectively. The LC separation was conducted by using mobile phases A (0.1% 
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formic acid in ddH2O) and B (0.1% formic acid in acetonitrile) to elute the sample. The 

samples were initially loaded onto the trapping column with mobile phase A at a flow rate 

of 2.5 µL/min. The nucleoside mixture was resolved on the analytical column using an 80-

minute gradient of 0–16% B in 5 min, 16–22% B in 23 min, 22–50% B in 17 min, 50–90% 

B in 5 min, and finally, 90% B in 30 min at a flow rate of 300 nL/min. The mass 

spectrometer was operated in the positive-ion mode. The electrospray, capillary and tube 

lens voltages were maintained at 2.0 kV, 12 V, and 100 V, respectively, and the ion 

transport tube temperature was 275 °C. The average relative standard deviation of results 

obtained from replicate measurements of all samples was 12%, and was less than 22% for 

each sample. Results are presented as percent m6A per total adenosine (%m6A/A). 

Gene expression analysis  

We performed real-time-quantitative polymerase chain reaction (RT-qPCR) to 

assess the mRNA expression of six m6A RWE genes, including one reader (YTHDF2), 

three writers (METTL3, METTL14, WTAP) and two erasers (FTO, ALKBH5), according 

to MIQE (minimum information for publication of quantitative real-time PCR 

experiments) guidelines.33 First, 500 ng of cDNA was synthesized with the Promega 

Reverse Transcription System with random primers according to the manufacturer’s 

instructions (Promega, Madison, WI). Internal reference control genes were chosen based 

on previous literature that determined the best reference genes for immune cells and whole 

blood: TBP (TATA box-binding protein), SDHA (succinate dehydrogenase complex 

flavoprotein subunit A), and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase).34-36 

Primers were selected from published literature: YTHDF2, WTAP, METTL14, METTL3, 
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and ALKBH5 were based on Yang et. al 2016,17 FTO and GAPDH were based on Shen et. 

al 2015,14 SDHA was from,37 and TBP was from Rydbirk et al., 2016 (Integrated DNA 

Technologies, Coralville, IA, USA).38 Each qPCR reaction contained 7.5 ng of cDNA in 4 

µL of water, 5 µL iTaq Universal SYBR Green Supermix (BioRad, Hercules, CA), 0.5 µL 

of 5 µM forward primer, and 0.5 µL of 5 µM of reverse primer in a 10 µL final volume in 

a 384-well plate. Each qPCR reaction was carried out in triplicate and three no template 

controls were added to each plate. Cycling conditions were 95 °C for 5 mins, followed by 

40 cycles of 95 °C for 15 sec and 57 °C (YTHDF2, WTAP, METTL14, METTL3, FTO, 

TBP) or 53 °C (ALKBH5, GAPDH, SDHA) for 30 sec, followed by a melting curve 

analysis. Each gene was analyzed on a separate plate, with all samples randomized on one 

plate per gene. The cutoff Cq value for not expressed was 34 and there was no detectable 

expression of no template controls. Melting curve analysis suggested a single product, 

which was confirmed with 1% agarose gel electrophoresis (data not shown). The mean 

(standard deviation) of the percent coefficient of variation between replicate reactions for 

each gene was ALKBH5: 0.33 (0.18)%, FTO: 0.36 (0.22)%, GAPDH: 0.34 (0.19)%, 

METLL3: 0.35 (0.24)%, METTL14: 0.39 (0.27)%, SDHA: 0.37 (0.23)%, TBP: 0.54 

(0.33)%, WTAP: 0.30 (0.16)%, and YTHDF2: 0.33 (0.22)%. All samples were 

standardized to a 5-point internal standard curve ranging from 1.875 ng to 30 ng of cDNA 

input (standard curve R2: 0.98–0.99), and no samples fell outside the curve. However, 

house- keeping genes were associated with cigarette smoking on the day of data collection 

and thus associations of gene expression with cigarettes smoked while wearing the monitor 

were not included in the analysis. Housekeeping genes were not associated with any other 
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outcomes or covariates. Samples were then normalized to the geometric mean of three 

reference genes (SDHA, GAPDH, and TBP),39 then natural log transformed for analysis 

(N = 101). 

Statistical analysis  

From the global m6A analysis, one extreme outlier was removed (greater than six 

standard deviations from the mean) and a second sample failed lab QC (Final Nm6A = 106 

and NRWEs = 101, Differences due to RNA availability). Global m6A and gene expression 

data were natural log transformed before analysis to improve model fit. Correlations 

between gene expression of RWEs and global m6A levels were calculated using Pearson’s 

correlation coefficients. We investigated potential nonlinear associations between 

exposures and global m6A with generalized additive models (data not shown), and when 

associations were determined to be linear, we fit crude and adjusted linear models between 

each exposure variable and global m6Aor RWE to determine the potential confounding 

effects. Since the global m6A and RWEs were log transformed prior to analysis, effect 

estimates were expressed as the relative percent change of the outcome per change in the 

exposure. This was calculated from the antilog of the regression coefficient, with the 95% 

confidence interval (CI). Covariates were determined a priori and crude and adjusted 

models were adjusted for technical batch variables (analytical chemistry: RNA digest 

batch; qPCR: RNA concentration and quality). Occupation and BMI were considered as 

covariates, but as they had no statistical effect on the outcome (P ≤ 0.05), they were not 

included in final models. P-values from models on RWEs were adjusted for multiple 
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comparisons using false discovery rate (FDR) and P ≤ 0.05 was considered statistically 

significant. 

Analysis of m6A with smoking variables  

As only three individuals reported as former smokers, the analysis was conducted 

on the categories of ever and never smokers. Models for smoking status, pack years, and 

cigarette smoking on the day of the exposure were performed only in men, as there was 

only one woman who reported being a smoker. To remove confounding effects from first- 

hand smoking, models for environmental tobacco smoke (ETS) exposure were conducted 

only in nonsmokers. Additionally, models examining cigarettes smoked on the day of 

exposure were conducted only in smokers. All smoking models were adjusted for age and 

RNA digest batch. 

Analysis of m6A with air pollutants  

Models on air pollutants were adjusted for age, sex, smoking status, smoking while 

wearing the monitor, average air temperature, average dew point, and day of the week. The 

study was conducted within a single month in Beijing, China, and so no adjustment for 

season was necessary. 

Sensitivity analyses  

To ensure the robustness of our findings, we performed multiple sensitivity 

analyses for this study. Firstly, all smoking models were repeated in the full population and 

adjusted for sex, with models for ETS and smoking on the day of the exposure additionally 

co-adjusted for smoking status. Second, all air pollutant models were repeated in the 

subpopulation of individuals that did not smoke on the day of the exposure, to ensure that 
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all residual confounding from cigarette smoke was removed. A third sensitivity analysis 

stratified the population by occupation (indoor office workers and truck drivers). Since the 

original study cohort was designed to recruit high and low air pollution exposure by 

profession, we wanted to ensure that our results were consistent across occupations. 

Finally, as we only had male smokers enrolled in this study, we repeated ETS and air 

pollutant models stratified by sex. As the sample size of each group was low, we only 

performed sensitivity analyses with crude models with the exception of air pollutant 

models in males, which were co-adjusted for smoking and cigarettes smoked on the day of 

exposure. All statistical analyses were performed in the software package R.40 

 

Results  

Population and exposure characteristics  

Our study population was 63.2% male with an average age of 32.6 years and BMI 

of 23.4 kg/m2 (Table 5.1). The majority were non-smokers (62.3%), with three individuals 

self-reporting as former smokers. Among smokers, the median pack years were 3.8. 

Approximately half of the smokers smoked on the testing day, and half of the population 

was exposed to environmental tobacco smoke on the testing day. One female reported 

smoking. Average personal PM2.5 was 118 µg/m3 and average PM10 was 120 µg/m3. 

Global m6A and gene expression characterization  

RWE gene expression levels were positively correlated across individuals (R = 0.24 

to 0.61), with the exception of WTAP, which was not correlated with other RWEs (Fig. 

5.1A). Additionally, ALKBH5 and FTO expression levels were not correlated, suggesting  
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Table 5.1 Population Characteristics, Air Pollution Exposures, and Smoking Habits  
PM is particulate matter   
 

  
Full Population (N = 

106) 
Nonsmokers (N = 

63) Smokers (N = 43) 

Characteristics  
Mean ± S.D or N (%) Mean  ± S.D or N 

(%) 
Mean  ± S.D or N 

(%) 
Peripheral blood 
m6A (% m6A/A) 0.0503  ±   0.0088 0.0511 ±  0.0087 0.0491 ± 0.0089 
Age (Years) 32.6  ± 6.88 33.8 ± 6.30 30.8 ± 7.39 

BMI (kg/m2) 23.4  ± 3.16 23.3 ± 2.99 23.6 ± 3.41 
Personal PM2.5 
(µg/m3) 118  ± 77.1 93.2 ± 55.6 155 ± 89.1 
Ambient PM10 
(µg/m3) 120  ± 60.5 107 ± 56.8 141 ± 60.4 
Personal Black 
Carbon (µg/m3) 16.1  ± 6.66 14.1 ± 5.83 19.0 ± 6.83 
Average Daily 
Temperature (℃) 25.2  ± 2.11 25.7 ± 1.98 24.6 ± 2.16 
Average Dew Point 19.8  ± 2.01 20.3 ± 1.97 19.2 ± 1.88 
Sex     

Female 39 (36.8) 38 (60.3) 1 (2.3) 
Male  67 (63.2) 25 (39.7) 42 (97.7) 
Occupation    

Indoor Worker 50 (47.2) 30 (47.6) 20 (46.5) 
Truck Driver 56 (52.8) 33 (52.4) 23 (53.5) 

Smoke While Wearing Monitor  

No 85 (80.2) 63 (100) 22 (51.2) 
Yes  21 (19.8)  21 (48.8) 
Pack Years    

0 Years 64 (60.4) 63 (100) 1 (2.3) 
≤ 3.8 Years 21 (19.8)  21 (48.8) 
> 3.8 Years  21 (19.8)  21 (48.8) 
Environmental Tobacco Smoke 

No  52 (49.1) 37 (58.7) 15 (34.9) 
Yes  54 (50.9) 26 (41.3) 28 (65.1) 
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Figure 5.1 A) Pearson’s correlation plot for mRNA expression levels of m6A readers, 
writers and erasers in whole blood; and B) Pearson’s correlation coefficients for each gene 
with m6A. Number and gradient represent the correlation coefficient, and text color 
represents the significance of the correlation at p ≤ 0.05 (black: significant, or gray: 
insignificant) 
 

differential regulation or function. Gene expression levels were further not correlated with 

global m6A levels (Fig. 5.1B). 

