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ABSTRACT 

 In recent years, disease therapies have been developed to target specific RNA and protein 

expression changes in the affected cells/tissue. The RNA post-transcriptional modification, 

methyl-6-adenosine (m6A), has been implicated in a number of disease-states as a driver of 

aberrant RNA and protein expression. m6A is the reversible methylation of adenosine which is 

produced by enzymes known as m6A RNA methyltransferases. There are currently two known 

m6A RNA methyltransferases which methylate messenger RNA in humans: METTL3/14 

complex, and METTL16. The METTL3/14 complex has been widely implicated and studied in 

cancer development and progression, while much of METTL16 has not been investigated. While 

a few studies have probed the biochemical details of METTL16, cancer studies have shown 

METTL16 protein expression level changes have been associated with a variety of cancer types. 

The research in this dissertation project was performed in an effort to determine the RNAs affected 

by and the cell-wide effects of METTL16’s function. Using RNA immunoprecipitation, the studies 

here show that METTL16 binds a number of RNAs outside the 3 that are currently accepted as 

RNA targets. It was also discovered that METTL16 is localized to both the nucleus and cytoplasm, 

suggesting a role in addition to methylation in the cell. Mutation of key residues in METTL16 



 

protein resulted in a large number of changes in RNA and protein expression levels determined 

with RNA sequencing, real-time PCR, and mass spectrometry proteomics. A majority of these 

RNAs and proteins are associated with cytoskeletal maintenance, calcium signaling, and cell cycle 

regulation, all of which have implications in distinct diseases including cancer. Of interest, only 

some of the METTL16 mutations seemed to affect cell cycle phase occupancy. Given the multiple 

changes seen among cells containing mutated METTL16, it is plausible that this protein could aid 

in presentation or progression of associated diseases and could therefore be a justified target for 

cell therapies. 
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Chapter 1 

Introduction: Current Knowledge and Implications of METTL16 as an RNA-binding 

Protein 

 

 

 

 

 

 

The majority of the work presented in this chapter was published as “RNA methyltransferase 

METTL16: Targets and function” 

Emily R. Satterwhite1, Kyle D. Mansfield1 

Wiley Interdisciplinary Reviews: RNA, e1681 July 2021 

 

 

1Biochemistry and Molecular Biology Department, Brody School of Medicine, East Carolina University, Greenville 

NC, 27834 



2 
 

Introduction 

RNA modifications of messenger RNA (mRNA) play an important role in 

posttranscriptional and translational regulation 1–5. As such, interest in RNA-modifying enzymes 

such as METTL16 has dramatically increased in recent years. There are over 100 known RNA 

modifications, and it is well established that ribosomal RNA (rRNA) and transfer RNA (tRNA) 

are rife with modifications 6–8. In fact, the most prevalent RNA modification, pseudouridine, is 

found mostly in rRNA and tRNA 9,10. It is for this reason that modifications in these RNAs have 

been well studied. Many of these studied modifications in tRNA and rRNA have been revealed to 

fine-tune their functions in translational efficiency11–14. To date, eukaryotic mRNA has been found 

to contain at least 13 modifications, including N6-methyladenosine (m6A), 5-methylcytidine 

(m5C), and 7-methylguanosine, but the functions of these modifications are just beginning to be 

elucidated 15,16. Interest in understanding the role of RNA modification in regulating mRNA has 

exploded over the last few years, fueled largely by the identification of the RNA binding proteins 

responsible for writing, reading, and erasing some of these modifications17–19. Of these, 

methylation of the nitrogen at the sixth carbon residue on adenosine, otherwise known as m6A has 

arguably received the most attention to date 20. One reason for this is that both m6A “writers” 

(including METTL16 and METTL3/METTL14) and m6A “erasers” (FTO and ALKBH5) acting 

on mRNA have been identified, suggesting that the presence of the modification (and hence the 

fate of the affected mRNA) may be regulated in some manner 18,19. 

 

N6-Methyladenosine (m6A) Modification 

The m6A modification, found in most eukaryotes, is the most abundant modification in 

mRNA 21, with estimates of approximately three m6As per mRNA22. This modification has been 
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shown to be important for the stability and translational efficiency of a number of mRNAs23–27, 

and is involved in many different physiological processes including embryonic development28–30, 

circadian rhythm31,32, and many types of cancer 17,33. In addition to METTL16, which is the focus 

of this review, there are a number of other m6A methyltransferases that have been identified (Table 

1.1). 

 

METTL3/METTL14/WTAP Complex 

Interest in the m6A modification has recently grown in part due to the identification of a 

methyltransferase complex responsible for m6A-methylating nascent pre-mRNA within the 

nucleus. The core complex consists of METTL3 and METTL14, as well as Wilms' tumor 

associating protein 34–38. Other proteins including KIAA1429, RBM15, and RBM15B have also 

been shown to function with the core methyltransferase complex as loss of these proteins decreases 

cellular m6A levels 39,40. METTL3 contains a Rossmann-like fold domain typical of other class I 

methyltransferases, and utilizes S-adenosylmethionine (SAM) as a substrate to methylate 

adenosines within a DRACH consensus sequence (modified adenosine underlined), often found in 

30 UTR's and around both start and stop codons of mRNA35,41–44. METTL3 also contains two 

CCCH-type zinc fingers outside of the methyltransferase domain that are required for RNA 

binding and hence methylation45,46. METTL14 lacks a SAM binding site and catalytic activity but 

does participate in mRNA binding/targeting45,47,48. Although predominantly found in the nucleus, 

the methyltransferase complex and its activity has been found within the cytoplasm as well and is 

thought to be responsible for the bulk of cellular m6A mRNA modification37,49–52.  
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Table 1.1 

 

 

 

 

 

  

m6A Methyltransferase Validated RNA Methylome 

METTL3/METTL14 
mRNAs, ncRNAs, 

microRNAs, circRNAs 

METTL16 
U6 snRNA,  

MAT2A pre-mRNA 

METTL5 18S rRNA 

ZCCHC4 28S rRNA 
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Table 1.1. Human m6A RNA methyltransferases and their identified methylated RNAs.  
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METTL16 

More recently, another m6A methyltransferase, METTL16, has been identified although 

its targets appear to be more limited in number53–58. Like METTL3, METTL16 contains the 

Rossmann-like fold of class I methyltransferases and uses SAM as the methyl donor but appears 

to have additional regulatory and RNA binding domains which we will discuss below. The two 

verified targets of METTL16 share a consensus sequence (UACAGARAA) that is different from 

METTL3/14's consensus and the RNA methylation sites of the known METTL16 targets also 

harbor structural elements shown to be important for methylation56,59,60. Like METTL3, METTL16 

contains additional regions outside of its methyltransferase domain that also interact with RNA 

substrates and presumably provide specificity60,61. Interestingly, in global mRNA binding protein 

identification studies in which polyadenylated mRNA is isolated along with endogenous 

interacting proteins, METTL16 is frequently captured, while components of the METTL3/14 

complex are not62–66. In addition, while many METTL16 RNA interactors have been identified, 

only two have been verified as methylation substrates, perhaps suggesting additional roles for 

METTL16 beyond its catalytic activity.  

 

Non-Coding RNA m6A Methyltransferase 

Even though m6A is prevalent in mRNA, it is also found in other types of RNAs including 

rRNA, long noncoding RNA (lncRNA), microRNA, and small nuclear RNA (snRNA) 67–70. Due 

to its homology with the Escherichia coli 23S rRNA m6A methyltransferase, ybiN/ rlmF, 

METTL16 was originally predicted to mediate eukaryotic rRNA m6A methylations. However, 

METTL5 has recently been shown to methylate 18S rRNA and ZCCHC4 has been identified as 

the eukaryotic 28S m6A methyltransferase71–74. Interestingly, both enzymes appear to be very 
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specific to their rRNA substrates although other RNA interactors have been preliminarily 

identified. While the function of these rRNA modifications is not yet known, structure predictions 

suggest that the m6A sites are located in areas important for translational fidelity75–77. Thus, while 

METTL16's role in rRNA methylation is still unclear, substantial progress into its structure, 

function, and preferred RNA substrates have been made in recent years.  

 

METTL16 Domains and Their Functions 

There are two known m6A RNA methyltransferases with verified mRNA targets in humans: the 

METTL3/14 complex, and METTL16. While there is a large overlap of structural similarity 

between these two enzymes59,61 there are differences that suggest they have unique responsibilities 

in the cell. METTL3/14 has been extensively researched and many RNA interactors and 

methylation targets have been identified (a review of METTL3/14 can be found in 78). METTL16 

has been investigated much less and therefore has only a few known interactors. METTL16 is a 

conserved protein, with homologs found from vertebrates to yeast and bacteria53,56,60. A 

phylogenetic tree showing a few of these homologs with respective protein diagrams is shown in 

Figure 1.1. From this analysis, it is clear the protein has evolved, adding an additional domain in 

vertebrates. METTL16's protein domains have been investigated and, for the human protein, are 

categorized as an N-terminal RNA-binding, methyltransferase, and vertebrate conserved region 

(VCR) domains (Figure 1.2). Although METTL16 has never been crystallized in its full form, four 

groups have published fragment structures of METTL1653,59–61; there is also one unpublished 

structure listed as 2h00 in PDB (an excellent review of METTL16 structure can be found in 

Ruszkowska, 2021). Here we briefly discuss each domain, their responsibilities, and the 
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implications in RNA interaction. We also discuss the region predicted to contain a nuclear 

localization sequence.  

 

N-terminal RNA-Binding Region 

The N-terminus of METTL16 contains a group of polar and positive-charged amino acids 

that form a groove large enough to accommodate double-stranded RNA60,61 (see Figure 1.2). 

Among vertebrates it is highly conserved (Mendel et al., 2018; Ruszkowska et al., 2018) with 

lesser but still significant conservation in lower organisms (see Figure 1.1). This region is 

sometimes grouped with the methyltransferase domain as it was not distinguished from the 

methyltransferase domain until 2018 by Ruszkowska et al. who identified this region as one unique 

from other RNA methyltransferases61. A few months later, Mendel et al. showed that mutations to 

charged residues (the first five arginines and lysines) in this region abolished RNA binding, and 

subsequently, methylation of RNAs 60. Therefore, while the methyltransferase domain forms a 

groove to accommodate RNA during methylation, it is unable to secure the RNA for catalysis 

without the N-terminal binding domain. While only five amino acids in this region have been 

shown to be responsible for RNA binding, the first 40 N-terminal amino acids have been classified 

as an RNA binding domain, even though it does not follow “canonical” RNA-binding motifs. This 

domain forms a projection from the methyltransferase domain of the protein and is thought to act 

as a “claw” to further stabilize the RNA in the methyltransferase RNA groove61. Interestingly, in 

the co-crystal structure, these residues do not appear to contact RNA 59, however, functionally they 

clearly play a role in RNA binding 60. This domain is one of those unique to METTL16, potentially 

dictating the group of RNAs with which it can interact. 
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Figure 1.1 
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Figure 1.1: Phylogenetic tree of METTL16 and homologs. Simple protein diagram of each 

organism's homolog and the protein name is located next to each respective species. Tree was 

generated using Seaview using distance methods under standard parameters 79. Sizes of protein 

diagrams are approximate and not to scale.  
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Figure 1.2 
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Figure 1.2: Schematic of human METTL16 protein. Numbers indicate amino acids from N to C 

terminals. RBD, N-terminal RNA binding domain; VCR1, vertebrate conserved region 1; VCR2, 

vertebrate conserved region 2.  
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Methyltransferase Domain 

The methyltransferase domain of METTL16 is highly conserved through vertebrates 53,61, 

with lower conservation still identified through E. coli80,81 (see Figure 1.1). As mentioned above, 

approximately the first half of the protein was termed the methyltransferase domain until 2018, 

whereas it is now considered to be comprised of amino acids 40–288 (see Figure 1.2). The 

methyltransferase domain has the conserved Rossmann-like fold of class I methyltransferases 

containing the amino acids needed for several actions which are almost identical to METTL3 61. 

A hydrophobic pocket and several hydrogen bonds are required for the proper placement of the 

adenosine portion of SAM while the canonical “NPPF” amino acid sequence stabilizes the 

methionine region in SAM 59. This “NPPF” region is also needed for destabilization of the sixth 

nitrogen on the RNA adenosine for transfer of the methyl group 59. The methyltransferase domain 

also provides additional support to the N-terminal RNA-binding domain with positive-charged 

amino acids that line the internal groove 60,61. As mentioned above, ridding METTL16 of the N-

terminal RNA binding domain abrogates RNA binding 60. Even though the methyltransferase 

domain contains a groove lined with amino acids that can attract the negative-charged RNA 

backbone, it alone does not appear to be strong enough to retain the RNA in the groove. 