Association of smoking status and air pollutants with m6A  

Ever smoking was associated with a relative 10.7% decrease in global m6A (95% 

CI: −18.7–−1.75; p = 0.02) in men in comparison to nonsmokers (Table 5.2). Male 

smokers had on average 0.048% (95% CI: 0.046–0.051) m6A/A in their blood, while male 

never smokers had on average 0.054% (95% CI: 0.050–0.058) m6A/A (Fig. 5.2A). Pack 

years were also negatively associated with lower global m6A in men (Fig. 5.2D). 

Compared to non-smoking, smoking less than 3.8 years was associated with a 9.44% 

decrease in global m6A (95% CI: −19.1–1.35; p = 0.08), while smoking greater than 3.8 

years was associated with a 14.9% decrease in global m6A (CI: –23.4–−5.35; p = 0.004)  

confidence intervals limit the interpretations of these findings.

4. Discussion

We present the first study to investigate the association between
m6A in peripheral blood RNA with cigarette smoking or air pollution.
We detected a negative association between global m6A and long-term
smoking status, as evidenced by an apparent dose–response with pack
years, and a potential positive association with BC exposure. However,
we detected no correlation between acute smoking exposure (smoking
on the day of blood collection) with global m6A, nor with smoking and
air pollutants with RWE gene expression.

Primarily, we observed that blood m6A content was lower in men
that smoked in comparison to men that never smoked. m6A is critical
for the inflammatory response and immune system activation (Li et al.,

2017; H. Wang et al., 2019; Yu et al., 2019), both of which may be
activated in chronic smokers. Lower total blood RNA m6A content was
also reported in two separate populations with type 2 diabetes (Shen
et al., 2015; Yang et al., 2019). Furthermore, single nucleotide poly-
morphisms in m6A consensus sequences were associated with blood
pressure in a Chinese population (Mo et al., 2019) and m6A is important
for cancer progression and metastasis (Dai et al., 2018). However, few
human population studies have examined m6A in relation to health, and
further research is necessary to unravel the implications of our findings.

BC is formed from incomplete combustion of biomass and fossil
fuels and contains some of the same chemical constituents present in
cigarette smoke, such as metals and ammonia (Centers for Disease
Control and Prevention (US) et al., 2010; J. Wang et al., 2019). In the
present study, long-term smoking and BC presented opposing associa-
tions with global blood m6A. The association with BC was observed in

Table 1
Population Characteristics, air pollution exposures, and smoking habits.

Full Population (N = 106) Nonsmokers (N = 63) Smokers (N = 43)
Characteristic Mean ± S.D or N (%) Mean ± S.D or N (%) Mean ± S.D or N (%)

Peripheral Blood m6A (% m6A/A) 0.0503 ± 0.0088 0.0511 ± 0.0087 0.0491 ± 0.0089
Age (Years) 32.6 ± 6.88 33.8 ± 6.30 30.8 ± 7.39
BMI (kg/m2) 23.4 ± 3.16 23.3 ± 2.99 23.6 ± 3.41
Personal PM2.5 (µg/m3) 118 ± 77.1 93.2 ± 55.6 155 ± 89.1
Ambient PM10 (µg/m3) 120 ± 60.5 107 ± 56.8 141 ± 60.4
Personal Black Carbon (µg/m3) 16.1 ± 6.66 14.1 ± 5.83 19.0 ± 6.83
Average Daily Temperature (°C) 25.2 ± 2.11 25.7 ± 1.98 24.6 ± 2.16
Average Dew Point 19.9 ± 2.01 20.3 ± 1.97 19.2 ± 1.88
Sex
Female 39 (36.8) 38 (60.3) 1 (2.3)
Male 67 (63.2) 25 (39.7) 42 (97.7)
Occupation
Indoor Worker 50 (47.2) 30 (47.6) 20 (46.5)
Truck Driver 56 (52.8) 33 (52.4) 23 (53.5)
Smoke While Wearing Monitor
No 85 (80.2) 63 (100) 22 (51.2)
Yes 21 (19.8) 21 (48.8)
Pack Years
0 Years 64 (60.4) 63 (100) 1 (2.3)
≤ 3.8 Years 21 (19.8) 21 (48.8)
> 3.8 Years 21 (19.8) 21 (48.8)
Environmental Tobacco Smoke
No 52 (49.1) 37 (58.7) 15 (34.9)
Yes 54 (50.9) 26 (41.3) 28 (65.1)

Note: PM, particulate matter.

Fig. 1. A) Pearson’s correlation plot for mRNA expression levels of m6A readers, writers and erasers in whole blood; and B) Pearson’s correlation coefficients for each
gene with m6A. Number and gradient represent the correlation coefficient, and text color represents the significance of the correlation at p≤ 0.05 (black: significant,
or gray: insignificant).

A. Kupsco, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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Table 5.2 Effect estimates from linear models examining the effects of air pollutants 
and smoking status on global m6A levels in whole blood RNA 
CI: Confidence Interval; ETS, Environmental tobacco smoke.  
a All models adjusted for batch variables.  
b Smoking models adjusted for: age, sex, digestion batch; Air pollutant models adjusted 
for: age, sex, smoking status, smoking on day of exposure, average daily 
temperature, average dew point, day of week and digestion batch.  
c Beta values are presented as the relative percent change in m6A per 10 µg/m3 increase in 
air pollutant or change from reference to smoking status. Values are on the multiplicative 
scale and were obtained by exponentiating the regression coefficient from the log-
transformed mode 
 

Type Exposure 
Mode
l N Crude Modela  Adjusted Modelb  

   𝛽 (95% CI)c 
P-
Value 𝛽 (95% CI)c P-Value  

Smoking Status 

 
Ever Smoker 
(Men) 67 

-
9.56 

(-17.4- -
0.95) 0.03 -10.7 

(-18.7--
1.75) 0.02 

 

Smoked 
While 
Wearing 
(Men) 67 

-
4.99 (-16.2-7.67) 0.41 -4.58 

(-16.3-
8.73) 0.47 

 
≤ 3.8 pack 
years (Men) 67 

-
8.45 (-17.5-1.52) 0.09 -9.44 

(-19.1-
1.35) 0.08 

 
>3.8 pack 
years (Men) 67 

-
14.8 

(-23.3- -
5.36) < 0.01 -14.9 

(-23.4--
5.35) < 0.01 

 
ETS 
(Nonsmokers) 43 

-
3.63 (-11.5-4.98) 0.39 -4.34 

(-12.2-
4.16) 0.3 

Air 
Polluta
nt  

 Black Carbon 100 5.27 (-0.46-11.3) 0.07 5.95 
(-0.96-
13.3) 0.09 

 PM10 101 0.39 (-0.18-0.96) 0.18 0.09 
(-0.79-
0.99) 0.84 

 PM2.5 101 
0.00

4 (0.45-0.45) 0.98 -0.03 
(-0.66-
0.60) 0.92 

 

 

 

(Table 5.2). Men that smoked less than 3.8 pack years had on average 0.049% (95% CI: 

0.045–0.054) m6A/A, while those smoking more than 3.8 pack years had on average 

0.046% (95% CI: 0.043–0.050) m6A/A (Fig. 5.2D). ETS and smoking while wearing the  
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Figure 5.2 Adjusted mean percent global m6A/A with 95% confidence intervals by 
smoking ca- tegory for: A) Ever/never smokers; B) Smoking while wearing the monitor; 
C) Environmental tobacco smoke (ETS); and D) Pack Years. Models adjusted for: age, 
sex, and digestion batch. ETS models also adjusted for ever/never smoking status. 
 
 

 
Figure 5.3 Predicted values for linear models of percent m6A/A with A) PM2.5 (µg/m3); 
B) PM10 (µg/m3); and C) Black carbon (µg/m3) with 95% confidence intervals and adjusted 
for: age, sex, smoking status, smoking on day of exposure, average daily temperature, 
average dew point, day of week and digestion batch. Points represent actual values. 
 

 

the population as a whole and when stratified by sex; however, as we
only were able to enroll male smokers in this analysis, our negative
associations with smoking were only observed in men. This difference
may result from distinct the toxic compounds affecting m6A between BC
and cigarette smoke. Although tobacco smoke is a contributor to fine
particulate air pollution, concentrations of some toxicants are present at
much higher levels in cigarette smoke, which has more organic carbon
than black carbon. Also, the exposure duration may have differential
effects on m6A, as long-term smoking was associated with global m6A
while smoking on the day of blood collection was not. Acute spikes in
daily average BC may affect m6A differently in comparison to long term
smoking. Previous in vitro studies have suggested that the m6A response
to external stressors is rapid (Zhao et al., 2018), triaging transcripts into
stress granules to regulate translation (Anders et al., 2018). None-
theless, this analysis was conducted in a small population. We cannot
discount that these findings may be spurious and require replication in
a larger sample size. Future research should also address any

differences in exposure duration and timing on m6A levels, as well as
sex-specific effects of smoking, which we were unable to evaluate here.

We also observed no associations between smoking in males and air
pollutants with RWE expression in the full population, or when strati-
fied by sex. Previous analyses on 24-hour PM2.5 exposure and RWE gene
expression in a population of individuals from the Czech Republic,
detected a positive association with METTL3, WTAP, FTO, and ALKBH5
expression (Cayir et al., 2019). However, this study investigated RNA in
leukocytes and examined a different exposure duration than the present
study (Rossner et al., 2015). Interestingly, we observed no correlation
between global m6A levels in blood with RWE gene expression in our
population. Similarly, a study on total blood m6A levels in gastric
cancer patients and controls found no correlation between m6A and
ALKBH5 and FTO gene expression (Ge et al., 2020). Other previous
human studies have observed associations between global m6A and
RWE gene expression in whole blood, these studies included popula-
tions of type 2 diabetics (Shen et al., 2015; Yang et al., 2019), which

Table 2
Effect estimates from linear models examining the effects of air pollutants and smoking status on global m6A levels in whole blood RNA.

Type Exposure Model N Crude Modela Adjusted Modelb

β (95% CI)c P-Value β (95% CI)c P-Value
Smoking Status

Ever Smoker (Men) 67 −9.56 (−17.4–−0.95) 0.03 −10.7 (−18.7–−1.75) 0.02
Smoked While Wearing (Men) 67 −4.99 (−16.2–7.67) 0.41 −4.58 (−16.3–8.73) 0.47
≤ 3.8 pack years (Men) 67 −8.45 (−17.5–1.52) 0.09 −9.44 (−19.1–1.35) 0.08
> 3.8 pack years (Men) 67 −14.8 (–23.3–−5.36) < 0.01 −14.9 (–23.4–−5.35) <0.01
ETS (Nonsmokers) 43 −3.63 (−11.5–4.98) 0.39 −4.34 (−12.2–4.16) 0.30

Air Pollutant
Black Carbon 100 5.27 (−0.46–11.3) 0.07 5.95 (−0.96–13.3) 0.09
PM10 101 0.39 (−0.18–0.96) 0.18 0.09 (−0.79–0.99) 0.84
PM2.5 101 0.004 (−0.45–0.45) 0.98 −0.03 (−0.66–0.60) 0.92

Note: CI: Confidence Interval; ETS, Environmental tobacco smoke.
a All models adjusted for batch variables.
b Smoking models adjusted for: age, sex, digestion batch; Air pollutant models adjusted for: age, sex, smoking status, smoking on day of exposure, average daily

temperature, average dew point, day of week and digestion batch.
c Beta values are presented as the relative percent change in m6A per 10 µg/m3 increase in air pollutant or change from reference to smoking status. Values are on

the multiplicative scale and were obtained by exponentiating the regression coeffienient from the log-transformed model.

Fig. 2. Adjusted mean percent global m6A/A
with 95% confidence intervals by smoking ca-
tegory for: A) Ever/never smokers; B) Smoking
while wearing the monitor; C) Environmental
tobacco smoke (ETS); and D) Pack Years. Models
adjusted for: age, sex, and digestion batch. ETS
models also adjusted for ever/never smoking
status.

A. Kupsco, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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may present a greater transcriptional response in RWEs than in-
dividuals without clinical pathologies. Furthermore, the participants in
those previous studies were older than the present study population
(mean age approximately 55 years in comparison to 33 years). How-
ever, our findings may be the result of a stronger relationship between
m6A and RWE activity or protein abundance than with gene expression.
Alternatively, the lack of relationship between RWE gene expression
and global m6A in our population may be driven by a large proportion
of m6A in rRNA, which is the predominant form of RNA with m6A and is
added by a different set of methyltransferases (Ma et al., 2019;
Pendleton et al., 2017; van Tran et al., 2019). Due to limitations in RNA
sample concentrations, we were only able to assess expression of the
most well-known m6A RWEs in this study and were not able to examine
those responsible for rRNA methylation. Further research is necessary
to investigate these hypotheses.

Finally, this is one of the first observational human population

studies to evaluate blood m6A levels and little information is available
on how m6A levels vary according to population characteristics. In our
population of office workers and truck drivers from Beijing, China, m6A
levels did not differ by age, sex, or BMI. However, it appears that some
associations with RWEs may be sex specific. Similarly, a study of blood
m6A levels in gastric cancer patients found no differences in blood RNA
m6A levels between sexes (Ge et al., 2020). Clinical studies on diabetes
demonstrated a correlation between m6A and BMI, however, this po-
pulation contained diabetics and they did not investigate correlations
with sex (Shen et al., 2015). A study of total m6A in blood from healthy
patients and those with major depressive disorder indicated no inter-
action between sex, diagnosis, and dexamethasone use (Engel et al.,
2018).

Although this study is highly novel, it had several limitations.
Firstly, our information on smoking status was self-reported, which is
subject to bias. Serum cotinine would be a more reliable measure of

Fig. 3. Predicted values for linear models of percent m6A/A with A) PM2.5 (µg/m3); B) PM10 (µg/m3); and C) Black carbon (µg/m3) with 95% confidence intervals
and adjusted for: age, sex, smoking status, smoking on day of exposure, average daily temperature, average dew point, day of week and digestion batch. Points
represent actual values.

Fig. 4. Heat map of effect estimates from adjusted and crude models as relative percent change in gene expression according to A) smoking status; or B) following a 6-
hour exposure to air pollutants with a 10-unit change in air quality measure. Values are on the multiplicative scale and were obtained by exponentiating the
regression coefficient from the log-transformed model. FDR adjusted P values ≤ 0.2 are indicated. ETS: Environmental tobacco smoke.

A. Kupsco, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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Figure 5.4 Heat map of effect estimates from adjusted and crude models as relative percent 
change in gene expression according to A) smoking status; or B) following a 6-hour 
exposure to air pollutants with a 10-unit change in air quality measure. Values are on the 
multiplicative scale and were obtained by exponentiating the regression coefficient from 
the log-transformed model. FDR adjusted P values ≤ 0.2 are indicated. ETS: Environmental 
tobacco smoke. 
 

monitor were not associated with global m6A (Table 5.2, Fig. 5.2B & 5.2C). Average BC 

exposure was borderline positively associated with peripheral blood m6A in crude and 

adjusted models (5.95% per 10 µg/m3 increase in BC; 95% CI: −0.96–13.3; p = 0.09) 

(Table 5.2; Fig. 5.3C). Global m6A was not associated with acute exposure to PM2.5 or 

PM10 (Table 5.2; Fig. 5.3A & 5.3B). 

Associations of smoking status and air pollutants with RWE gene expression 

After FDR correction, METTL3 expression was also positively associated with 

men smoking less than 3.8 pack years (20.6% increase in expression; 95% CI: 3.73–40.1; 

adjusted p = 0.03). Air pollutants were not associated with RWE expression levels (Fig. 

5.4B). Full results with confidence intervals are available in Tables 5.3 and 5.4. 

Sensitivity analyses  

 We tested the associations of smoking variables with m6A and RWEs in the full 

population, which did not change our results (Table 5.5; Figure 5.5). We also examined 

may present a greater transcriptional response in RWEs than in-
dividuals without clinical pathologies. Furthermore, the participants in
those previous studies were older than the present study population
(mean age approximately 55 years in comparison to 33 years). How-
ever, our findings may be the result of a stronger relationship between
m6A and RWE activity or protein abundance than with gene expression.
Alternatively, the lack of relationship between RWE gene expression
and global m6A in our population may be driven by a large proportion
of m6A in rRNA, which is the predominant form of RNA with m6A and is
added by a different set of methyltransferases (Ma et al., 2019;
Pendleton et al., 2017; van Tran et al., 2019). Due to limitations in RNA
sample concentrations, we were only able to assess expression of the
most well-known m6A RWEs in this study and were not able to examine
those responsible for rRNA methylation. Further research is necessary
to investigate these hypotheses.

Finally, this is one of the first observational human population

studies to evaluate blood m6A levels and little information is available
on how m6A levels vary according to population characteristics. In our
population of office workers and truck drivers from Beijing, China, m6A
levels did not differ by age, sex, or BMI. However, it appears that some
associations with RWEs may be sex specific. Similarly, a study of blood
m6A levels in gastric cancer patients found no differences in blood RNA
m6A levels between sexes (Ge et al., 2020). Clinical studies on diabetes
demonstrated a correlation between m6A and BMI, however, this po-
pulation contained diabetics and they did not investigate correlations
with sex (Shen et al., 2015). A study of total m6A in blood from healthy
patients and those with major depressive disorder indicated no inter-
action between sex, diagnosis, and dexamethasone use (Engel et al.,
2018).

Although this study is highly novel, it had several limitations.
Firstly, our information on smoking status was self-reported, which is
subject to bias. Serum cotinine would be a more reliable measure of

Fig. 3. Predicted values for linear models of percent m6A/A with A) PM2.5 (µg/m3); B) PM10 (µg/m3); and C) Black carbon (µg/m3) with 95% confidence intervals
and adjusted for: age, sex, smoking status, smoking on day of exposure, average daily temperature, average dew point, day of week and digestion batch. Points
represent actual values.

Fig. 4. Heat map of effect estimates from adjusted and crude models as relative percent change in gene expression according to A) smoking status; or B) following a 6-
hour exposure to air pollutants with a 10-unit change in air quality measure. Values are on the multiplicative scale and were obtained by exponentiating the
regression coefficient from the log-transformed model. FDR adjusted P values ≤ 0.2 are indicated. ETS: Environmental tobacco smoke.

A. Kupsco, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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associations between air pollutants and m6A RWEs in the population of individuals that 

did not smoke on the day of the exposure, to remove any confounding by smoking. 

Limiting the population slightly strengthened the positive associations of BC with m6A 

(Table 5.5) but did not alter associations with RWEs (Figure 5.6). Next, we stratified the 

population by profession (office worker or truck driver) and repeated our crude analyses in 

the full population to retain a large enough sample size for analysis. Results between global 

m6A and air pollutants were consistent with full, unstratified models (Table 5.6). 

Associations of m6A with smoking variables was slightly greater among truck drivers than 

office workers (Table 5.6). Ultimately the direction of effect was conserved for all models.  