Intriguingly, this RNA accommodating region is not an open-ended groove like METTL14, which 

is needed to bind single-stranded RNA at an internal site, rather it is a closed groove 48,60. It is 

therefore suggested that the RNA interaction here must either be at the end of the strand or in a 

hairpin secondary structure. One unique aspect of METTL16's methyltransferase domain is the 

“auto-regulatory K-loop” (amino acids 163–167) which lowers methylation efficiency by 

obstructing the SAM binding pocket 59. Lowered methylation efficiency is suggested to attenuate 

the overall activity of METTL16 in the cell 59 and could perhaps contribute to its role as a methyl 



14 
 

sensor. It is therefore plausible that mutations in this region, which have been shown to produce a 

hyperactive methyltransferase, could result in dysregulation 59. A more detailed account of the 

biochemical mechanics of METTL16's RNA methylation can be found here82.  

 

Vertebrate Conserved Region Domain 

The VCR domain is located at the C-terminus of METTL16 from amino acids 310–562 

(see Figure 1.2). The domain contains two regions (VCRs) conserved among vertebrates53,56,61 (see 

Figure 1.1). Amino acids 289–400 are classified as VCR1, 514–562 are classified as VCR2, and 

401–513 are considered a linker region between these two 53. The domain was first discussed in 

2017 as a potential splicing director for MAT2A RNA when cellular SAM levels were below a 

critical level 56. Due to its highly dynamic nature, the crystal structure of this region was not 

determined until 2020 53. Crystallization was achieved by removing the unstructured linker region 

between the two VCRs 53. Because of the presumed motion of this domain, it is believed to bind 

near the target adenosine (in a double-stranded region) to bend the RNA and allow better access 

of the adenosine to the core methyltransferase domain 53. 

Interestingly, the VCR domain is structurally homologous (although not in sequence) with 

the kinase-associated 1 (KA1) domain of TUT1, a U6 snRNA-specific terminal uridylyl 

transferase 53. As in TUT1's KA1 domain, the VCR domain of METTL16 acts as a clamp that 

binds double-stranded RNA. The KA1 domain in TUT1 is known to aid U6 snRNA binding for 

polyuridylation 83, however the KA1 domain is also found in other proteins such as serine/ 

threonine kinases 84. The proposed functions of the domain in these kinases include autoinhibition 

and targeting the protein for anionic membranes 85,86. It has been noted that these domains are 

observed to show low sequence conservation while maintaining high structural homology 84. With 
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these similarities between the VCR and KA1 domains, it is possible that METTL16 has roles 

outside those currently known and solidifies U6 snRNA as one of the main METTL16 interactors. 

Because the VCR domain of METTL16 has only recently been identified, the next few years of 

investigation into this region will be exciting. 

 

Potential Nuclear Localization Sequence 

 Located in the region between the end of the methyltransferase domain and the beginning 

of the VCR domain, a vertebrate-conserved sequence of amino acids has a computationally 

predicted (yet unverified) nuclear localization sequence (SKRRKLEKPRK, amino acids 300–310; 

87). The Caenorhabditis elegans homolog of METTL16, METT-10, which contains a verified 

nuclear localization sequence in a non-conserved region, is transported to the nucleus by dynein 

light chain during mitosis88. Originally thought to be predominantly nuclear in human cells as well, 

our recent study using biochemical fractionation of several cell types suggests METTL16 is 

present in both the nucleus and cytoplasm 55. In addition, when METTL16 was overexpressed, 

more was observed in the cytoplasmic fraction. Therefore, it may be that METTL16's main cellular 

compartment is the nucleus, with accumulated excess located in the cytoplasm.  

 

METTL16 RNA Interactors 

To date, three RNAs have been established as bona fide interactors of METTL16: MAT2A 

mRNA, U6 snRNA, and MALAT1 lncRNA. While MALAT1's methylation via METTL16 has 

not been proven, both MAT2A and U6 are definitively m6A methylated by METTL16. Similarity 

in the methylated region of these two RNAs led to the identification of a consensus nonamer 

sequence “UACAGARAA,” where the fourth base (underlined) is modified. While it is unlikely 
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this consensus is a mere coincidence, it does not exclude the possibility of additional sequence 

determinants. For example, studies have found that this nonamer sequence, which is found in 

thousands of other human mRNAs, is not widely methylated 56. Furthermore, in the METTL16 

knockout mouse embryo, expression level of RNAs with the consensus nonamer sequence was not 

affected by decreased METTL16 levels 60. These and other observations suggest that while 

potentially necessary for methylation, perhaps this nonamer sequence alone is not sufficient for 

METTL16 methylation. Indeed, current data suggests that the nonamer sequence needs to be in a 

specific secondary structure for methylation to occur 59. However, since the consensus sequence 

is based on only a few known interactors, this may also suggest the need to expand the RNAs 

considered for METTL16 binding and/or methylation. In this section, we review the three well-

established RNAs and their interactions with METTL16. We also discuss other potential RNA 

interactors and the resulting implications.  

 

MALAT1 LncRNA 

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also known as NEAT2 

(nuclear-enriched abundant transcript 2), is a common and conserved mammalian lncRNA known 

for its widespread role in transcriptional regulation, alternative splicing, and sequestering miRNAs 

89,90. MALAT1 lncRNA is ~8000 bases, with the last ~100 bases folded in a triple helix structure, 

as shown in Figure 1.3. Most notably, MALAT1 expression has multiple implications in cancer 

progression (reviews of MALAT1 can be found in89,91). It was also the first RNA discovered to 

associate with METTL16 through the use of electrophoretic mobility assays and UV crosslinking 

in HeLa cells 54. Up until this time, METTL16 was predicted to be a putative rRNA 

methyltransferase. The specific interaction region of MALAT1 with METTL16 was identified 
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using RNA-proximity ligation assays54 and shown to include the element for nuclear expression. 

Moreover, the ligation did not occur without the VCR domain of METTL16, providing evidence 

that this was the region of MALAT1 binding. Interestingly, an m6A-modified adenosine has been 

identified in MALAT1 at adenosine 8290 near the location of METTL16-MALAT1 interaction 

site92,93, but it does not appear to be deposited by METTL16. Instead, the sequence with the m6A 

modification overlaps with the “RRACH” consensus sequence favored by the METTL3/14 

complex (R = purine and H = A, C, or U) 35 and has been shown to increase with METTL3 

overexpression, suggesting that it is deposited by METTL3/14 92. The purpose of METTL16 

binding to MALAT1 is currently unknown. If methylation does not occur, it may a way to 

sequester MALAT1 or target it for interaction with an unidentified METTL16 protein cofactor. 

The triple helix of MALAT1 has been shown to stabilize and delay degradation of the RNA94 but 

the role of METTL16 in this process has not been explored. This RNA–protein interaction is 

intriguing not only because methylation does not seem to occur, but also because METTL16 does 

not have any other identified RNA interactors in the triple helical form. Whether MALAT1 is 

unique in its status of being bound but not methylated by METTL16 remains to be determined. It 

is possible that this is another way METTL16 regulates its RNA interactors.  

 

MAT2A mRNA 

MAT2A is an mRNA that encodes the “A” (or alpha) subunit of methionine 

adenosyltransferase 2 (MAT2), which is the catalytic subunit of this enzyme. MAT2, as the name 

suggests, is responsible for fusing a methionine to adenosine to produce S-adenosyl methionine 95. 

This resulting molecule, known also as AdoMet or SAM, is responsible for most methyl donation 

reactions in the cell, whether it be for DNA, RNA, protein, or other molecules96. This reaction is  
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Figure 1.3 

  



19 
 

Figure 1.3: Partial RNA structure of human lncRNA MALAT1 predicted to bind METTL16. 

Structure shows triple helix region where METTL16 is reported to interact. Asterisk indicates 

predicted m6A site. Adapted from Brown et al. (2012).  
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energetically expensive, costing the cell one ATP molecule per SAM molecule produced 95. As 

such, production of SAM is highly regulated to control the amount of methylation reactions that 

occur. SAM regulation varies among kingdoms of life and it seems mammals have evolved post-

transcriptional regulation of MAT2A as one way to achieve this (there is also evidence of two 

miRNAs targeting both MAT2A and MAT2B; 97,98, not discussed here). A 2017 study 

demonstrated METTL16-regulated differential splicing of MAT2A RNA in response to SAM 

levels in human embryonic kidney cells 56. When SAM levels are adequate, METTL16 binds and 

methylates adenosines in several hairpin loops located in the MAT2A 3` UTR (Figure 1.4). This 

impairs splicing of the terminal intron, leading to intron retention and degradation of the mRNA. 

However, when methionine levels in the media drop below a certain level (11–33 μM), METTL16 

binds but is unable to complete the methylation reaction and remains bound to the hairpins. 

METTL16 then recruits splicing machinery to the last intron allowing for expression of a full-

length mature mRNA and proper translation of the MAT2A protein99. Thus, through the sensing 

of SAM levels via its catalytic activity, METTL16 is able to maintain adequate SAM levels for all 

cellular methylation reactions. It should be noted that the MAT2A hairpins in Figure 4 are 

displayed as their stable structure when unbound by METTL16100. It has been shown that when 

bound to METTL16 (at least for hairpins 1 and 6), the structure changes (this structure can be 

found here59). 

Previous studies have also shown that MAT2A's mRNA stability is also dependent on 

SAM levels101 and recently METTL16 has been confirmed to bind several regions of the 3` UTR 

of MAT2A mRNA 58. Furthermore, upon m6A methylation of the 3` UTR hairpins, MAT2A 

reporter mRNA is bound by the m6A reader YTHDC1 and targeted for degradation in HeLa cells 

81. All six MAT2A 3` UTR hairpins were found to be m6A modified (and also had lower levels of
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Figure 1.4 
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Figure 1.4: Partial RNA structures of human mRNA MAT2A 3′ UTR. The six hairpins are labeled 

relative to 5′ to 3′ direction. Nonamer sequence is highlighted, and asterisk indicates predicted 

m6A sites. Structures shown are when unbound to METTL16. Adapted from Parker et al. (2011).  
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modification after METTL16 knockdown), a finding supported by a single-base-resolution m6A 

study as well102. Ridding the MAT2A mRNA reporter of only the fifth and sixth hairpins impaired 

the mRNA stability response to low SAM levels, however, to fully interrupt this response, at least 

four hairpins had to be mutated. Interestingly, both studies 56,81 showed increased MAT2A mRNA 

in response to treatment with cycloleucine, a competitive inhibitor of the MAT2A enzyme, 

although Pendleton et al. showed higher levels of the intron-retained nuclear isoform compared to 

Shima et al. Thus, while there may be small differences due to cell type, growth conditions, media, 

detection methods, and so on, in both cases MAT2A mRNA was posttranscriptionally responsive 

to SAM levels in a METTL16-dependent manner. Shima et al. noted two further observations. 

Downregulation of FTO, a m6A demethylase, resulted in lower expression of MAT2A reporter 

mRNA suggesting that demethylation may play a role in maintaining basal MAT2A mRNA levels 

even in the presence of sufficient SAM. Also, despite showing clear regulation of a MAT2A 

reporter RNA, YTHDC1 knockdown showed no effect on endogenous MAT2A RNA expression 

81. It may be that the 5` UTR is regulated in a way that is redundant with YTHDC1 interaction 

(since this would be present on the endogenous mRNA but not included in the reporter RNA), 

however this is speculative. It is also possible that this is an artifact of using a reporter RNA, but 

again that possibility would need to be explored further. Still, it is clear that methylation via 

METTL16 regulates MAT2A mRNA stability. 

Overall, these two studies consistently demonstrate that when cellular SAM levels are 

adequate, MAT2A mRNA is targeted for degradation both in the nucleus (through aberrant 

splicing and subsequent degradation) and the cytoplasm (through increased degradation) via 

METTL16 activity. Conversely, when cellular SAM levels decrease and MAT2A is needed, 

increased splicing, along with increased mRNA half-life ensure the cell can increase its SAM 
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synthesis to meet demands. This redundancy may be a fail-safe mechanism because if METTL16 

levels were depleted for some reason, intron retention would reduce the production of new mature 

mRNA, however reduced m6A methylation would also lead to increased half-life of the mature 

mRNA. It is very possible that all mechanisms mentioned, and potentially others not yet known, 

can contribute to an elaborate posttranscriptional regulation process of intracellular SAM levels. 