Finally, to assess any sex-specific associations of air pollutants with m6A and RWE 

gene expression, we repeated our ETS and air pollutant models stratified by sex. The 

association between ETS and m6A levels appeared greater in male nonsmokers (-10.8%; 

95% CI: −24.2–5.02; p = 0.16) in comparison to female nonsmokers (-0.85%; 95% CI: 

−11.5–11.1; p = 0.87) (Table 5.7). Associations between air pollutants and m6A were 

largely similar between males and females (Table 5.7). Males and females appeared to 

have different associations between ETS and air pollutants with RWE gene expression 

(Table 5.8). ETS exposure was negatively associated with YTHDF2 expression in male 

nonsmokers (-19.4%; 95%CI: −29, −8.4) but no association was observed in female 

nonsmokers (0.05%; 95% CI: −10.4–11.8). Furthermore, both METTL14 and METTL3 

trended towards negative associations with ETS exposure in males, but not in females. 

Trends also suggested sex-specific associations of ALKBH5, FTO, METTL14 and  
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Table 5.3. Effect estimates from linear models examining the effects of smoking 
status on reader, writer and eraser mRNA expression in whole blood RNA. 
CI: Confidence Interval; ETS, environmental tobacco smoke; FDR: False discovery rate 
aAll models adjusted for RNA concentration and quality 
bSmoking models adjusted for: age, sex, RNA concentration, and quality 
 
  Crude Modela  Adjusted Modelb  

Exposure Gene β (95% CI)c 
FDR  
P-Value β (95% CI)c 

FDR  
P-Value 

Ever 
Smoker 
(Men) 

ALKBH5 11.4 (-2.44 – 27.2) 0.15 7.94 (-5.19 – 22.9) 0.24 
FTO 5.86 (-3.2 – 15.8) 0.63 4.83 (-4.3 – 14.8) 0.68 
METTL14 12.04 (-1.25 – 

27.1) 
0.10 13.6 (-0.15 – 29.2) 0.09 

METTL3 1.35 (-7.4 – 10.9) 0.99 1.83 (-7.17 – 11.7) 0.87 
WTAP 0.8 (-9.32 – 12.1) 0.88 2.45 (-7.91 – 14) 0.65 
YTHDF2 1.1 (-6.38 – 9.18) 0.78 1.46 (-6.24 – 9.8) 0.71 

≤ 3.8 pack 
years (Men) 

ALKBH5 15.59 (-0.93 – 
34.8) 

0.11 10.5 (-5.32 – 28.8) 0.24 

FTO 5.13 (-5.37 – 16.8) 0.65 3.33 (-7.29 – 15.2) 0.66 
METTL14 17.54 (1.55 – 36.1) 0.05 20.6 (3.73 – 40.2) 0.03 
METTL3 3.28 (-7.02 – 14.7) 0.81 4.43 (-6.37 – 16.5) 0.65 
WTAP -2.08 (-13.2 – 

10.4) 
0.73 -0.31 (-11.9 – 

12.8) 
0.96 

YTHDF2 1.7 (-7.04 – 11.3) 0.71 2.2 (-6.94 – 12.3) 0.68 
> 3.8 pack 
years (Men) 

ALKBH5 3.44 (-11.2 – 20.5) 0.66 4.27 (-10.04 – 
20.7) 

0.57 

FTO 4.99 (-5.39 – 16.5) 0.65 5.31 (-5.08 – 16.9) 0.66 
METTL14 8.57 (-6.05 – 25.5) 0.32 8.09 (-6.4 – 24.8) 0.34 
METTL3 -1.83 (-11.5 – 

8.94) 
0.81 -2.02 (-11.8 – 

8.78) 
0.84 

WTAP 10.21 (-2.12 – 
24.1) 

0.13 9.86 (-2.42 – 23.7) 0.21 

YTHDF2 2.94 (-5.82 – 12.5) 0.65 2.85 (-5.97 – 12.5) 0.68 
ETS 
(Nonsmoker
s) 

ALKBH5 -9.24 (-18.8 – 
1.37) 

0.11 -9.33 (-19 – 1.48) 0.17 

FTO -2.95 (-12.2 – 
7.22) 

0.85 -2.49 (-11.79 – 
7.78) 

0.84 

METTL14 -1.16 (-15.5 – 
15.6) 

0.88 -0.94 (-15.5 – 
16.1) 

0.90 

METTL3 -2.2 (-10.2 – 6.54) 0.80 -2.39 (-10.2 – 
6.09) 

0.77 

WTAP -6.92 (-16.3 – 
3.56) 

0.18 -6.73 (-16.3 – 
3.91) 

0.48 

YTHDF2 -7.2 (-14.6 – 0.82) 0.29 -7.16 (-14.6 – 
0.88) 

0.24 
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Table 5.4 Effect estimates from linear models examining the effects of air pollutants 
on reader, writer and eraser mRNA expression in whole blood RNA. 
Note: CI: Confidence Interval; ETS, environmental tobacco smoke; FDR: False discovery 
rate; PM, particulate matter 
aAll models adjusted for RNA concentration and quality 
Air pollutant models adjusted for: age, sex, smoking status, smoking on day of exposure, 
average daily temperature, average dew point, day of week, and RNA concentration and 
quality 
 
  Crude Modela  Adjusted Modelb  

Exposure Gene β (95% CI)c 
FDR 
P-Value β (95% CI)c 

FDR 
P-
Value 

Black 
Carbon 

ALKBH5 -2.09 (-8.88 – 5.19) 0.82 -2.18 (-9.51 – 5.73) 0.74 

 FTO -0.59 (-5.56 – 4.63) 0.82 -3 (-9.24 – 3.65) 0.74 
 METTL14 0.88 (-6.74 – 9.13) 0.82 -5.02 (-13.63 – 4.44) 0.74 
 METTL3 2.25 (-2.75 – 7.51) 0.82 1.57 (-4.62 – 8.17) 0.74 
 WTAP 1.77 (-4.08 – 8) 0.82 2.45 (-5.08 – 10.59) 0.74 
 YTHDF2 0.97 (-3.44 – 5.6) 0.82 1.01 (-4.83 – 7.22) 0.74 
PM10 ALKBH5 -0.5 (-1.26 – 0.26) 0.59 -0.43 (-1.53 – 0.67) 0.86 
 FTO 0.48 (-0.06 – 1.04) 0.51 0.72 (-0.23 – 1.69) 0.41 
 METTL14 -0.35 (-1.19 – 0.48) 0.81 -1.08 (-2.41 – 0.25) 0.41 
 METTL3 -0.02 (-0.57 – 0.51) 0.92 0.23 (-0.65 – 1.14) 0.90 
 WTAP -0.08 (-0.72 – 0.55) 0.92 0.05 (-1.03 – 1.14) 0.93 
 YTHDF2 -0.08 (-0.57 – 0.39) 0.92 -0.1 (-0.96 – 0.75) 0.93 
PM2.5 ALKBH5 -0.08 (-0.67 – 0.5) 0.92 0.01 (-0.74 – 0.76) 0.98 
 FTO 0.17 (-0.25 – 0.59) 0.92 -0.14 (-0.8 – 0.51) 0.98 
 METTL14 -0.17 (-0.8 – 0.47) 0.92 -0.75 (-1.65 – 0.16) 0.63 
 METTL3 0.06 (-0.34 – 0.47) 0.92 0.05 (-0.55 – 0.66) 0.98 
 WTAP 0.11 (-0.36 – 0.6) 0.92 0 (-0.73 – 0.75) 0.98 
 YTHDF2 0.01 (-0.34 – 0.38) 0.92 -0.03 (-0.61 – 0.55) 0.98 
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METTL3 with BC exposure, however, none reached statistical significance (Table 5.8). 

As above, large confidence intervals limit the interpretations of these findings. 

 

Discussion  

We present the first study to investigate the association between m6A in peripheral 

blood RNA with cigarette smoking or air pollution. We detected a negative association 

between global m6A and long-term smoking status, as evidenced by an apparent dose–

response with pack years, and a potential positive association with BC exposure. However, 

we detected no correlation between acute smoking exposure (smoking on the day of blood 

collection) with global m6A, nor with smoking and air pollutants with RWE gene 

expression.  

Primarily, we observed that blood m6A content was lower in men that smoked in 

comparison to men that never smoked. m6A is critical for the inflammatory response and 

immune system activation,41-43 both of which may be activated in chronic smokers. Lower 

total blood RNA m6A content was also reported in two separate populations with type 2 

diabetes.14, 15 Furthermore, single nucleotide polymorphisms in m6A consensus sequences 

were associated with blood pressure in a Chinese population44  and m6A is important for 

cancer progression and metastasis.8 However, few human population studies have 

examined m6A in relation to health, and further research is necessary to unravel the 

implications of our findings. 

BC is formed from incomplete combustion of biomass and fossil fuels and contains 

some of the same chemical constituents present in cigarette smoke, such as metals and  
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Table 5.5 Results from sensitivity analyses examining the effects of air smoking 
status on global m6A levels in whole blood RNA. 
ETS, environmental tobacco smoke 
aAll models adjusted for digestion batch 
bSmoking models adjusted for: age, sex, digestion batch; Air pollutant models adjusted for: 
age, sex, smoking status, smoking on day of exposure, average daily temperature, average 
dew point, day of week and digestion batch 
cBeta values are presented as the relative percent change in m6A per 10 µg/m3 increase in 
air pollutant or change from reference to smoking status.Values are on the multiplicative 
scale and were obtained by exponentiating the regression coeffienient from the log-
transformed model. 
 
 

Type Exposure Crude Modela  Adjusted Modelb  
 

 β (95% CI)c 
P-
Value β (95% CI)c 

P-
Value 

Smoking 
Status – 
Full 
Population 

         
Ever 
Smoker -7.79 (-14.5 – -0.57) 0.04 -11.0 (-18.2 – -3.15) <0.01 
Smoked 
While 
Wearing  -4.16 (-13.8 – 6.51) 0.43 -4.0 (-13.7 – 6.86) 0.45 

 ≤ 3.8 pack 
years -7.04 (-15.0 – 1.63) 0.11 -10.4 (-18.7 – -1.28) 0.03 

 > 3.8 pack 
years -12.5 (-20.2 – -3.92) <0.01 -14.3 (-22.8 – -5.87) <0.01 

 ETS  -3.04 (-9.30 – 3.65) 0.36 -4.24 (-10.5 – 2.41) 0.20 
Air 
Pollutant – 
Individuals 
that did 
not smoke 
on 
exposure 
day 

     
Black 
Carbon 7.65 (0.75 – 15.03) 0.03 6.29 (-2.18 – 15.5) 0.15 
PM10 0.58 (-0.03 – 1.2) 0.06 0.18 (-0.81 – 1.19) 0.72 

PM2.5 0.48 (-0.14 – 1.11) 0.13 0.3 (-0.59 – 1.2) 0.5 
 

 

ammonia.23, 45 In the present study, long term smoking and BC presented opposing 

associations with global blood m6A. The association with BC was observed in the 

population as a whole and when stratified by sex; however, as we only were able to enroll 
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male smokers in this analysis, our negative associations with smoking were only observed 

in men. This difference may result from distinct the toxic compounds affecting m6A 

between BC and cigarette smoke. Although tobacco smoke is a contributor to fine 

particulate air pollution, concentrations of some toxicants are present at much higher levels 

in cigarette smoke, which has more organic carbon than black carbon. Also, the exposure 

duration may have differential effects on m6A, as long-term smoking was associated with 

global m6A while smoking on the day of blood collection was not. Acute spikes in daily 

average BC may affect m6A differently in comparison to long term smoking. Previous in 

vitro studies have suggested that the m6A response to external stressors is rapid,46 triaging 

transcripts into stress granules to regulate translation.18 Nonetheless, this analysis was 

conducted in a small population. We cannot discount that these findings may be spurious 

and require replication in a larger sample size. Future research should also address any 

differences in exposure duration and timing on m6A levels, as well as sex-specific effects 

of smoking, which we were unable to evaluate here.  

We also observed no associations between smoking in males and air pollutants with 

RWE expression in the full population, or when stratified by sex. Previous analyses on 24-

hour PM2.5 exposure and RWE gene expression in a population of individuals from the 

Czech Republic, detected a positive association with METTL3, WTAP, FTO, and 

ALKBH5 expression.20 However, this study investigated RNA in leukocytes and examined 

a different exposure duration than the present study.47 Interestingly, we observed no 

correlation between global m6A levels in blood with RWE gene expression in our 

population. Similarly, a study on total blood m6A levels in gastric cancer patients and  
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Figure 5.5 Heat map of effect estimates as relative percent change in gene expression 
in sensitivity analyses on smoking status. Values are on the multiplicative scale and were 
obtained by exponentiating the regression coefficient from the log-transformed model. P-
values are indicated on tiles with significant effect estimates following FDR adjustment for 
multiple comparisons. 
 

 
 
 
 
Figure 5.6 Heat map of effect estimates from crude and adjusted models as relative 
percent change in gene expression following a 6-hour exposure to air pollutants with 
a 10-unit change in air quality measure in models excluding individuals that smoked 
on the day of m6A measurement. Values are on the multiplicative scale and were obtained 
by exponentiating the regression coefficient from the log-transformed model. FDR 
adjusted P values ≤ 0.05 are indicated. 
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Exposure Truck Driver Office Workers 

 β (95% CI)a P Value β (95% CI)a 
P 
Value 

Smoking Status         
Ever Smoker -12.51 (-21.56 – -2.43) 0.02 -5.28 (-15.25 – 5.87) 0.33 
Smoked While 
Wearingb  -8.81 (-21.02 – 5.29) 0.20 7.16 (-11.06 – 29.11) 0.46 
≤ 3.8 pack years -7.84 (-21.61 – 8.36) 0.32 -7.65 (-18.21 – 4.28) 0.19 
> 3.8 pack years -13.85 (-23.21 – -3.36) 0.01 -12.41 (-28.19 – 6.85) 0.19 
ETSb -5.82 (-13.96 – 3.08) 0.19 -0.59 (-11.75 – 11.99) 0.92 

Air Pollutant     
Black Carbon 4.5 (-3.24 – 12.85) 0.26 10.43 (-4.13 – 27.2) 0.16 
PM10 -0.13 (-1.00 – 0.76) 0.78 0.75 (-0.15 – 1.66) 0.10 
PM2.5 -0.60 (-1.26 – 0.07) 0.08 0.82 (-0.13 – 1.77) 0.09 

 
Table 5.6. Effect estimates from crude linear models stratified by occupation 
examining the effects of air pollutants and smoking status on global m6A levels in 
whole blood RNA from the full study population.  
Note: ETS, environmental tobacco smoke; PM, particulate matter. All models adjusted 
for digest batch. 
aBeta values are presented as the relative percent change in m6A per 10 µg/m3 increase in 
air pollutant or change from reference to smoking status.Values are on the multiplicative 
scale and were obtained by exponentiating the regression coeffienient from the log-
transformed model. 
bModels co-adjusted for smoking status. 
 

Exposure Males Females 
  β (95% CI)a P Value β (95% CI)a P Value 
Smoking Status     

ETS 
(Nonsmokers) 

-10.8 (-24.2 – 5.02) 0.16 -0.85 (-11.5 – 11.1) 0.87 

Air Pollutant     
Black Carbon 6.15 (-1.17 – 14.0) 0.10 10.2 (-1.3 – 23.1) 0.08 
PM10 0.39 (-0.35 – 1.13) 0.30 0.90 (-0.75 – 2.58) 0.27 
PM2.5 0.01 (-0.57 – 0.60) 0.97 1.53 (-0.15 – 3.24) 0.07 

 
Table 5.7. Effect estimates from crude linear models stratified by sex examining the 
effects of air pollutants and environmental tobacco smoke on global m6A levels in 
whole blood RNA.  
ETS, environmental tobacco smoke; PM, particulate matter. All models adjusted for 
digest batch. 
aBeta values are presented as the relative percent change in m6A per 10 µg/m3 increase in 
air pollutant or change from reference to smoking status.Values are on the multiplicative 
scale and were obtained by exponentiating the regression coeffienient from the log-
transformed model. 
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Table 5.8. Effect estimates from crude linear models stratified by sex examining the 
effects of ETS air pollutants on reader, writer and eraser mRNA expression in 
whole blood RNA. 
CI: Confidence Interval; ETS, environmental tobacco smoke; FDR: False discovery rate; 
PM, particulate matter 
aAll models adjusted for RNA concentration and quality 
 
    Males   Females   
Exposure Gene β (95% CI)c FDR β (95% CI)c FDR 

P-Value P-Value 
ETS 
(Nonsmokers) 

ALKBH5 -8.86 (-27.5 – 14.47) 0.61 -8.5 (-18.9 – 3.26) 0.43 
FTO -0.72 (-17.8 – 19.9) 0.99 -3.42 (-14.8 – 9.47) 0.69 

 METTL14 -13.9 (-35.5 – 14.7) 0.57 9.4 (-9.64 – 32.5) 0.59 
 METTL3 -13.8 (-25.1 – -0.71) 0.24 5.75 (-4.38 – 17) 0.57 
 WTAP -16.2 (-31.2 – 2.05) 0.3 -3.67 (-15.5 – 9.86) 0.69 
 YTHDF2 -19.4 (-29.0 – -8.4) 0.03 0.05 (-10.4 – 11.8) 0.99 
Black Carbon ALKBH5 -6.09 (-15.2 – 4.03) 0.69 6.61 (-5.74 – 20.6) 0.68 

FTO 1.68 (-5.17 – 9.04) 0.69 -7.57 (-18.3 – 4.53) 0.68 
 METTL14 3.21 (-6.54 – 14.0) 0.69 -2.39 (-19.7 – 18.6) 0.8 
 METTL3 4.59 (-2.5 – 12.2) 0.69 -4.26 (-13.8 – 6.28) 0.68 
 WTAP 1.93 (-5.75 – 10.3) 0.69 4.76 (-8.31 – 19.7) 0.68 
 YTHDF2 2.46 (-3.57 – 8.89) 0.69 3.05 (-7.78 – 15.2) 0.68 
PM10 ALKBH5 -0.89 (-1.89 – 0.11) 0.49 1.38 (-0.77 – 3.59) 0.81 
 FTO 0.62 (-0.07 – 1.33) 0.49 1.07 (-1.12 – 3.31) 0.85 
 METTL14 -0.39 (-1.37 – 0.6) 0.78 -0.03 (-3.41 – 3.45) 0.98 
 METTL3 -0.14 (-0.86 – 0.56) 0.95 0.14 (-1.7 – 2.03) 0.97 
 WTAP -0.06 (-0.85 – 0.72) 0.95 0.87 (-1.47 – 3.27) 0.85 
 YTHDF2 -0.08 (-0.7 – 0.53) 0.95 0.76 (-1.18 – 2.75) 0.85 
PM2.5 ALKBH5 -0.07 (-0.87 – 0.73) 0.89 -0.16 (-2.32 – 2.03) 0.96 
 FTO 0.28 (-0.26 – 0.84) 0.89 -1.46 (-3.55 – 0.67) 0.89 
 METTL14 -0.13 (-0.91 – 0.63) 0.89 -0.39 (-3.72 – 3.05) 0.96 
 METTL3 0.13 (-0.42 – 0.68) 0.89 -0.67 (-2.47 – 1.15) 0.96 
 WTAP 0.09 (-0.51 – 0.71) 0.89 -0.15 (-2.47 – 2.21) 0.96 
  YTHDF2 0.15 (-0.32 – 0.63) 0.89 0.22 (-1.71 – 2.19) 0.96 

 

 

controls found no correlation between m6A and ALKBH5 and FTO gene expression.48 

Other previous human studies have observed associations between global m6A and RWE 

gene expression in whole blood, these studies included populations of type 2 diabetics,14, 

15 which may present a greater transcriptional response in RWEs than individuals without 
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clinical pathologies. Furthermore, the participants in those previous studies were older than 

the present study population (mean age approximately 55 years in comparison to 33 years). 