Currently, only MAT2A hairpins 1 and 6 have been crystallized in complex with the N-terminal 

and methyltransferase domains of METTL16 (amino acids 1–291) 59. These structures were 

acquired through stabilization of the RNA by removing the mismatches normally found in the 

wild-type MAT2A hairpin stems. Using hairpin 1, Aoyama et al. determined methylation by full-

length METTL16 occurred at Km = 0.027 μM and had a Kd = 0.042 μM 53. Interestingly, when 

using only the first two domains of METTL16 (amino acids 1–300, lacking the VCR domain), 

methylation was much lower at Km = 0.76 μM. Of note, several previous studies have used this 

truncated version of the METTL16 protein to obtain their results as well 56,59,61 so variations 

between publications are likely dependent on the exact nature of the METTL16 construct used. 

Because of the numerous implications of SAM regulation through MAT2A levels, other studies 

have investigated METTL16's role in this process. An attempt to knockout METTL16 in mice 

revealed viable embryos up to the implantation stage where it is known a large DNA methylation 

event (following massive demethylation) occurs to radically change RNA expression 60. Even 

though this group did not observe a large change in the 3` intronic region of MAT2A (the region 

of METTL16-directed alternative splicing), aberrant splicing was reported, and it was concluded 

the embryo cannot recover from the demethylation event without METTL16's involvement. 

There are several papers that focus on correlating RNA expression with survival rates of 

specific cancers that have shown anomalous METTL16 levels to be consistently related to poor 
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outlook103–109. Although it has not been proven, it may be that dysregulation of MAT2A is the 

main cause for this relation, given that unregulated methylation events in the cell can lead to a 

plethora of overexpressed protooncogenes/oncogenes or under-expressed tumor suppressors 

through epigenetic mechanisms78,104,110. This is speculative since it has not been shown that 

METTL16 is directly responsible. There is even a study relating the lack of a typical microbiome 

with MAT2A hypomethylation and subsequent lower expression (due to downregulation of 

METTL16) in mice intestine, colon, and brain cells111. Whether METTL16's influence on MAT2A 

is the sole cause of these observations or there are influences left to be discovered, it is certain that 

METTL16 is a key component in overall cellular processes.  

 

U6 snRNA 

snRNA U6 directs intron splicing by associating with and destabilizing the 5` splice site, 

as well as serving as the catalytic subunit of the splicing machinery. About 40 years ago, human 

U6 snRNA was determined to have an m6A at A43112, located in a stem bulge of the major hairpin 

structure (Figure 1.5). However, it was not until a few years ago that METTL16 was identified as 

the responsible m6A methyltransferase in vitro for A43 56. Interestingly, while METTL16 

homologs have been identified in most species, the m6A status of U6 snRNA in species other than 

human and yeast has not been investigated. More research is needed to determine the methylation 

status of these snRNA homologs and, if present, whether it is due to the respective METTL16 

homolog. 

Human U6 is methylated by METTL16 with a Km = 0.025 μM and a Kd = 0.016 μM when using 

full length METTL16 53. These values are comparable to those of MAT2A methylation and 

binding, but surprisingly, removing the METTL16 VCR domain increases the Km to more than 4 
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μM for U6. For comparison, the Km for MAT2A using the same truncated METTL16 was 0.76 

μM. The authors suggest the structural differences surrounding the methylation sites in each RNA 

explain this, with U6 snRNA showing more flexibility than the MAT2A mRNA 53. Thus, it is 

proposed that without the stabilization of the RNA via the VCR domain, METTL16 cannot easily 

keep U6 in the binding pocket long enough for methylation to occur. Furthermore, it is suggested 

that the VCR domain binds and bends U6 so the adenosine to be modified is more accessible to 

the pocket where methyl transfer occurs. Thus, through U6-METTL16 kinetics, the importance of 

the VCR domain is highlighted. 

It should be noted that while the region surrounding the m6A methylation site of U6 is 

necessary for properly directing splicing, it has not been proven (although it has been speculated) 

that an unmethylated adenosine in this position could not perform the same function. Warda et al. 

deeply explored the U6-METTL16 interaction and determined modification of A43 occurs after 

the 5` capping of U6 but before association of U6 with the rest of the spliceosome complex 58. 

They speculated that, because U6 associates with pre-mRNA via weak interactions, the m6A 

thermodynamically “fine-tunes” this interaction. It is known that double-stranded RNA is 

stabilized by an m6A near but not in the duplex, whereas it is destabilizing if located in the 

duplex113. Therefore, the m6A at A43 in U6 may further weaken binding with the pre-mRNA for 

proper splicing and dissociation after splicing is complete. 

Interestingly, knockdown of METTL16 in HEK293 cells resulted in no change in overall U6 

levels but ~50% reduction in U6 containing an m6A 58. However, because there is an additional 

m6A at A76 in U6 RNA, this may be expected if the second m6A is not deposited by METTL16 

58. Embryonic knockout of METTL16 in mice showed no global changes in splicing in the 

transcriptome, suggesting this U6 methylation may not be necessary for splicing in mammals 60.   
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Figure 1.5 
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Figure 1.5: Full RNA structure of human snRNA U6 predicted to bind METTL16. Numbered 

bases indicate 5′ to 3′ direction. Nonamer sequence is highlighted, and asterisk indicates m6A site 

(A43). Adapted from Aoyama et al. (2020).  
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Regardless, U6 is a reliable RNA of the human METTL16 interactome and methylome, although 

the exact function of the m6A modification remains a mystery. 

 

Other RNA Interactors 

18S and 28S rRNA 

MAT2A, U6, and MALAT1 are the most widely accepted RNA interactors of METTL16. 

However, several other types of RNAs have been implicated as potential interactors. It is well 

established that rRNAs contain modified nucleotides including m6A6,8. Immunoprecipitations 

(IPs) of both endogenous and exogenous METTL16 and identification of associated RNAs have 

revealed several rRNAs as potential interactors 54,55,58, although this could be attributed to non-

specific crosslinking (due to proximity) or interactions (due to the large amount of rRNAs in total 

cellular RNA). The closest related METTL16 homolog in E. coli, ybiN/rlmF (~31% sequence 

homology), is the methyltransferase responsible for depositing an m6A on the 23S rRNA 80. 

Additionally, a probable 28S rRNA m5C methyltransferase, NOP2, has been identified in complex 

with METTL16 60. Therefore, it is plausible that METTL16 binds and/or methylates rRNA. While 

rRNA m6A levels have not been investigated, knockdown of METTL16 does not result in 

differences in overall expression of rRNAs but this is not surprising due to the shear amount and 

half-life of this class of RNA. However, as mentioned previously, there are two other identified 

rRNA m6A methyltransferases in vertebrates (METTL5, ZCCHC4), so it is possible that through 

evolution one or both of those methyltransferases took on this responsibility and METTL16 no 

longer methylates rRNA in human cells.  

 

DNA Damage-Associated Small RNAs 
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Recently, a study investigating DNA damage via ultraviolet radiation observed the 

recruitment of METTL16 to the region of damage and association with small RNAs in the vicinity 

114. While recruitment of m6A modified RNAs to the region of UV-induced DNA damage has 

been shown, a previous study identified recruitment of METTL3/14 to the damaged region115. The 

more recent study showed a small percentage of irradiated cells demonstrating higher localized 

METTL16 levels during subsequent repair. While this finding awaits further verification, it is an 

interesting development that expands upon the RNAs expected to interact with METTL16. 

 

Other mRNAs 

Identifying additional METTL16 RNA interactors has been more difficult. There are 

multiple deep sequencing datasets of RNA resulting from immunoprecipitations of exogenous 

METTL16 and knockdown studies of endogenous METTL16. However, there is little consensus 

among these sets other than the three established RNA interactors (MAT2A, U6, and MALAT1) 

already described. We caution that some that the immunoprecipitations and RNA expressions 

could result from non-specific pulldowns or secondary effects due to dysregulation of MAT2A 

(and therefore cellular SAM and m6A levels; 102,116. Many of the potential RNA interactors were 

identified using an RNA–protein crosslinking method. Because METTL16 has multiple RNA 

binding domains (one of which seems highly dynamic and could potentially bind generic double-

stranded RNA), it is possible many of these “interactors” are simply RNAs that were briefly in 

contact with METTL16 but not truly bound by the protein 117–120. One must also consider the 

proteins found to interact with METTL16: if these proteins bring RNA near METTL16, it could 

again become crosslinked with METTL16 without being a true interactor. It is therefore imperative 

to use other methods and evidence to verify these as bona fide METTL16 interactors. 
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Using m6A immunoprecipitation datasets published by Pendleton et al. and others, one 

group produced a bioinformatics-based approach to determine the overall cellular processes 

affected by several m6A methyltransferases 121. These datasets revealed the RNAs that were 

hypomethylated after METTL16 knockdown in HEK293 cells 56. They categorized the resulting 

high-scoring RNAs and highlighted the top 10 processes with the most RNAs in each group. The 

highest scored groups were: “endoplasmic reticulum-associated misfolded protein catabolic 

process,” “regulation of cell cycle,” “actin cytoskeleton organization,” “positive regulation of 

apoptotic process,” and “protein ubiquitination.” To avoid potential overlap, they excluded genes 

that were shown to be reliant on more than one methyltransferase. This may have eliminated 

processes that are affected by multiple methyltransferases from the higher scoring processes. They 

also warned that, as only one dataset was available for the METTL16 methylome at the time of 

publication, future datasets are needed to solidify these findings, but will also likely skew the 

current readout. While they provided an in-depth library of genomic features to determine likely 

types of and regions on methylated RNAs, they warn it is not completely extensive. Even given 

these caveats, this is still one of the publications that fills a hole in the much-needed knowledge of 

METTL16's responsibilities, and the addition of more datasets is eagerly awaited. 

A more recent publication using synthetic reactive SAM, which is added to RNA by its 

corresponding methyltransferase, revealed ~70% overlap with previous antibody-based datasets 

for METTL16 interactors 116. The overlap was identified in MOLM-13 cells which stably 

expressed a short hairpin RNA targeting METTL16 and confirmed with m6A IP. The identified 

RNAs strongly aligned with a “UACAG” consensus, shortened from the “UACAGARAA” 

consensus sequence found in MAT2A and U6. This is an exciting addition to METTL16 

investigation by giving verification to the somewhat fickle datasets produced through 
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immunoprecipitation alone. Within this group of RNAs, ~7600 are mRNA and ~900 are lncRNA. 

However, as with other studies, there was concern about the potential of a secondary effect due to 

METTL16's influence on MAT2A and hence cellular SAM levels. As a solution, RNA from the 

METTL16 set was compared to RNA identified as METTL3-methylated. If an RNA showed 

dependence on both methyltransferases, it was assumed to most likely be a METTL3 target with 

a secondary effect from METTL16. Similarly, a study from 2019 used an approach similar to an 

m6A IP (m6A-crosslinking-exonuclease- sequencing [m6ACE-seq]) coupled with knockdown of 

the respective methyltransferase in HEK293T cells to identify METTL3 and METTL16 RNA 

interactors. They suggested that a large portion of RNAs identified as METTL16-dependent were 

actually the result of indirect dependency due to SAM regulation 102. The Mikutis study also 

discovered a striking similarity between the METTL16-dependent lncRNAs m6A region and 

intronic polyadenylated sites suggesting that METTL16 may have a role in intronic 

polyadenylation which could direct splicing and contribute to cancer progression 116. As mentioned 

previously, the VCR domain of METTL16 is structurally homologous to the KA1 domain of TUT1 

53. In TUT1, the KA1 domain binds double-stranded RNA for polyuridylation to occur 83. This 

suggests the VCR domain could act in a similar fashion and therefore adds to the theory of 

METTL16's involvement in intronic polyadenylation.  

Our recent publication using endogenous METTL16 immunoprecipitation without 

crosslinking identified several RNAs bound to METTL16: NT5DC2, MYC, HIF1A, β2M, and 

STUB1 55. Knockdown of METTL16 in vitro shows differential expression in some but not all 

these identified RNAs. Interestingly, these RNAs have been identified in some of the previously 

published exogenous METTL16 immunoprecipitation and endogenous knockdown datasets as 

well 56,58,102. Reoccurring identification of these RNAs in multiple datasets obtained via different 
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methods argues against non-specific pulldowns but could suggest they may simply be weaker 

interactors with METTL16 which will require more evidence to confirm binding and methylation 

and determine the role of each.  

 

METTL16 in Model Organisms 

Caenorhabditis elegans 

There are two groups who have studied the C. elegans METTL16 homolog, METT-10. 

The first group published two papers in 2009 after METT-10 was identified in a screen for effectors 

of cell proliferation and differentiation 88,122. Worm lines with genetic variations in METT-10 

showed that it promotes cell cycle progression and potentially meiotic entry. Nuclear accumulation 

of METT-10 was observed during meiosis, whereas METT-10 knockout promoted mitotic entry. 

METT-10 had previously been identified as a dynein light chain 1 (DLC-1) interactor from a 

genome-wide yeast two-hybrid study 123. Interestingly, knockdown of dlc-1 caused a decrease in 

nuclear METT-10 protein in both germ and somatic cells using fluorescent microscopy. However, 

overall METT-10 protein levels were also reduced, prompting further investigation. With the dlc-

1 RNA knockdown, they showed mett-10 RNA was also reduced, although the mechanism was 

not investigated. It was also determined that METT-10 exists as an oligomer. With mutated 

METT-10 studies, they determined that METT-10's catalytic activity is essential for proper cell 

cycle progression, although it seems when nuclear localization was disrupted, cytoplasmic METT-

10 could still modify RNAs before they entered the nucleus and not disrupt cell cycle progression. 

More recently, another group produced a METT-10 knockout line of C. elegans and report, 

with both m6A-RIP-Seq and SCARLET methods, that m6A was undetectable in both U6 snRNA 

and sams-3, sams-4, and sams-5 (the SAM synthetase mRNAs) 124. The SAM synthetase RNAs' 
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splicing was inhibited upon m6A modification by METT-10, leading to RNA degradation and no 

functional protein produced. To investigate the similarity of METT-10 function to human 

METTL16, a sams-3 mRNA reporter was introduced into human HeLa cell extracts. Splicing of 

the reporter RNA was inhibited in the same manner as in worm extracts suggesting human 

METTL16 could carry out the reaction. Furthermore, the U2 auxiliary factor 35 (U2AF35) was 

unable to bind to the m6A-modified sams fragment, which ultimately blocked splicing in this area. 

Interestingly, U2AF35 was not needed if the pre-mRNA had a strong polypyrimidine tract adjacent 

to the 3` splice site, in which case only U2AF65 was needed. While C. elegans do not show these 

strong polypyrimidine tracts, it may be that other organisms use this method to regulate splicing 

only in certain RNAs. Interestingly, no global splicing changes were observed upon loss of U6 

methylation. METT-10 knockout in C. elegans did show a strong fertility defect suggesting 

METT-10 may contribute to fertility in ways other than those discussed. These results suggest that 

METT-10 can inhibit splicing through 3` splice site m6A modification, however most predicted 

METTL16 m6A sites in human cells are not at 3` splice sites. Furthermore, there is currently no 

evidence that the m6A deposited by METT-10 in human extracts specifically inhibits splicing or 

activates alternative splicing.  

 

Mus musculus 

To date, the only in vivo knockout of METTL16 in mice was accomplished by insertion of 

a triple-stop codon into the Mettl16 gene 60. Unable to obtain viable homozygous mice, 

heterozygous mice were used to produce knockout mouse zygotes and embryonic development 

tracked. At embryonic day 2.5, the METTL16 null mice were present in normal Mendelian ratios 

and showed only ~20 RNAs differentially expressed, including MAT2A, compared to the 
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heterozygous and wild-type Mettl16 mice embryos. At embryonic day 3.5, normal Mendelian 

ratios were also obtained, however there were ~5000 differentially expressed RNAs. By 

embryonic day 6.5, the METTL16 knockout mice were only 2% of the population and at 

embryonic day 8.5, no knockout embryos were detected. It was theorized that the large DNA 

methylation and demethylation that occurs around this time of development was unable to occur 

without proper MAT2A regulation by Mettl16 leading to loss of viability. While the RNAs 

identified in this paper are not human, they can be compared to the human homologs to determine 

the RNAs most likely regulated by Mettl16 during development. This group has also produced a 

conditional knockout of Mettl16, which was induced once the mice were adults 124. The males, 

which show the highest level of Mettl16 tissue expression in the testes, were infertile due to lack 

of germ cell development. While they did not investigate this further, they determined that Mettl16 

has important roles beyond that in embryonic development.  

 

Concluding Perspectives 

Here we have discussed the individual domains of the METTL16 protein, their proposed 

functions, and known and predicted RNA interactors of the enzyme. The amount of published 

work on METTL16 is impressive, given that the first study citing function was only published in 

2016. Even so, there is quite a bit still unknown. METTL16 has been shown by several CRISPR 

screens to be essential for life, and all reported attempts to remove METTL16 via CRISPR-Cas9 

from normal and cancerous cells have been unsuccessful60,125–127. While there has been 

speculation, it is not yet proven what METTL16 does that makes it indispensable. Two main 

theories are currently discussed: regulation of MAT2A mRNA or regulation of U6 snRNA. It 
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should be noted that neither has been proven and there is still the possibility that one, neither, or 

both are the reason for METTL16's essentiality.  

MAT2A transcription and mRNA half-life are regulated by multiple pathways in addition 

to METTL1696,128,129. As previously mentioned, MAT2A is the enzymatic subunit of methionine 

adenosyltransferase 2, responsible for producing SAM, which acts as a methyl group donor for 

most cellular needs. This is just one part of the methionine cycle in the cell, where several enzymes 

work together to keep methionine readily available for methylation and other reactions, such as 

protein synthesis and the glutathione pathway. Because humans do not synthesize methionine, it 

is critical for the cell to tightly regulate its usage. Moreover, excessive methyl-donating molecules 

in the cell can lead to hypermethylation of chromatin, RNA, and others, resulting in aberrant cell 

functions. At the same time, under-production of the methyl-donators would lead to 

hypomethylation, again skewing cell functions. Therefore, it is plausible that loss of interaction 

with METTL16 would be enough to permanently injure SAM production and cause lethality. In 

our previous studies, transient knockdown of METTL16 did not result in a change in MAT2A 

protein expression 55. However, upon both METTL16 knockdown and cycloleucine treatment, 

others have reported decreased MAT2A protein levels 56,81. A potential solution to understanding 

the role of SAM in METTL16's essentiality would be to overexpress MAT2A before removing 

METTL16 from the genome. Supplementing the culture media with extra methionine could ensure 

enough substrate for optimal methionine adenosyltransferase performance, avoiding a potential 

complication. In addition, deeper investigation into the specific in vivo interaction between 

METTL16 and MAT2A could be accomplished by inactivating a particular METTL16 functional 

domain (methyltransferase, N-terminal RNA binding, etc.) and observe the effect, if any, on 

MAT2A mRNA stability and modification. 
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The other major METTL16 interactor is U6 snRNA, a spliceosome RNA. This RNA binds 

a pre-mRNA at the 5` splice site, helping to destabilize this region, so when the 3` splice site is 

brought into proximity, transesterification can occur. It is unknown whether the m6A modification 

is needed for proper function of U6. The modification of U6 was shown to be inefficient without 

the VCR domain of METTL16 53. As mentioned earlier, the VCR domain is unique to vertebrates. 

However, because the m6A in U6 is highly conserved from vertebrates to yeast130, either the m6A 

is deposited another way outside of the vertebrate classification, or the methylation may not be 

necessary for proper function. It could also be that methylation is necessary for some but not all 

species. A METTL16 homolog has not been reported in Saccharomyces cerevisiae, however, 

fission yeast such as Schizosaccharomyces pombe do have a METTL16 homolog (Mtl16; see 

Figure 1.1) and their U6 snRNA is m6A modified. Removal of the Mtl16 homolog is not lethal, 

although it does result in slower growth rates 131. A more recent study in S. pombe found that 

without U6 snRNA m6A modification, splicing of some RNAs were affected. Pre-mRNAs that 

contained an AAG sequence at the 5` splice site were unaffected by the m6A status of U6, however 

those that contain a BBH sequence required the m6A in U6 for proper splicing to occur 132. 

One of the largest obstacles in the RNA modification field today is detection. Several 

studies have attempted to produce new protocols to isolate and correctly identify m6A in modified 

RNAs102,116,133–136. Because METTL3/14 has many known targets, it is often used in these studies 

with METTL16 often being included experimentally (as there are few verified interactors). This 

does come with some issues. First, it is generally regarded that METTL3/14 and METTL16 have 

different consensus sequences56,59,60,81. Therefore, some m6As that are in close proximity may be 

assigned to only one methyltransferase. Also, these studies tend to use polyadenylated RNA 

selection for more efficient sequencing, however this is very likely to exclude some interactors, 
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since it is known that METTL16 interacts with RNAs other than mRNA. Furthermore, some 

studies show results as dependence of methylation on a certain methyltransferase. If an RNA 

shows dependence on both METTL3/14 and METTL16, it seems it is considered a “true” 

METTL3/14 target while showing secondary dependence on METTL16 due to the indirect effect 

of MAT2A 102,121. Looking to refine a consensus motif among these results will exclude potential 

interactors and could be why there are differences among published results. Lastly, if MAT2A 

function is crucially dependent on METTL16, the knockdown of METTL16 (which is used to 

compare RNAs subsequently hypomethylated) could lower the cellular concentration of SAM. 

This is the basis of the argument of secondary dependence mentioned before. However, 

demethylases could also be responsive to the induced lower level of m6A-modified RNA and 

demethylate further for SAM recycling, which could result in RNAs appearing dependent on the 

methyltransferase knocked-down. These speculations are not verifiable until more information is 

known about the innerworkings of methyltransferases, demethylases, and their regulation on/by 

the methionine cycle. 

In this chapter, we have discussed the current state of METTL16 understanding, 

predictions, and speculations. Even though there is little information that is considered to be 

confirmed about this protein, it is evident that it has a significant and intriguing influence in 

humans. The goal of this publication is to combine the results and implications of studies on this 

protein to educate and guide the m6A community to what is and is not yet known about METTL16.  



 

Chapter 2: 

Characterization of METTL16 as a cytoplasmic RNA binding protein 
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Abstract 

mRNA modification by N6-methyladenosine (m6A) is involved in many post-

transcriptional regulation processes including mRNA stability, splicing and promotion of 

translation. Accordingly, the recently identified mRNA methylation complex containing 

METTL3, METTL14, and WTAP has been the subject of intense study. However, METTL16 

(METT10D) has also been identified as an RNA m6A methyltransferase that can methylate both 

coding and noncoding RNAs, but its biological role remains unclear. While global studies have 

identified many potential RNA targets of METTL16, only a handful, including the long noncoding 

RNA MALAT1, the snRNA U6, as well as the mRNA MAT2A have been verified and/or studied 

to any great extent. In this study we identified/verified METTL16 targets by immunoprecipitation 

of both endogenous as well as exogenous FLAG-tagged protein. Interestingly, exogenously 

overexpressed METTL16 differed from the endogenous protein in its relative affinity for RNA 

targets which prompted us to investigate METTL16’s localization within the cell. Surprisingly, 

biochemical fractionation revealed that a majority of METTL16 protein resides in the cytoplasm 

of a number of cells. Furthermore, siRNA knockdown of METTL16 resulted in expression changes 

of a few mRNA targets suggesting that METTL16 may play a role in regulating gene expression. 

Thus, while METTL16 has been reported to be a nuclear protein, our findings suggest that 

METTL16 is also a cytoplasmic methyltransferase that may alter its RNA binding preferences 

depending on its cellular localization. Future studies will seek to confirm differences between 

cytoplasmic and nuclear RNA targets in addition to exploring the physiological role of METTL16 

through long-term knockdown.  
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Introduction 

Methylation on the sixth position of the base moiety of adenosine (m6A) is one of the most 

common mRNA modifications in eukaryotes, and it has been shown to affect all aspects of post-

transcriptional regulation including mRNA splicing, stability, and translation4,5,23,24,27,137–140. 

Methyltransferase like -3 and -14 (METTL3 and METTL14) and Wilms’ tumor associating protein 

(WTAP) in addition to KIAA1429 are all components of the mRNA m6A methyltransferase 

complex, which uses a S-adenosyl methionine (SAM) binding domain on METTL3 to methylate 

specific mRNAs for methylation with a RRACH m6A consensus sequence37,39,40,42,141. Many RNA 

binding proteins (RBPs) including the YTH family of proteins modulate the effects of m6A 

through specific binding to the methylated RNA. For example, YTHDF1 has been shown to 

increase translation of m6A containing mRNA, while YTHDF2 appears to direct mRNA 

degradation and YTHDF3 appears to play roles in both processes22,23,26,27,138,139. m6A has been 

shown to play a role in a number of physiological processes including embryonic stem cell 

differentiation, circadian rhythms, response to hypoxia and other stressors, and is implicated in 

many different aspects of cancer4,22,24,30,52,142–149. 