However, our findings may be the result of a stronger relationship between m6A and RWE 

activity or protein abundance than with gene expression. Alternatively, the lack of 

relationship between RWE gene expression and global m6A in our population may be 

driven by a large proportion of m6A in rRNA, which is the predominant form of RNA with 

m6A and is added by a different set of methyltransferases.49-51 Due to limitations in RNA 

sample concentrations, we were only able to assess expression of the most well-known 

m6A RWEs in this study and were not able to examine those responsible for rRNA 

methylation. Further research is necessary to investigate these hypotheses. 

Finally, this is one of the first observational human population studies to evaluate 

blood m6A levels and little information is available on how m6A levels vary according to 

population characteristics. In our population of office workers and truck drivers from 

Beijing, China, m6A levels did not differ by age, sex, or BMI. However, it appears that 

some associations with RWEs may be sex specific. Similarly, a study of blood m6A levels 

in gastric cancer patients found no differences in blood RNA m6A levels between sexes.48 

Clinical studies on diabetes demonstrated a correlation between m6A and BMI, however, 

this population contained diabetics and they did not investigate correlations with sex.14 A 

study of total m6A in blood from healthy patients and those with major depressive disorder 

indicated no interaction between sex, diagnosis, and dexamethasone use.37 

Although this study is highly novel, it had several limitations. Firstly, our 

information on smoking status was self-reported, which is subject to bias. Serum cotinine 
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would be a more reliable measure of recent smoke exposure, but these data were 

unavailable. Nonetheless, measurement error would have likely biased our results towards 

the null due to social desirability bias, as smokers may disproportionately fail to report 

their smoking habit. Furthermore, we only enrolled male smokers in this analysis and were 

unable to address any sex-specific associations of smoking with m6A. Although we were 

able to confirm that our associations between m6A and air pollutants were not sex specific, 

there may be some differences in RWE expression between sexes that merit future 

investigation. Future research on epitranscriptomics in human populations will need to 

focus on biological differences between sexes. Additionally, no information on the cell 

type in whole blood was available, which may mediate the relationship between exposures 

and m6A. Previous research has demonstrated that total m6A levels can vary between 

tissues and that tissues can be identified by specific m6A peaks, although immune cells 

were not evaluated.52 Furthermore, total m6A levels were shown to increase following 

dendritic cell activation by LPS42 and m6A plays a critical role in the immune system.53 

Thus, as we were unable to adjust for blood cell type composition in our analysis, our 

measured associations may be reflective of cell type alterations, rather than specific m6A 

modifications. This is particularly true for smoking, which has been shown to be associated 

with blood cell type composition and other epigenetic modifications.54, 55 Future research 

will investigate the impact on cell type on associations of environmental pollutants with 

m6A. Also, mRNA generally makes up only 1% of total RNA in a cell. Due to limitations 

on the sample quantity, we were unable to perform m6A RNA immunoprecipitation 

sequencing or examine m6A levels in mRNA. However, with technological advances and 
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increasing number of cohort studies designed specifically for investigations on m6A, the 

impact of these issues will diminish.  

Despite these limitations, this is the first human study reporting relationships 

between m6A and smoking or environmental exposures. Tobacco smoking and ambient air 

pollution are both major contributors to cancer and cardiovascular disease mortality.56 We 

find that global m6A is downregulated in long-term smokers and may be upregulated 

following acute BC exposure. Coupled with the emerging body of literature on m6A in 

stress in experimental model systems and those showing a critical role for m6A in human 

health and disease, our study demonstrates the potential for m6A for use as a biomarker in 

environmental health research. Future studies will profile m6A on specific mRNA 

transcripts to determine which pathways regulate the response to cigarette smoke and 

particulate air pollution at the transcriptional level and investigate these effects in relation 

to cardiovascular disease and lung function. 
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Chapter 6: Modified ribonucleosides and HIV-1 and SARS-CoV-2 infection 

 Introduction 
 
 The recent appreciation of the functions of modified ribonucleosides has led to 

investigations into their roles in disease pathology. Modified ribonucleosides have been 

identified in high abundance in ribosomal RNA (rRNA) and transfer RNA (tRNA).1, 2  In 

mRNA, N6-methyladenosine’s (m6A) transcriptome-wide mapping and high prevalence 

have made it one of  the most studied among the more than 100 diverse RNA 

modifications.3 Furthermore, identification of m6A RNA regulatory proteins, including 

readers (RNA binding proteins), writers (methyltransferases), and erasers (demethylases), 

indicates a dynamic regulation in response to cellular stress.4-6  

Methyltransferase like 3 (METTL3), methyltransferase like 14 (METTL14), and 

Wilms tumor-1 associated protein (WTAP) make up the methyltransferase complex 

responsible for methylating the N6 position of adenosine of mRNA.6-8 Depletion of 

components of the methyltransferase complex, such as METTL3 and METTL14, causes 

delay in differentiation in embryonic stem cells.9 

The Fe2+ and 2-oxoglutarate-dependent dioxygenases are a family of demethylases 

responsible for oxidatively removing methylations in DNA, RNA, and proteins.4, 10, 11 Fat-

mass and obesity associated protein (FTO) and ALKBH5 are the known m6A demethylases 

for mRNA.12, 13 In addition, FTO was shown to demethylate N6,2’-O-dimethyladenosine 

(m6Am) commonly found at the first nucleotide after the 5’-cap in mRNA.14 Depletion and 

knockout studies for FTO and ALKBH5 have revealed potential functions of m6A. For 

example, ALKBH5 depletion resulted in an increase in mRNA nuclear export,15 and FTO 
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knockout led to increases in m6A level and elevated binding of mRNA to a splicing factor, 

SRSF2.16  

Our understanding about the roles of m6A and the other chemical modifications in 

RNA in disease pathology, especially in host-viral interaction, is limited. However, 

previous investigations have identified m6A in viral transcripts affecting replication 

through the use of host epitranscriptome machinery.17 For example, HIV-1 viral transcripts 

require the presence of m6A for proper packaging and export of viral RNA.17, 18 Therefore, 

methylated adenosine in RNA may have a role in disease progression and pathology. Here, 

we explored the interplay of RNA modifications, especially m6A and m6Am, with HIV-1 

and SARS-CoV-2 infections.  

 

Experimental Section 
 
Global profiling of the viral and host epitranscriptomes by LC-MS/MS/MS analysis 
 

Viral RNAs were purified from infected Vero cells. The viral genome was treated 

with DNaseI to remove residual DNA, concentrated and quantified. mRNA (50 ng) was 

incubated at 37°C for 2 hrs with 0.5 unit of nuclease P1 in a 25 µL buffer containing 25 

mM NaCl and 2.5 mM ZnCl2. To the resulting mixture were subsequently added alkaline 

phosphatase (0.25 unit) and 3 µL of 1.0 M NH4HCO3 buffer. After incubation at 37°C for 

an additional 2 hr, the digestion mixture was dried by a Speed-vac and reconstituted in 100 

µL of ddH2O.  

Profiling and quantifications of modified ribonucleosides were conducted by 

employing a nano-flow liquid chromatography-nanoelectrospray ionization-multi-stage  
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Figure 6.1 Calibration curves for 3-methylcytidine (m3C) and N4-acetylcytidine 
(ac4C). Mixture containing 5.16 fmol of 13C5-5-methylcytosine isotope labeled standard 
with unlabeled m3C standard ranged from 3.48 – 17.4 fmol were analyzed to construct m3C 
calibration curve. For the calibration curve of ac4C, 42.5 fmol of D3-m6A internal standard 
was mixed with unlabeled ac4C standard ranged from 2.25 – 11.27 fmol for LC-
MS/MS/MS analyses.  
 

mass spectrometry (nLC-nESI-MS/MS/MS) method described in Chapter 2.19 In short, to 

10 ng of digested viral RNA were added the following stable isotope-labeled standard 

nucleosides: 8 pmol [13C5]-adenosine, 42.5 fmol D3-N6- methyladenosine, 17.25 fmol of 

[13C5]-2’-O-methyladenosine, 9.7 fmol [13C5]-2’-O- methylcytidine, 3.3 pmol [15N3]-

cytidine, 5.5 pmol of [15N2]-uridine, 5.1 fmol [13C5]-5-methylcytidine, and 5.6 fmol [13C5]-

5-methyluridine. The enzymes in the digestion mixture were then removed by chloroform 

extraction. The aqueous layer was subsequently dried by a Speed-vac, and reconstituted in 

100 µL of ddH2O:acetonitrile (1:9 v/v), and then incubated at -20°C for 20 min to 

precipitate residual salts in the digestion mixture. The mixture was centrifuged, and the 

supernatant was again collected, dried by Speed-vac, reconstituted in water, and subjected 

to LC-MS/MS and MS/MS/MS analyses.  
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Figure 6.2 Calibration curves for guanosine and 2’-O-methylguanosine (Gm). Mixture 
containing 17.25 fmol of 13C5-2’-O-methyladenosine (13C5-Am) isotope labeled standard 
with unlabeled standard ranged from 0.244 – 9.76 pmol and 17.79 – 177.92 fmol of rG and 
Gm, respectively, were analyzed to construct calibration curves. 

 

nLC-nESI-MS/MS/MS experiments in scheduled in SRM mode were performed 

on an LTQ-XL linear ion trap mass spectrometer coupled with an EASY-nLC II (Thermo 

Fisher Scientific, San Jose, CA). The mass spectrometer was operated in the positive-ion 

mode, with the electrospray, capillary, and tube lens voltages being 2.0 kV, 12 V, and 100 

V, respectively. Samples were loaded onto a 5 cm in-house packed porous graphitic carbon 

(PGC, 5 µm in particle size, Thermo Fisher Scientific) trapping column (150 µm i.d). 

Analytes were eluted onto a 20-cm Zorbax SB-C18 (5 µm in particle size, 100 Å in pore 

size, Michrom BioResources) analytical column (75 µm i.d.) at a flow rate of 300 nL/min. 

The gradient employed was 0%–16% B in 5 min, 16%–22% B in 23 min, 22%–50% B in 

17 min, 50%–90% B in 5 min, and finally 30 min at 90% B, using 0.1% (v/v) formic acid 

in water and 0.1% (v/v) formic acid in acetonitrile as mobile phases A and B, respectively.  