METTL16 has also been identified as an RNA m6A methyltransferase that methylates both 

coding and noncoding RNAs. Primarily, METTL16 has been shown to methylate the U6 snRNA 

56,58. It can also bind and methylate the long noncoding RNAs MALAT1 and XIST 54,58. In 

addition, METTL16 has been shown to bind and methylate mRNAs, including MAT2A, which 

can regulate its alternative splicing in response to cellular SAM levels 56,60,81. Furthermore, global 

analysis suggests that many other mRNAs including RBM3 and STUB1 may also be METTL16 

targets 58. 
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Perhaps the most intriguing aspect of the METTL16 methyltransferase is the importance 

of structure when binding targets, not just sequence like the METTL3/METTL14/WTAP complex. 

METTL16 m6A methylation of MAT2A is reliant upon a conserved hairpin (hp1) for binding and 

a similar sequence and structure is required for U6 methylation as well, but interestingly, is not 

readily apparent in other METTL16 targets 56. In in vitro methylation studies, METTL16 appears 

to prefer stem loop structures with the methylated adenosine being unpaired in a single stranded 

loop or bulge 59,61. 

At a molecular level, the effects of METTL16 m6A activity are best understood in the 

context of cellular S-adenosylmethionine (SAM) levels and intron retention of MAT2A pre-

mRNA. SAM is a methyl donor for most cellular methylation reactions and is created using SAM 

synthetases that convert methionine and ATP into SAM 56. In human cells, the SAM synthetase is 

encoded by the MAT2A gene and is expressed in all cell types except liver cells. Methionine 

depletion stabilizes MAT2A mRNA, which has six hairpin structures (hp1-6) in its 3’ UTR that 

serve as binding sites for METTL16. When intracellular SAM levels are high, METTL16 binds 

the hp1 of MAT2A RNA, methylates it, and quickly dissociates to support intron retention. Intron 

retention targets the MAT2A mRNA for nuclear degradation. Low intracellular levels of SAM do 

not allow for efficient methylation by METTL16, increasing METTL16 occupancy on the mRNA 

which results in increased splicing of the retained intron. This increases stabilization and 

translation of the MAT2A mRNA and production of SAM synthetase which increases SAM levels 

in the cell. Additionally, the YTHDC1 m6A “reader” protein may play a role in processing the 

mature MAT2A mRNA and monitoring intracellular SAM levels 81. 

Other than regulating MAT2A in response to SAM levels, the physiological significance 

of METTL16 is largely unknown at this point. METTL16 does appear to be vital for the 
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proliferation/ survival of a number of cancer cells 125 and has been identified in a number of screens 

for essential genes127,150–153. Interestingly, whole mouse METTL16 knockout results in blastocysts 

that are unfit to develop further and abort, although the reason for this is not definitively known, 

but may also be due to regulation of MAT2A expression 60. Thus, METTL16 appears to be 

essential for mammalian life, even though its physiological role has not been fully characterized. 

In this study, we have confirmed that METTL16 binds a number of coding and noncoding RNAs 

and identify a number of novel METTL16 targets. In addition, we show that overexpression of 

METTL16 can affect both its cellular location as well as its RNA binding preferences. 

Our results suggest that the majority of METTL16 protein resides in the cytoplasm of a 

number of cell types, and that knockdown of METTL16 protein can affect the expression of a few 

of its mRNA binding targets. These results suggest that METTL16 may have additional roles in 

the cell that could contribute to its essentiality. 

 

Results 

Identification of METTL16 binding targets 

To identify potential METTL16 RNA targets as well as verify reported literature targets, 

HEK293T cells were transiently transfected with either FLAG-GFP or FLAG-METTL16 

overexpression constructs. Cell extracts were then subjected to Ribonucleoprotein 

Immunoprecipitation (IP) using FLAG magnetic beads. Western blotting was used to confirm 

successful immunoprecipitation as evidenced by depletion of the expected band in the supernatant 

and enrichment in the IP (Figure 2.1A). RNA was also extracted, and real-time PCR was used to 

measure enrichment of METTL16 targets. Two methods were used to calculate enrichment. In the 
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first analysis, the amount of the RNA target in the GFP or METTL16 IP was compared to the input 

levels from 50% of the sample to generate a relative enrichment (Figure 2.1B, left panels). 

Specifically, the value is a fold enrichment in the IP relative to the Input and is calculated by raising 

two to the power of the Cq value of the IP subtracted from the Cq value of the Input. In the second 

analysis, fold enrichment of the RNA target in the METTL16 IP compared to the GFP IP was 

calculated (Figure 2.1B, right panels) by dividing the METTL16 relative enrichment (as described 

above) by the GFP relative enrichment value. By comparing enrichment to both the input as well 

as a negative IP we can get a better sense of the nature of the binding and have greater confidence 

in identifying METTL16 binding targets. As shown in Figure 2.1B, U6 snRNA appears to be the 

primary binding target of METTL16 by either analysis. Importantly, U1 and U2 snRNA, which 

are not known to harbor an m6A, served as negative controls and exhibited very little enrichment 

in the METTL16 IP. It does appear that 18S rRNA is also a target, showing an almost 1,000-fold 

enrichment in the METTL16 IP over the GFP IP. Interestingly, in addition to MAT2A, a number 

of mRNA’s including β2M, MYC, and NT5DC2 also appeared to be FLAG-METTL16 targets, 

while the long noncoding RNA (lncRNA) MALAT1 did not appear to be bound by FLAG-

METTL16. 

To determine if these targets were the same for endogenous METTL16, we repeated the 

immunoprecipitation in HEK293T extracts using either METTL16 antibody or normal rabbit 

serum (NRS) coated magnetic beads. Western blotting confirmed that the IP was successful with 

METTL16 protein remaining in the supernatant of the negative IP while appearing in the IP lane 

of the METTL16 antibody (Figure 2.2A). Real-Time PCR was again used to measure RNA 

enrichment of targets either compared to the input levels (Figure 2.2B, left panels) or in relation 

to the negative IP after normalizing for input levels (Figure 2.2B, right panels). Interestingly, in   
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Figure 2.1 
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Figure 2.1: Identification of FLAG-METTL16 targets. FLAG-METTL16 or FLAG-GFP protein 

was overexpressed and immunoprecipitated from HEK293T cells. (A) Input, Supernatant (Sup), 

and Immunoprecipitated (IP) protein were subjected to Western blotting to confirm successful 

immunoprecipitation (Antibody Heavy Chain (H.C.) and Light Chain (L.C) are indicated). (B) 

Associated RNAs were isolated via Trizol and real-time PCR was used to determine enrichment. 

The left panel depicts data as relative enrichment compared to the input, while the right panel 

shows enrichment in the METTL16 relative to the FLAG-GFP control immunoprecipitation. (*) 

P≤ 0.05, (#) P≤0.1 by paired Student’s t-test. Error bars represent SEM of four to seven 

experiments. The experiments in this figure were performed by Daniel Nance.  
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Figure 2.2 
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Figure 2.2: Identification of endogenous METTL16 targets. HEK293T extracts were 

immunoprecipitated with either METTL16 antibody or normal rabbit serum (NRS) as a negative 

control. (A) Input, Supernatant (Sup), and Immunoprecipitated (IP) protein were subjected to 

Western blotting to confirm successful immunoprecipitation (Antibody Heavy Chain (H.C.) is 

indicated). (B) Associated RNAs were isolated via Trizol and real-time PCR was used to determine 

enrichment. The left panel depicts data as relative enrichment compared to the input, while the 

right panel shows enrichment in the METTL16 relative to the FLAG-GFP control 

immunoprecipitation. (*) P≤ 0.05, (#) P≤0.1 by paired Student’s t-test. Error bars represent SEM 

of six experiments.  
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contrast to the FLAG-METTL16 immunoprecipitation, MAT2A mRNA appeared to be the 

primary target of endogenous METTL16, although U6 snRNA was still a significant target. 

Additional mRNAs such as HIF-1α, MYC, and NT5DC2 were also identified as potential 

METTL16 targets while 5S rRNA and U1 and U2 snRNA appear to not be bound by METTL16, 

which is expected given that they are not known to be m6A methylated. In contrast to the FLAG-

IP, the lncRNA MALAT1 did appear to be a binding target of the endogenous METTL16. 

 

Investigation of METTL16 cellular localization 

Based on the differences in targets between exogenous FLAG-tagged and endogenous 

METTL16, we theorized that METTL16 localization may change based on expression levels and 

that this may impact target selection. Biochemical fractionation of FLAG-METTL16 

overexpressing HEK293T cells revealed that exogenously expressed METTL16 protein was found 

in both the cytoplasmic and nuclear fractions (55% in cytoplasm; 45% in nucleus) (Figure 2.3A). 

Lactate Dehydrogenase (LDH) served as a marker for the cytoplasmic fractions, while the nuclear 

matrix protein Lamin B and the transcription factor Specificity Protein 1 (SP1) served as markers 

for the insoluble and soluble nuclear fractions respectively and confirm successful fractionation. 

To investigate whether overexpression affected METTL16 cellular localization we also analyzed 

endogenous METTL16’s localization in HEK293T cells using biochemical fractionation (Figure 

2.3B). Compared to the FLAG-overexpressed METTL16, slightly more endogenous METTL16 

was found in the cytoplasm (60%) relative to the nucleus (40%). These results suggest that 

overexpression of METTL16 may affect its cellular localization and that this may impact the RNA 

targets identified in the immunoprecipitations. 

Previously, METTL16 has been reported to be a predominantly nuclear protein54,56,58,88.  
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Figure 2.3 
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Figure 2.3: Determination of METTL16 cellular localization in HEK293T cells. (A) Extracts from 

HEK293T cells stably expressing FLAG-METTL16 or an empty vector control were separated 

into Total, Insoluble Nuclear (Nuc-IS), Cytoplasmic (Cyto), and Soluble Nuclear (Nuc-S) fractions 

and subjected to Western blot with METTL16 antibody to determine METTL16 cellular 

localization. Lamin B was used as an insoluble nuclear marker, SP1 as a soluble nuclear marker, 

and lactate dehydrogenase (LDH) as a cytoplasmic marker. (B) Biochemical cellular fractionation 

was also used to determine the location of endogenous METTL16 protein in untreated HEK293T 

cells (representative of three to five experiments).  
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Using an antibody from a previous study we attempted to use immunohistochemistry to verify  

METTL16’s cellular localization 54. Initial experiments showed METTL16 staining in both the 

cytoplasm and nucleus of HEK293T cells (Figure 2.4). To validate antibody specificity, we ran 

both Western blotting and immunohistochemistry on control and METTL16 siRNA knockdown 

HEK293T cells. Despite almost complete knockdown of METTL16 protein by siRNA (as 

confirmed by western blotting) similar staining patterns and intensities were observed in both 

control and METTL16 siRNA treated samples suggesting that the immunohistochemical staining 

observed may be non-specific (Figure 2.4). A second antibody gave similar results with fluorescent 

signal in both the cytoplasm and nucleus of HEK293T cells. However, once again, the signal was 

not decreased in the immunohistochemistry when METTL16 was depleted with long-term (6 day) 

siRNA treatment suggesting that the majority of the signal from this antibody is also coming from 

non-specific binding (Figure 2.5). 

As an alternative approach, we again used biochemical fractionation to examine 

METTL16’s localization in two other cell lines in which immunohistochemistry had indicated 

nuclear localization 54,58. As shown in Figure 2.6A, in HEK293 cells, METTL16 protein appears 

to be predominately located in the cytoplasm with almost 90% of the protein in the cytoplasm, 

while in the HELA cells approximately 55% of METTL16 protein appears cytoplasmic. To 

determine if this a more widespread observation, we also examined METTL16’s localization in a 

lung fibroblast cell line (CCD34LU) as well as a lung cancer cell line (NCI-H1299) and again 

found METTL16 to be predominant in the cytoplasm of both cell types (Figure 2.6B). We also 

examined METTL16’s localization in a series of MCF10 breast cancer cells representing different 

stages of breast cancer progression. MCF10-A’s represent immortalized, yet nontumorigenic cells. 

MCF10- AT1’s are transformed but are weakly tumorigenic, while the MCF10-Ca1h line   
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Figure 2.4 
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Figure 2.4: Validation of HPA020352 METTL16 antibody. (A) Methanol fixed HEK293T cells 

subjected to immunohistochemistry with METTL16 antibody and DAPI nuclear stain. (B) 

HEK293T cells were treated for 6 days with either a negative control siRNA (Neg) or METTL16-

specific siRNAs. Western blotting indicated substantial METTL16 knockdown (similar to Figure 

2.8) with additional non-specific background bands. Immunohistochemistry on methanol fixed 

cells from the same experiment showed similar staining in both location and intensity despite 

METTL16 knockdown suggesting non-specific binding.  
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Figure 2.5 
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Figure 2.5: Immunohistochemistry on second METTL16 antibody. HEK293T cells were treated 

for 6 days with either a negative control siRNA (Neg) or METTL16-specific siRNAs. 

Immunohistochemistry on paraformaldehyde fixed cells with PA5-54185 METTL16 antibody 

showed similar staining in both location and intensity despite METTL16 knockdown suggesting 

non-specific binding. DAPI was used to visualize the nucleus.  
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Figure 2.6 
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Figure 2.6: Determination of METTL16 cell localization in multiple cell lines. (A) Extracts from 

HEK293 or HELA cells were separated into Total, Cytoplasmic (Cyto), Soluble Nuclear (Nuc-S), 

and Insoluble Nuclear (Nuc-IS) fractions and subjected to Western blot with METTL16 antibody 

to determine METTL16 cellular localization. Lamin B was used as an insoluble nuclear marker, 

SP1 as a soluble nuclear marker, and lactate dehydrogenase (LDH) as a cytoplasmic marker. (B, 

C) Biochemical cellular fractionation was also used to determine the location of METTL16 protein 

in lung cell lines CCD34LU and NCI-H1299 as well as breast cancer cell lines MCF10-Ca1h, 

MCF10-AT1, and MCF10-A. (representative of two to three experiments). The experiments in this 

figure were performed by Kristen Carraway.  
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represents a highly aggressive tumorigenic cell line154,155. Again, we saw at least 50% of 

METTL16 protein located in the cytoplasm of all three of these cell lines (Figure 2.6C), confirming 

that in addition to its reported nuclear localization, METTL16 protein is found in the cytoplasm of 

a number of cell types and localization does not appear to be affected by transformation. 

 

Effect of METTL16 knockdown on target expression 

We attempted to determine the physiological role of METTL16 by knocking it out using 

CRISPR, but we were unable to create stable cell lines. This is in line with previous literature 

reports that suggest that METTL16 is likely an essential gene56,127. METTL16 was instead knocked 

down for an extended period of time using siRNA. In this set of experiments, HEK293T cells were 

transfected with either a scrambled negative control siRNA or one of two METTL16-specific 

siRNAs. After 48 hours of siRNA expression, cells were harvested or replated and re-transfected 

the following day with the same siRNA. Cells were then harvested 6 days after the initial 

transfection (3 days after the 2nd transfection). Western blotting confirmed that compared to the 

negative control siRNA, treatment with either METTL16 siRNA resulted in significant 

knockdown of METTL16 expression at both the RNA (Figure 2.7A) and protein (Figure 2.8) level, 

with 6 days treatment resulting in almost complete loss of the protein. Real-time PCR was then 

used to assess the effect of METTL16 knockdown on the expression of METTL16 target RNAs. 

As shown in Figure 2.7A, 48-hour knockdown of METTL16 caused small changes in expression 

of a number of RNAs but significantly increased the expression of NT5DC2 mRNA. Interestingly, 

many of these changes were reduced, lost, or even reversed after 6 days of METTL16 knockdown, 

and instead we observed decreases in the MALAT1 lncRNA and STUB1 mRNAs (Figure 2.7B) 

although it was only with the #7 siRNA that showed greater METTL16 knockdown. No changes   
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Figure 2.7 
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Figure 2.7: Effect of METTL16 knockdown on mRNA expression. HEK293T cells were treated 

for 2 days (A, C) or 6 days (B, D) using either a negative control siRNA (Neg) or one of two 

METTL16-specific (7 & 9) siRNAs. Real-time PCR was used to determine the effect on RNA 

expression normalized to GAPDH and expressed as relative to the negative siRNA control. (*) P≤ 

0.05 by one-way ANOVA with post-hoc Tukey HSD test. Error bars represent SEM of five 

experiments.
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Figure 2.8 
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Figure 2.8: Effect of METTL16 knockdown on protein expression. HEK293T cells were treated 

for 2 days (A) or 6 days (B) using either a negative control siRNA (Neg) or one of two METTL16-

specific (7 & 9) siRNAs. Western blotting was used to determine the effect on protein expression 

(representative of five experiments).  
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were seen in the expression levels of a number of other coding and noncoding RNAs. Consistent 

with the real-time PCR results, we saw little to no effect of METTL16 knockdown on the protein 

expression of any of the targets tested (Figure 2.8). 

 

Discussion 

Overall, our work provides new insight into both the targets of METTL16 as well as its 

potential for the regulation of gene expression while also raising some new questions about 

METTL16’s role in the cell. Through immunoprecipitation we have verified the three most well-

defined and researched METTL16 RNA substrates54,56,58. While U6 snRNA was the preferred 

target of FLAG-METTL16, it appears that MAT2A may be the preferred endogenous target in 

HEK293Ts. We also verified the first identified METTL16 target, lncRNA MALAT1 54. Previous 

reports have found METTL16 bound to ribosomal RNA 58, and our data suggests that 18S rRNA 

is the preferred target. However, recent studies have identified ZCCHC4 and METTL5 as the 28S 

and 18S rRNA m6A methyltransferases respectively71,72. This raises the question as to whether the 

rRNAs are indeed specific binding targets of METTL16, and if they are, what role might 

METTL16 be playing. 

While MAT2A was clearly the preferred mRNA binding target of METTL16 in our 

system, we were also able to confirm a number of other mRNA binding targets including RBM3, 

STUB1, and NT5DC2 identified in previous studies 56,58. In addition, our studies have identified 

several novel mRNAs including β2M, HIF-1α and MYC which also appear to be bound by 

METTL16. However, our long-term knockdown studies failed to reveal any significant expression 

changes at either the RNA or protein level of these targets. The question of whether these mRNAs 
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are regulated in some way by METTL16 methylation or even METTL16 protein binding remains 

to be determined. 

The change in target preference that we saw between exogenous and endogenous 

METTL16 immunoprecipitations made us question whether expression levels might impact 

METTL16 cellular localization, and in turn, modulate its binding preferences. Biochemical 

fractionation of HEK293T cells suggests that a majority of METTL16 protein is localized to the 

cytoplasm with lesser amounts of protein found in the nucleus. This contradicts previous 

characterizations of METTL16 as a predominately nuclear m6A methyltransferase54,56,58,88. We 

also observed cytoplasmic METTL16 localization in a number of other cell types representing 

normal cells as well as different stages of cancer suggesting that this may be a more general finding 

relevant to all cell types.  

Our attempts to verify the biochemical fractionation results with immunohistochemistry 

were unsuccessful due to non-specific binding of the antibodies tested. This was quite surprising 

as the antibodies were verified to recognize METTL16 in western blotting as confirmed by loss of 

signal with long-term siRNA treatment. However, when siRNA knockdown cells were probed for 

METTL16 by immunohistochemistry, similar signal intensities and localization were seen, 

suggesting that in immunohistochemistry the antibodies were recognizing other antigens. This 

explanation is supported by the fact that non-specific bands were also observed in the Western 

blotting and may be contributing to this erroneous signal. Thus, we feel the immunohistochemistry 

results are suspect until a specific antibody can be verified. 

While it is clear from our fractionation data that METTL16 can be found in the cytoplasm 

of cells, all of its currently reported activities take place in the nucleus56,81,88. Splicing of MAT2A 

is clearly a nuclear activity, as is U6 snRNA processing. Small amounts of U6 snRNA have been 



66 
 

found in the cytoplasm but it is not clear if this is a widespread phenomenon156,157. Finally, to date, 

the majority of METTL16-mediated methylations have been identified in introns 56, which again 

suggests a nuclear role for the protein. While we have clearly shown METTL16 protein in the 

cytoplasm of cells, the role it plays there is unclear. It is interesting that in our study, all of our 

primers were directed to mature mRNA and do not amplify pre-mRNA, which suggests that 

METTL16 can bind to mature mRNA, although we did not investigate its methylation of those 

mRNA. 

METTL16 is essential for mammalian life based on our (and others) attempts at creating 

METTL16 knockout cell lines via CRISPR and knockout studies in mice embryos 56,60. This 

observation is also supported by global screens for essential genes that have identified 

METTL16127,150–153. The reason for its essentiality is unclear, but it has been implicated in two 

major roles in cellular development and survival. It is clear that METTL16’s regulation of MAT2A 

mRNA levels via the SAM synthetase pathway affects developmental events 60. METTL16 

knockout downregulates MAT2A mRNA levels, which likely leads to the production of 

blastocysts that are not capable of further development. It is also possible that METTL16-mediated 

m6A methylation of U6 snRNA is important for proper functionality of the spliceosome complex, 

and the lack of this modification could have global effects on splicing that result in production of 

incorrect proteins and eventual cell death. It is known that the methylated adenosine (A43) is 

essential for U6 snRNAs function in yeast 158, however, widespread changes in splicing were not 

observed in the knockout mouse studies 60, raising the question of whether the methylation of this 

residue of U6 snRNA impacts splicing in any appreciable way. 

Given that METTL16 appears to be essential, conditional knockout/knockdown models 

will need to be developed to better investigate the effects of METTL16 methylation on mRNA 
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stability, translation, as well as splicing via U6. Of particular interest will be determining whether 

there are differences between METTL16-mediated methylation and METTL3-mediated 

methylation, particularly in the RNA binding proteins which recognize the methylation and/or the 

functional consequences of methylation. In the future, it will be interesting to create METTL16 

variants with localization sequences that force the protein to either the nucleus or cytoplasm. These 

variants can be used to determine the binding preferences of METTL16 based on its localization, 

which may explain the differences we have seen in this study. 

 

Materials and methods  

Tissue culture  

HEK293T, HEK293, HELA, CCD34LU and NCI-H1299 cells were obtained directly from 

ATCC. MCF10-A, MCF10-AT1, and MCF10-Ca1h were obtained from Barbara Ann Karmanos 

Cancer Center. Cells were routinely cultured at 37˚C, 5% CO2. HEK293T, HEK293, and HELA 

cells were maintained in DMEM with 4g/L glucose, 10% FBS, 2 mM L-glutamine, and 1X 

Pen/Strep. CCD34LU cells were maintained in EMEM with 10% FBS, and 1X Pen/Strep. NCI-

H1299 cells were maintained in RPMI-1640 with 4g/L glucose with 10% FBS, 2 mM L-glutamine, 

and 1X Pen/Strep. MCF10-A, MCF-AT1, and MCF10-Ca1h cells were maintained in a 50/50 mix 

of DMEM/F12 with 5% horse serum, 1mM CaCl2, and 1X Pen/Strep, 10 μg/ml insulin, 20 ng/ml 

EGF, 0.5 μg/ml Hydrocortisone, and 0.1 μg/ml cholera enterotoxin. 

Knockdown and overexpression of METTL16  

For knockdown, HEK293T cells were transfected with 20 μM siRNA (Life Technology 

Silencer Select) targeting METTL16 (siRNA ID# S35507 or S35509) or Negative Control #1 

(Catalog # AM4635) siRNA with Lipofectamine 2000 (Thermo Fisher) according to 
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manufacturer’s directions. For long-term knockdown, cells were transfected and allowed to 

recover for 48 hours. Cells were lifted, counted and replated for 2nd round of transfection while 

the remainder of the cells were harvested for RNA and protein. The following day cells were 

transfected again and allowed to recover for 3 more days before final harvesting (6 days 

knockdown total). For overexpression, 2 μg of plasmid expressing a FLAG-tagged METTL16 

(Origene: RC208648) or GFP were used. Cells were transfected for 72 hours before harvesting to 

allow for sufficient overexpression of METTL16.  

Western blots  

Whole-cell lysates were prepared in whole-cell extract buffer (WCEB: 50 mM Tris pH 7.4, 

150 mM NaCl, 5 mM EDTA, 0.1%SDS, and complete protease inhibitor [Promega]). After 

sonication, equal amounts of protein (30–50 μg) were electrophoresed on a mini-PROTEAN any 

KD acrylamide gel (Bio-Rad Laboratories) and transferred to Hybond ECL nitrocellulose (GE 

Healthcare). The blot was blocked with 5% non-fat dry milk (LabScientific) in Tris-buffered saline 

with 0.1% Tween 20 (TBST) for 1 hour at room temperature, followed by primary antibody 

incubation in blocking buffer overnight at 4˚C. After washing extensively with TBST, blots were 

incubated for 1–2 hour at room temperature with appropriate HRP-linked secondary antibody (GE 

Healthcare), washed again with TBST, developed using Bio-Rad Clarity Western ECL Substrate 

(Bio-Rad Laboratories), and imaged via MYECL Imager (Thermo Scientific). Antibody details 

including working dilutions can be found below. 