A full list of transitions are found in Table 2.2. Isotopically labeled standards were 

not available for some of the modified nucleosides. Hence, we employed stable isotope- 
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Figure 6.3 Calibration curves for uridine, 5-methylcytosine (m5U) and pseudouridine 
(ψ). A mixture containing 5590 pmol of 15N2-uridine isotope labeled standard with 
unlabeled standard ranged from 0.37 – 18.95 pmol, 10.67 – 142.24 fmol, 0.21 – 4.20 fmol 
for uridine ψ, and Um respectively, were analyzed to construct calibration curves. For the 
calibration curve of m5U, 5.6 fmol of 13C5-m5U internal standard were mixed with 
unlabeled standard ranged from 4.62 – 13.40 fmol for LC-MS/MS/MS analyses.  
 

labeled forms of other nucleosides, which exhibited similar elution times as the modified 

nucleosides, as surrogate standards for the quantification (Figure 6.1-6.5). The calibration 

curves for rA, Am, m6A, rC, Cm, and m5C were reported previously.20 

 
LC-MS/MS/MS quantification for rA and m6A  

Enzymatic digestion was preformed using previous method.21 Briefly, 50 ng of 

mRNA was digested by 0.5 unit of nuclease P1 (NP1) in 25 µL solution of 25 mM NaCl 

and 2.5 mM ZnCl2, and incubated at 37°C for 2 hr. To the resulting mixture were added  
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Figure 6.4 Calibration curves for N6,6-dimethyladenosine (m6,6A). For the calibration 
curve of m6,6A, 42.5 fmol of D3-m6A internal standard were mixted with unlabeled m6,6A 
standard ranged from 0.90 – 4.51 fmol were analyzed for LC-MS/MS/MS analyses. 
 

 

 Transitions 

Isolation 
Width NCE 

MS2 MS3 MS2 MS3 

rA 
(MS/MS) 268 à 136 3 2 35  

[13C5]-rA 273 à 136 3 2 35  
m6A 282 à 150 à 94 3 2 43 37 

[D3]-m6A 285 à 150 à 94 3 2 43 37 
m6Am 296 à 150 à 94 3 2 37 35 

 
Table 6.1. A list of precursor ions for ribonucleosides monitored in MS3, isolation 
width, and normalized collision energy (NCE).  
 

 

0.25 units alkaline phosphatase (CIP) and 3 µL of 1M NH4HCO3 buffer. After incubating 

at 37°C for an additional 2 hr, the digestion mixture was dried by a Speed-vac and 

reconstituted in 100 µL of ddH2O. 
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Figure 6.5 Calibration curves for Adenosine, N6-methyl-2’-O-methyladenosine 
(m6Am) and N6-methyladenosine (m6A). For the calibration curve of adenosine, 8 pmol 
of 13C5-labeled adenosine was added unlabeled adenosine standard ranging from 105.8 
fmol - 32 pmol were analyzed. For the calibration of m6Am and m6A, 85 fmol of D3-N6-
methyladenosine (D3-m6A) internal standard were mixed with m6Am and m6A unlabeled 
standards ranging from 0.45 – 9.4 fmol and 1.8 – 63 fmol, respectively, were analyzed. 

 

The profiling and quantification of modified ribonucleoside by tandem mass 

spectrometry were conducted following a previously published procedure with slight 

modifications.2 In short, to 10 ng of digested RNA were added to stable isotope-labeled 

standards of 8 pmol of 13C5-labeled adenosine, 42.5 fmol of D3-N6-methyladenosine. All 

enzymes from the digestion mixture was removed by chloroform extraction. The aqueous 

layer was dried and reconstituted in 10 µL of doubly distilled H2O and 90 µL of acetonitrile 

to remove precipitates in that may block the nano-flow columns. This mixture was then  
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Figure 6.6: Representative A) SICs and B) MS/MS for rA and 13C5-rA, and 
MS/MS/MS for m6A, m6Am and D3-m6A.   
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incubated at -20°C for 20 min, centrifuged and the supernatant was collected and dried 

using a speed vac. 

SRM experiments were performed on an LTQ-Orbitrap Velos mass spectrometer 

coupled with an EASY-nLC II (Thermo Fisher Scientific, San Jose, CA). The mass 

spectrometer was operated in the positive-ion mode with the electrospray, capillary, and 

tube lens voltages being 2.0 kV, 12 V, and 100 V, respectively. SRM transitions are found 

in Table 6.1. Samples were loaded onto a 5 cm in-house packed Magic C18-AQ pre-

column (150 µm i.d, 5 µm beads, 100 Å in pore size; Michrom BioResources, Auburn, 

CA). Analytes were resolved onto a 20-cm Magic C18-AQ analytical column (75 µm i.d.) 

at a flow rate of 300 nL/min. The gradient employed was 0-40% B in 20 minutes, 40-90% 

B in 5 min, and finally 5 min at 90% B using 0.1% (v/v) formic acid in water and 0.1% 

(v/v) formic acid in acetonitrile as mobile phases A and B, respectively.   

For calibration curve construction, we employed stable isotope-labeled standards 

that eluted at similar times as the nucleoside of interest. rA, m6A and m6Am calibration 

curves employed in this analysis are found in Figure 6.5. Representative fragmentation 

pattern and chromatogram for m6Am is found in Figure 6.6.  

 
Results and Discussion 
 
HIV-1 viral genome contains modified ribonucleosides and infection results in 

aberrant epitranscriptome level.  

 Recent evidence has suggested that RNA modifications play a role in host-viral 

interactions.17, 18 LC-MS/MS/MS analysis was conducted to identify if modified 

ribonucleoside levels are altered upon HIV-LA1 (HIV-1) infection in the mRNA of MT4  
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Figure 6.7 HIV infection results in diminished m6Am host by PCIF1 and host 
epitranscriptome level A) and B) represents LC-MS/MS/MS analysis of mock and HIV-
LAI infected MT4 cells at a dose of 0.4 MOI for 3 days. Mean ± SD of 3 biological 
replicates. Statistical analysis was conducted using an unpaired student t test. PCIF1 
mRNA (C) and protein (D) levels were taken on day 2, 3, and 5 after infection (n = 3). 
Figure D) top represents high exposure, while D) bottom represents PCIF at low exposure. 
E) and F) represents the m6Am and m6A level in PCIF1 knockout in Jurkat T cells. G) 
represents epitranscriptome analysis of PBMC cells extracted from human healthy (n = 4) 
and HIV infected (n = 5) patients. N.D means not detectable. Statistical analysis was 
conducted using 3 biological replicates with unpaired student t test.  
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human T cells. The analysis revealed that m6Am level in HIV-1-infected MT4 cells was 

lower than in the mock infection (Figure 6.7A). In addition, N6-methyladenosine (m6A) 

level was not affected by HIV-1 infection (Figure 6.7B). The results suggest that m6Am 

regulatory proteins may be responsible for aberrant m6Am level. Phosphorylated CTD 

Interacting Factor 1 (PCIF1) is the known N6 methyltransferase for capped m6Am.22 

However, PCIF1 does not influence internal mRNA m6A level.22 Moreover, the results 

corroborate that of Boulias (2019), in that PCIF1 CRISPR knock-out in Jurkat T cells 

resulted in undetectable m6Am level but m6A level was unaltered (Figure 6.7E and 6.7F).  

In that vein, the m6Am and m6A results suggest that PCIF1 activity is attenuated upon HIV-

1 infection. Q-PCR analysis was then conducted on MT4 cells infected with either HIV-

LAI and HIV-NL4-3 strains to determine if PCIF1 transcript level was altered. However, 

PCIF1 mRNA levels are unaffected upon HIV-LAI or HIV-NL4-3 strain infection (Figure 

6.7C). Nonetheless, Western blot experiments suggest a decrease in PCIF1 level in HIV-

LAI in a dose-dependent manner (Figure 6.7D). Viral infection was confirmed with p24, 

a known HIV antigen.17 Taken together, the results indicate that viral infection by HIV-1 

influences host m6Am level by altering PCIF1 protein level.  

I also evaluated the epitranscriptomic modifications in mRNA samples of human 

patients infected with HIV. The LC-MS/MS/MS results revealed a significant decrease in 

y level in PBMC cells of HIV infected patients compared to healthy controls (Figure 

6.7G). In addition, 2’-O-methylations (Cm and Am) were statistically significantly reduced 

in HIV patient RNA and a decreasing trend was observed Gm (Figure 6.7G). The results 

suggest that HIV infection influences PCIF1 activity. In addition, another protein worth 
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investigating is CMTr1 and CMTr2, human 2’-O methyltransferases for the first nucleotide 

and internal 2’-O methylations, respectively.23 CMTr1 activity may also be altered, 

resulting in reduced 2’-O methylations at the first nucleotide after the 5’-cap, and PCIF1 is 

unable to react on unmethylated 2’-O-ribose.22, 24 Therefore, HIV infection results in 

undetectable levels of m6Am to hinder cap-dependent translation of host mRNA. Another 

possibility is that the activity of CMTr2, the internal mRNA 2’-O-methyltransferase, is 

altered, resulting in reduced global 2’-O-methylations. However, CMTr2 is not responsible 

for methylation of the first nucleotide after the cap.  Further investigations are needed for 

the elucidation of the mechanism by measuring PCIF1 and CMTr1/2 transcript and protein 

levels in host cells upon HIV infection.  

HIV-1 and SARS-CoV-2 viral genome contains modified ribonucleosides  

Previous reports suggest that HIV genomic RNA utilizes host methyltransferases 

and demethylases to mediate their own modified ribonucleoside level.17 Therefore, I 

monitored possible modified ribonucleosides that may be present in HIV and SARS-CoV-

2 transcripts. Our LC-MS/MS/MS results showed that, among the 31 ribonucleosides 

monitored, the 4 canonical ribonucleosides and 9 modified ribonucleosides were identified 

in HIV genomic RNA, including 2’-O-methylations (Am, Cm, and Um), m6A, 5-

methylcytidine (m5C), N3-methylcytidine (m3C), N4-acetylcytidine, m6A, pseudouridine 

(y), and 5-methyluridine (m5U) (Figure 6.8A).  