RNA extraction  

Trizol (Life Technologies) was used for all RNA extractions according to the 

manufacturer’s protocol. For RNA extraction from ribonucleoprotein immunoprecipitations (RIP), 
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GlycoBlue (Life Technologies) was added as a carrier during the precipitation step. RNA quality 

and quantity were determined via NanoDrop 1000 (ThermoFisher Scientific). 

PCR 

Reverse transcription was performed on 1 μg of total RNA in a 20 μl reaction with the 

iScript cDNA synthesis kit (Bio-Rad Laboratories,170–8891). Quantitative real-time PCR was 

performed using a Roche Lightcycler 96 with Fast Start Essential DNA Green (Roche Diagnostics 

Corporation, 06-924-204-001) and primers from Integrated DNA Technologies, Inc. Primer 

efficiency was verified to be over 95% for all primer sets used. Quantification of mRNA was 

carried out via ΔΔCT analysis using GAPDH mRNA and the respective control condition for 

normalization. All real-time PCR primer sets were designed so the products would span at least 

one intron (>1kb when possible) to prevent detection of the pre-mRNA and/or DNA, and 

amplification of a single product was confirmed by agarose gel visualization and/or melting curve 

analysis (See below for sequences).  

FLAG immunoprecipitation of METTL16 

Beads labeled with FLAG Antibody (Sigma) were washed and resuspended in NT2 buffer 

(50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl2, 0.05% NP40) supplemented with 1 mM 

DTT, 100 units/ml RNase Out and 20mM EDTA. Cells were harvested in Polysome Lysis Buffer 

(PLB; (100 mM KCl, 5 mM MgCl2, 10 mM HEPES (pH 7.0), 0.5% NP40, 1 mM DTT, 100 

units/ml RNase Out, with Protease inhibitor cocktail)) and equal amounts of lysate were added to 

each IP reaction and tumbled for 4 hours at 4˚C. After washing 5 times with NT2, beads were 

resuspended in Trizol for RNA or WCEB with protease inhibitors (PI) for protein. Relative and 

fold enrichment of RNA in the IP was determined as indicated in the results section. 

Immunoprecipitation of endogenous METTL16 



70 
 

Cells were harvested in PLB. Beads labeled with METTL16 Antibody (Bethyl 

Laboratories) or normal rabbit serum (NRS) were washed and resuspended in NT2 supplemented 

with 1 mM DTT, 100 units/ml RNase Out and 20mM EDTA. Equal amounts of lysate were added 

to each IP and tumbled for 4 hours at 4˚C. After washing, beads were lysed in Trizol (RNA) or 

WCEB (protein). Relative and fold enrichment was determined as indicated in the results section.  

Cell fractionation 

For total extracts, 10% of the cells were lysed in WCEB with Pierce protease inhibitor 

cocktail (PI; Thermo Scientific). The remaining cells were resuspended in hypotonic buffer (10 

mM NaCl, 10 mM Tris-HCl, pH 7.4, 1.5 mM MgCl2 with PI) and incubated on ice for 5 minutes 

before freezing at -80˚C. After thawing on ice, lysis was achieved by vortexing for 2–3 seconds 

and nuclei were pelleted at 1,000 xG for 5 minutes at 4˚C. The supernatant was removed and stored 

as cytoplasmic fraction. The pellet was then resuspended in the above buffer containing 1% NP40 

and 0.5% sodium deoxycholate and centrifuging at 1,000 xG for 5 minutes at 4˚C. The supernatant 

after centrifugation was designated the soluble nuclear fraction. The remaining insoluble nuclear 

pellet was sonicated in WCEB with PI. Equal volumes of each fraction were subjected to western 

blotting as described above. MyImage Analysis (Thermo Scientific) was used to quantify the bands 

in the cytoplasmic, soluble nuclear and insoluble nuclear fractions. Data were expressed as a 

percentage of the total protein (summed from the three fractions) found in each fraction.  

Immunohistochemistry 

HEK293T cells with or without 6 days of siRNA treatment (as described above) were fixed 

in either ice cold 4% paraformaldehyde or 95% methanol/5% acetic acid for 15mins. 

Paraformaldehyde-treated cells were permeabilized with 0.1% Triton in PBS for 10 minutes. After 

washing with PBS, cells were blocked with 1% BSA in PBS at 4˚C for at least 1 hour. Primary 
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antibody incubation was performed for at least 16 hours in blocking buffer, followed by extensive 

washing in PBS. Secondary antibody incubation was performed for 1.5 hours in blocking buffer 

at room temperature in the dark, followed by extensive washing with PBS. Cells were then 

counterstained with DAPI before being imaged on an Olympus IX73 inverted compound 

microscope. Images were captured with Olympus cellSens software using default settings. Briefly, 

a random field of Neg siRNA treated cells were imaged for phase contrast, FITC, and DAPI and 

the exposure times for the FITC and DAPI stains were then used for subsequent images of the 

siRNA treated cells to allow for comparison between the two conditions. A secondary antibody-

only control was also imaged with this same exposure. All individual images were converted to 

lossless JPEGs without any modifications from the original .vsi file. The “Combine Channels” 

option in the cellSens software was used to create the FITC/DAPI overlays. For clearer 

visualization and background reduction, the overlays were subjected to the “Optimize Contrast” 

option in the cellSens software. 

Statistical analysis 

All experiments were performed on at least three separate occasions to generate biological 

replicates unless otherwise indicated. For the immunoprecipitations, statistical significance was 

calculated by a two-tailed, paired Student’s t-test comparing the METTL16 IP to the GFP or NRS 

IP. Outliers were identified utilizing the Grubb’s test but only one outlier was ever removed for a 

given RNA target. For the real time analysis of the siRNA knockdown experiments, a one-way 

ANOVA with post-hoc Tukey HSD test was run for each RNA target comparing all six conditions. 

For all experiments, a P-value below 0.05 was defined as statistically significant, while a P-value 

less than 0.1 was considered reportable.  
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Table 2.1: Antibodies used in this study. 

Antibody Catalog # Vendor Dilution 

β-2-Microglobulin  12851 Cell Signaling 1:1,000         (WB) 

FLAG MA1-91878 Thermo Fisher 1:1,000         (WB) 

Lamin B SC-6216 Santa Cruz 1:200            (WB) 

LDH SC-133123 Santa Cruz 1:1,000         (WB) 

MAT2A SC-166452 Santa Cruz 1:200            (WB) 

Mettl16 A304-192A Bethyl Labs 1:1,000         (WB) 

Mettl16 HPA020352 Millipore Sigma  1:1000          (WB) 

1:200            (ICC) 

Mettl16 PA5-54185 Invitrogen 1:200            (ICC) 

SP1 MA5-27783 Invitrogen 1:1000          (WB) 

Ɣ-Tubulin MA1-850 Thermo Fisher 1:1,000         (WB)  
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Table 2.2: PCR Primers used in this study. 

Gene Forward (5'-3') Reverse (5'-3') 

18s rRNA CTGAGAAACGGCTACCACATC GCCTCGAAAGAGTCCTGTATTG 

28s rRNA GGGTGGTAAACTCCATCTAAGG GCCCTCTTGAACTCTCTCTTC 

5s rRNA CGTCTGATCTCGGAAGCTAAG CCTACAGCACCCGGTATTC 

β2M AGATGTCTCGCTCCGTGGCCTTA TGTCGGATGGATGAAACCCAGACA 

GapDH AAGGTCGGAGTCAACGGATTTGGT AGCCTTGACGGTGCCATGGAATTT 

HIF1α CCGAATTGATGGGATATGAGCCAG TTGGCAAGCATCCTGTACTGTCCT 

MALAT1 GAATTGCGTCATTTAAAGCCTAGTT GTTTCATCCTACCACTCCCAATTAAT 

MAT2A CTGCTGTTGACTACCAGAAAGT GCTACCAGCACGTTACAAGT 

METTL3 AGCCTTCTGAACCAACAGTCC CCGACCTCGAGAGCGAAAT 

METTL16 GGCAGAAGGAGGTGAATTAGAG TTCCCAGCATGCAGCTATAC 

Myc TCCTCGGATTCTCTGCTCTCCT AGAAGGTGATCCAGACTCTGACCT 

NT5DC2 GATGAGAAGGGCTCACTTCAG CCATTCCGTCAAGCGTAAGA 

RBM3 TTCATCACCTTCACCAACCC ATCTGACGACCATCCAGAGA 

STUB1 GGCCAAGCACGACAAGTA GATCTTGCCACACAGGTAGTC 

U1 CCATGATCACGAAGGTGGTTT ATGCAGTCGAGTTTCCCACAT 

U2 TTCTCGGCCTTTTGGCTAAG CTCCCTGCTCCAAAAATCCA 

U4 GCCAATGAGGTTTATCCGAGG TCAAAAATTGCCAATGCCG 

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 
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Abstract 

METTL16, a human m6A RNA methyltransferase, is currently known for its modification 

of U6 and MAT2A RNAs. Several studies have identified additional RNAs to which METTL16 

binds, however whether METTL16 modifies these RNAs is still in question. Moreover, a recent 

study determined that METTL16 contains more than one RNA binding domain, leaving the 

importance of each individual RNA binding domain unknown. Here we examined the effects of 

mutating the METTL16 protein in certain domains on overall cell processes. We chose to mutate 

the N-terminal RNA binding domain, the methyltransferase domain, and the C-terminal RNA 

binding domain. With these mutants, we identified changes in RNA binding ability, protein and 

RNA expression, and cell cycle phase occupancy. From the resulting changes in RNA and protein 

expression, we saw changes in cell cycle, metabolism, intracellular transport, and RNA processing 

pathways, which varied between the METTL16 mutant lines. We also saw significant effects on 

the G1 and S phase occupancy times with some but not all the mutants. We have therefore 

concluded that while METTL16 may or may not m6A-modify all RNAs it binds, it’s binding (or 

lack of) has a significant outcome in a variety of cell processes.
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Introduction 

Modification of adenosine to methyl-6-adenosine (m6A) in RNA has been extensively 

studied in multiple species of prokaryotes, eukaryotes, and viruses for several decades22,159–161. 

This modification, which has been shown in mRNA, lncRNA, rRNA, miRNA, snRNA, snoRNA, 

and tRNA, has been proven to affect the half-life24,25,162, translation efficiency2,26,52,92,125,163,164, 

splicing124,165,166, storage167, or (in the case of miRNA) maturation of the RNA168,169. These effects 

are brought about either by interactions with m6A RNA binding proteins or by fine-tuning the 

thermodynamics of the RNA structure23,113,137. Furthermore, m6A modification is one of the most 

common modifications in cellular RNA and currently considered the most common modification 

in mRNA 22.  

The m6A modification is produced by m6A RNA methyltransferases, colloquially termed 

“m6A writers”. These m6A writers catalyze the transfer of a methyl group from a S-

adenosylmethionine molecule to the target adenosine’s 6th base position 170. There are more than 

60 known RNA methyltransferases in humans, however most of these have been shown to modify 

tRNAs and rRNAs 171. Currently, there are two established human m6A RNA methyltransferases 

shown to modify mRNA, which are the METTL3/14 complex and METTL16. METTL3/14 is the 

more studied of the two and is known to modify many mRNAs 162,168,172–175. RNA substrates for 

this m6A writer complex need to be in a single-stranded conformation and contain a “DRACH” 

consensus sequence (D=A/U/G, R= A/G, H=A/U/C; underlined A is the modified adenosine) 

22,42,51,176,177. Of the few RNAs that have been observed in complex with METTL16, they have all 

shown a double-stranded conformation and contain a “UACAGAGAA” consensus sequence 

(underlined A is the modified adenosine) 56,58. RNAs modified by the METTL3/14 complex have 

a wide variety of functions, therefore it is unsurprising that dysregulation of this complex is 
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frequently observed in multiple diseases including several cancers 52,178–184. While METTL16 is 

the lesser studied, its dysregulation has been observed in several cancers as well 185–188. 

Proteins known as “m6A readers” have a high affinity for binding RNAs that are m6A 

modified. After binding to m6A RNAs, these proteins are directly or indirectly responsible for the 

effects of m6A modification mentioned previously (such as splicing). Currently known m6A 

readers include YTHDF1/2/326,138,139, YTHDC1/281,189–191, HNRNPA2B1140,192, HNRNPC137, 

HNRNPG193, IGF2BP1/2/3167, and others. The m6A modification can be removed from the RNA 

by m6A demethylase also known as “m6A erasers”, which include ALKBH5194 and FTO195,196. 