The recent coronavirus pandemic has revealed a need to understand better host-

viral interactions, especially in contagious viruses. To understand if viruses in general 

utilize the host epitranscriptome regulators to modify its own transcripts, I preformed LC- 



143 
	

 

Figure 6.8 LC-MS/MS/MS analysis of HIV-1 and SARS-CoV-2 viral genome. The data 
represents the global modified ribonucleoside profile in A) HIV and B) SARS-CoV-2 
genomic RNA from three independent digestions.  
 

MS/MS/MS analysis on SARS-CoV-2 (COVID-19) viral RNA genome (Figure 6.8B).  

The analysis revealed the presence of 12 modified ribonucleosides on the viral genome, 

including 2’-O-methylations (Am, Cm, Um, Gm), y, m5U, m6A, N6-dimethyladenosine 

(m6,6A), m3C, m5C, ac4C, and 2-thiocytidine (s2C) (Figure 6.8B).  All the modifications 

identified in HIV-1 viral genome were also identified in SARS-CoV-2 transcripts (Figure 

6.8A and 6.8B). Some similar trends appeared in the two viral RNA analysis, e.g., y is the 

most abundant modification in both HIV-1 and SARS-CoV-2 genomes (Figure 6.8A and 

6.8B). Second, m6Am was not detected in either virus. In addition, m6A level was very 

similar between the two viruses at a level of 0.110 and 0.096 modifications per 100 

adenosines for HIV-1 and SARS-CoV-2, respectively. In contrast, m5C level was 

significantly higher in the HIV-1 genome compared to SARS-CoV-2 genome at a level of 

0.912 and 0.134 modifications per 100 cytidines, respectively. The results may indicate a 
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different mechanism of replication and manipulation of host epitranscriptomic regulatory 

proteins.  

 

Conclusions 
 

Upon viral infection of Zika, West Nile, and Dengue, the viral genome must evade 

detection from host viral defense machinery.25 Viruses utilize host cell machinery to 

replicate, package and expel viral components vital to its’spread.25 RNA modifications on 

viral genomes play important role in evading host viral defense.26 Therefore, it is necessary 

for the virus to manipulate the host epitranscriptome machinery to disguise viral transcripts 

as host transcripts.17, 18, 26, 27 Previous experiments using Nanopore direct sequencing 

suggests the presence of modified RNA in SARS-CoV-2, but no specific modifications 

were identified.28 In this study, we identified 9 and 12 modified ribonucleosides in HIV-1 

and SARS-CoV-2 viral RNA genomes, respectively. Among those identified only two, 

m6A and ac4C, are linked HIV virus propagations and stability, respectively.17, 29 Future 

investigations are necessary to understand the functional roles of the other modifications, 

including pseudouridine which occurs at high levels in both HIV-1 and SARS-CoV-2 viral 

genomes.  

In addition, we also identified a potential shared pathway between HIV-1 and 

SARS-CoV-2 through modulation of m6Am levels of viral RNA transcripts. In the case of 

HIV-1 infection, PCIF1 protein level is attenuated, thereby reducing m6Am required for 

efficient cap-dependent translation. This would suggest that other protein synthesis 

mechanisms are utilized, including cap-independent translation that requires m6A. Overall, 
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the evidence presented suggests epitranscriptome regulator proteins, such as 

methyltransferases, play an important role in viral-host interactions.  
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Chapter 7: Concluding Remarks and Future Directions 
 

 Our understanding of RNA biology is limited. However, new technologies have 

expanded our ability to investigate the epitranscriptome, including sequencing- and mass 

spectrometry-based techniques. In addition, recent studies have elucidated the regulatory 

proteins, including readers, writers, and erasers, for a select few modified ribonucleosides, 

demonstrating their dynamic regulation. Dysregulation and aberrant modified 

ribonucleoside levels have been linked to disease. Thus, there is a need of sensitive 

methods to monitor the epitranscriptome and investigations into the dynamic regulation 

and its influence in disease pathology.  

 In this dissertation, I started in Chapter 2 by developing a method to monitor 27 

modified and 4 canonical ribonucleosides in a single injection using nano-flow liquid 

chromatography-nanoelectrospray ionization-multi-stage mass spectrometry (nLC-nESI-

MS/MS/MS). By employing a commonly used concept in proteomics, i.e., normalized 

retention time (iRT), I assigned an iRT value to each ribonucleoside based on their 

respective retention time for a scheduled SRM method. The iRT scores enable accurate 

predictions of retention times for modified ribonucleosides based on the elution times of 

unmodified nucleobases. This high-throughput method was compared with a low-

throughput method and, even though the method contains more transitions, the precision 

and accuracy in the quantifications of 5-methycytidine (m5C) and 2’-O-methylcytidine 

were not compromised. When applied to total RNA samples isolated from HEK293T cells, 

I identified the presence of 20 modified ribonucleosides with a 2.5 ng injection. Future 

studies will expand the number of modified ribonucleosides that are monitored in the 
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method. In this vein, there are over 100 chemically modified ribonucleosides. By 

purchasing and synthesizing additional modified ribonucleosides, we can expand the 

method for a better coverage of the epitranscriptome.  

 In Chapter 3, the binding of YTHDF2 to m5C was assessed. Reader proteins for a 

majority of modified ribonucleosides have yet to be identified, including for m5C. By 

utilizing a SILAC-based LC-MS/MS experiment together with a biotinylated 

oligonucleotide probes containing either m5C and cytidine, we identified potential m5C 

binders, including YTHDF2. Pull-down experiments using YTHDF2 recombinant protein 

incubated with RNA from HEK293T cells revealed high levels of m5C in the bound 

fraction compared to the input and flow-through. Mutations of key amino acid residue 

involved in m6A regulation, i.e., tryptophan 432, also results in diminished m5C binding. 

In addition, diminished m5C level in 18S rRNA was observed in HEK293T cells upon 

CRISPR-mediated genetic depletion of YTHDF2. For future experiments, there were other 

candidate reader proteins identified the m5C SILAC affinity pulldown down experiment. 

Many of which have not been identified as direct binders of m5C in RNA. Pulldown 

experiments using cellular RNA would corroborate the SILAC assay. Another interesting 

characteristic of the SILAC experiment is the identification of anti-readers, which 

preferentially bind the unmodified sequence compared to the m5C-containing sequence. 

Anti-readers would indicate that the presence of a m5C actually hinders its binding and 

function. Therefore, it would be interesting to characterize their functions in RNA biology.  

 In Chapter 4, I identified a novel RNA modification in mammalian and Drosophila 

RNA, 5-hydroxymethyluridine (5-hmrU). I developed a method relying on off-line HPLC 
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enrichment and nLC-MS/MS on a quadrupole-Orbitrap mass spectrometer for the sensitive 

detection of 5-hmrU. Our method enabled the detection of 5-hmrU in total RNA isolated 

from mouse tissues, cultured cancer cells, and Drosophila. Drosophila RNA contained 

relatively high levels of 5-hmrU. In addition, I determined if ten-eleven translocation (Tet) 

1-3 proteins contribute to the formation of 5-hmrU in RNA by overexpressing catalytic 

domains and full length proteins of Tet1-Tet3 in HEK293T cells.  Overexpression of 

catalytic domains of Tet1 and Tet3 resulted in increases in 5-hmrU. In addition, ectopic 

overexpression of full-length Tet3, but not Tet1 or Tet2, led to an increase in 5-hmrU level. 

In addition, genetic ablation of Tet in Drosophila head resulted in diminished 5-hmrU level. 

Together, Tet mediates the formation of 5-hmrU in mammalian and Drosophila RNA. To 

follow-up this study, 5-hmrU’s role in RNA is still unknown. It will be important to 

explore, in the future, whether and how 5-hmrU may modulate mRNA stability and 

translation.  

 In Chapter 5, LC-MS/MS/MS analysis revealed altered N6-methyladenosine (m6A) 

level in human blood samples from Beijing truck drivers exposed to air pollution or tobacco 

smoke. Long-term smoking was associated with lower global m6A level and black carbon 

exposure was positively associated with m6A level. However, air pollution and tobacco 

smoke was not associated with known mRNA m6A reader, writer, and eraser (RWE) 

proteins. The analysis was conducted using total RNA extracted from peripheral blood; 

therefore, evaluating the m6A regulatory proteins in ribosomal RNA may better reflect the 

results obtained in the m6A analysis. However, due to limited sample quantities, we were 

unable to reprocess the Q-PCR results to evaluate this hypothesis. Therefore, future 
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experiments would target ribosomal RNA m6A RWE proteins, such as METTL5, an 18S 

rRNA methyltransferase.  

 In Chapter 6, global modified ribonucleoside profiling with LC-MS/MS/MS of the 

viral RNA genomes, including HIV-1 and SARS-CoV-2, revealed the presence of 9 and 

12 post-transcriptional modifications, respectively. HIV-1 utilizes host cell machinery to 

disguise itself from the host innate immune response. Upon HIV-1 infection, PCIF1 protein 

level is reduced. Therefore, host mRNA exhibits lower level of m6Am in cell culture and 

human patient models. Potentially, HIV-1 inhibits PCIF1 expression to disguise itself as 

host transcripts. Global modified ribonucleoside profiles showed similarities among the 

identified ribonucleosides. Therefore, it is possible the two viral infections may alter host 

epitranscriptome regulators to allow for more efficient transcription and translation of viral 

RNA genomes. However, the results need further validation by measuring PCIF1, CMTr1-

2, PUS1, and other post-transcriptional modification regulators for transcript and protein 

levels upon SARS-CoV-2 infection.  

 Overall, this dissertation sought to develop and apply a high-throughput method for 

assessing the epitranscriptome and its function in health and disease. As more information 

and new technologies are revealed, so will our understanding into intricacies of RNA 

biology.  

 