These enzymes transfer the methyl group from the RNA to a 2-oxoglutarate molecule. The balance 

between adding and removing this modification from cell RNAs is a complex and delicate system 

that can become upset by dysregulation of any of the enzymes mentioned in this pathway. 

As an m6A RNA methyltransferase, METTL16 has gained attention as a potential 

therapeutic for several diseases associated with cellular m6A dysregulation. It has been shown by 

several groups to  methylate MAT2A mRNA, and U6 snRNA and bind to MALAT1 lncRNA 

53,54,56,58,59,81.  Global effects on cellular m6A levels with knockdown or knock out of METTL16 

have also been reported 56,186. Moreover, widespread RNA expression changes have been seen in 

response to changes in METTL16 protein levels56. Despite a number of studies, there unfortunately 

seems to be little overlap between the m6A and RNA expression datasets. This could be due to 

different cell types being used, availability of SAM for modification to occur (which is produced 

by MAT2 enzyme), or a difference in the extent and/or duration of METTL16 knockdown. 

Furthermore, METTL16 has been implicated in a large number of cancer studies with both 

oncogenic and tumor-suppressive effects associated with changes in METTL16 expression levels 

103,104,106,108,109,185–188,197–204. For example, the database OncoMX demonstrates that METTL16 
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RNA has shown significant upregulation in kidney and colorectal cancers, but significant 

downregulation in uterine, bladder, prostate, breast, and lung cancers205. 

Because METTL16 studies have shown a wide variety of effects due to knockdown, 

knockout, mutation, or overexpression, we decided to further study the functional effects of 

individual domains of METTL16 to determine their specific duties. We chose to mutate the N-

terminal RNA binding domain, the methyltransferase domain, or the VCR domain using 

previously published mutations. We then stably expressed the mutated METTL16 in HEK293 

cells. The endogenous METTL16 was then removed from these same cells so that the only the 

mutated version of METTL16 remained. These cells lines were established, confirmed, and 

analyzed for changes in RNA binding abilities of METTL16, global RNA expression, protein 

expression, and cell cycle effects. 

 

Results 

To observe the responsibilities of each METTL16 protein domain, we created transgenic 

HEK293 cell lines expressing a METTL16 protein mutated in one of the domains (Figure 3.1A). 

The mutations included an N-terminal RNA binding domain mutant (described previously by 

Mendel et al 2018), a methylation mutant (PP185/186AA, described previously by Pendleton et al 

2017), a C-terminal RNA binding mutant (in which the VCR linker region was deleted), and a 

wild-type control. The sequence also contained a silent mutation rendering it resistant to a 

CRISPR-Cas9 gRNA sequence to be used later, and a Myc-FLAG tag at the C-terminus. These 

mutations were introduced via site-directed mutagenesis and confirmed with Sanger sequencing. 

Clonal lines of these cells were produced with antibiotic selection and then colony selection. RNA   
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Figure 3.1A 
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Figure 3.1B 
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Figure 3.1C 
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Figure 3.1D 
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Figure 3.1: Human METTL16 mutants used in this study. (A) Protein diagrams of each METTL16 

mutant produced for this study. Sizes of each domain are approximate to actual size. (B) Western 

blot of HEK293 transgenic METTL16 mutant cell lines with endogenous METTL16 removed via 

CRISPR-Cas9 using METTL16 antibody. Large separation polyacrylamide gel shows the 

difference in molecular weight between endogenous and transgenic mutant METTL16 proteins. 

Mutant PP185/186AA cell line shows no expression of METTL16. (C) Cellular localization of 

METTL16 in HEK293 and HEK293 transgenic METTL16 mutant cell lines via Western blot after 

removal of endogenous METTL16 via CRISPR-Cas9. PP185/186AA METTL16 mutant CRISPR 

clonal line shows no detectable METTL16 protein. Lactate Dehydrogenase (LDH) was used to 

confirm cytoplasmic content, Lamin B was used to confirm nuclear content. (D) Western blots of 

HEK293 and each HEK293 METTL16 mutant CRISPR clonal line used in this study subjected to 

0, 1, 2, 4, or 16 hours of cycloheximide to determine half-life of endogenous and transgenic mutant 

METTL16.  
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binding ability of the mutated METTL16 protein was confirmed with FLAG immunoprecipitation 

(data not shown). As expected, the N-terminal RNA binding mutant showed very little binding 

ability, however the methylation mutant (PP185/186AA) also showed stunted RNA binding. We 

continued with this mutant but also produced a 2nd methylation mutant (N184A, previously 

described by Doxtader et al 2018) which showed comparable RNA binding ability to the wild-type 

protein. Interestingly, deletion of the VCR linker region in our C-terminal RNA binding domain 

mutant resulted in increased RNA binding ability over the wild-type.  

After confirming the expression and RNA binding ability of these mutants, we introduced 

a METTL16 CRISPR-Cas9 construct targeting exon 2, selected for expression via puromycin, and 

generated clonal lines. Clones were screened for removal of endogenous METTL16 but continued 

expression of the exogenous METTL16. Due to the Myc-FLAG tag on the exogenous METTL16, 

separation of the two METTL16 species was achieved with a long gel electrophoresis run and 

subsequent Western blotting (Figure 3.1B). The Western blot confirms there is no detectable 

endogenous METTL16 protein expression in any of our METTL16 transgenic cell lines. Of note, 

during the continued culturing of these mutant cell lines, we noticed the first methylation mutant 

(PP185/186AA) line eventually lost all detectable METTL16 expression. As mentioned 

previously, we continued to include this cell line in our experiments, however we interpreted the 

results of this cell line as if it was a METTL16 null line. 

Once exogenous METTL16 expression was verified, we again tested the RNA binding 

ability of the mutants to ensure CRISPR-Cas9 exposure did not alter the intended METTL16 

mutation. For this we used METTL16 immunoprecipitation in comparison to the wild-type 

exogenous METTL16 line as well as the starting HEK293 line (data not shown). Methylation 
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ability was shown to be ablated in the PP185/186AA, N184A, and N-terminal RNA binding 

METTL16 mutants previously56,59,60 and was not further investigated here. 

Previously we had shown that endogenous and exogenous wild-type METTL16 was 

predominantly cytoplasmic in a number of cell lines 55.  To determine the effect of METTL16 

mutation on cellular localization we used biochemical fractionation Western blots. Antibodies for 

nuclear lamina protein Lamin B and cytoplasmic protein lactate dehydrogenase were used to 

confirm fractions of cells were pure. As shown in Figure 3.1C, all mutated METTL16 proteins had 

similar localization as the endogenous METTL16, with most located in the cytoplasm.  Thus, it 

appears that mutating METTL16 in these ways does not affect its cellular distribution. Lastly, we 

investigated the half-life of the exogenous METTL16 proteins using cycloheximide to block 

translation (Figure 3.1D). Again, we determined the half-life of the METTL16 protein in these 

clones closely mimicked the half-life of the HEK293 endogenous METTL16, which was shown 

to be more than 16 hours. Therefore, we have shown METTL16 to be a long-lived nuclear and 

cytoplasmic protein, and that these characteristics are not substantially changed when either the 

methylation or RNA binding activity of the protein is altered. 

Given the recent correlations cited between METTL16 expression and cancer progression, 

we performed an EdU assay with these clonal lines to investigate changes in cell cycle (Figure 

3.2). Using this method, we are able to quantify the number of cells in the G1, S, or G2/M phase 

of the cell cycle (Figure 3.2A).  To quantify the effect, the percentage of HEK293 cells in each 

cell cycle phase was normalized to 1 and then the relative change in each. METTL16 transgenic 

cell line could be calculated (Figure 3.2B). We found no significant difference in G1, S, or G2 

phase occupancy times between the starting HEK293 cell line and the transgenic wild-type 

METTL16 cell line. However, we determined the cell lines with no detectable METTL16 and the   
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Figure 3.2 
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Figure 3.2: EdU Assays with HEK293 and HEK293 METTL16 mutant CRISPR clonal cell lines 

used in this study. “Wild-type” is the non-mutated exogenous METTL16 line, “PP185/186AA” is 

the PP185/186 methylation mutant exogenous METTL16 line, “N-term” is the N-terminal RNA 

binding mutant exogenous METTL16, “Δ-Linker” is the C-terminal RNA binding mutant 

exogenous METTL16 line, and “N184A” is the N184A methylation mutant exogenous METTL16 

line. (A) Representative flow cytometry plots from each cell line. (B) Analysis of EdU assay results 

from each cell line. Percentage of HEK293 cells in each phase shown was normalized to 1. 

Percentage of M16 mutant CRISPR clonal cells were normalized to HEK293. P-value <0.05 

indicated with *. Representative of 3-7 experiments.
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N-terminal RNA binding mutant METTL16 had a higher occupancy time in the G1 phase and less 

occupancy time in the S phase compared to the starting cell line as seen in Figure 3.2B. This 

indicates these two cell lines are proliferating slower than the starting cell line and the wild-type 

transgenic control. The C-terminal and N184A mutant transgenic lines showed no significant 

difference in cell cycle phase occupancy. Given that the G2 phase is shorter than G1 and S, and 

that the assay detects DNA content, we were unable to determine any significant differences during 

that cell cycle phase using this method. 

To further investigate METTL16 mutation-driven changes, RNA sequencing and 

proteomics analysis was performed. For RNA sequencing, polyA RNA was extracted from the 

clones and sequenced as unamplified, barcoded cDNA using the Oxford Nanopore MinION 

Sequencer. Interestingly, mutating the various domains of METTL16 only resulted in significant 

changes to about 50-400 transcripts compared to the transgenic wild-type cell line (Figure 3.3A). 

In addition, while some of the gene expression changes were shared amongst the mutants, the 

majority were unique to a given mutant line (Figure 3.3B).  Gene set enrichment analysis also 

identified unique subsets of genes that were altered by each mutation (Figure 3.3C). As might be 

expected, the null line (PP185/186AA) showed the greatest effect of all four mutant lines with 

almost 400 genes altered (Figure 3.3A).  The major pathways altered in the null mutant were 

involved in protein localization, catabolic processes, organelle organization, and mitotic cell cycle 

(Figure 3.3C) Surprisingly, the methylation mutant (N184A) showed the smallest effect with only 

44 genes altered and no significant GO pathways identified. This suggests that METTL16’s 

methylation activity may only be small part of its overall cellular activity.  The two RNA binding 

mutants both had a moderate effect on gene expression but affected vastly different pathways 

(Figure 3.3C) suggesting that each domain plays a distinct role in METTL16’s activity. Expression   
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Figure 3.3A and 3.3B 
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Figure 3.3C 
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Figure 3.3: RNA sequencing results of METTL16 transgenic cell lines produced in this study. (A) 

Overlap of all genes significantly different from WT METTL16 line.  (B) Overlap of genes 

significantly increased (left) or decreased (right) as compared to WT METTL16 line. Numbers in 

(parenthesis) are total number of significant genes in each mutant. (C) Gene set enrichment 

analysis of the genes significantly different from the WT METTL16 line.  Left: Enrichment charts 

of the significant gene sets ranked by fold enrichment.  Right: Network maps of significantly 

altered pathways.  All analysis was performed with ShinyGo 0.76.2 

(http://bioinformatics.sdstate.edu/go/).  
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changes of a select group of mRNAs were confirmed via real-time PCR with results normalized 

to the wild-type METTL16 transgenic line (Figure 3.4A). The N-terminal and C-terminal RNA 

binding METTL16 mutant lines generally show the same trend of expression change in those 

RNAs affected. We did not see RNA expression change in U1 snRNA (our negative control), 

MAT2A mRNA, or U6 snRNA. There were several RNAs whose expression significantly changed 

in all 4 METTL16 transgenic lines, but the expression varied among the different lines suggesting 

differing effects of the various mutants. 

To determine whether the mRNA expression changes could be linked to direct interaction 

with METTL16, we performed FLAG immunoprecipitations followed by real-time PCR 

normalized to the wild-type METTL16 transgenic line. As the best characterized METTL16 

targets, MAT2A mRNA and U6 snRNA were significantly bound by the wild-type transgenic 

METTL16 as expected (Figure 3.4B), Mutation of the N-terminal RNA binding domain decreased 

binding to MAT2A mRNA significantly, as did the N184A methylation mutant (Figure 3.4).  

Intriguingly, the C-terminal RNA binding mutant bound MAT2A mRNA better than the wild-type 

METTL16. This binding trend seen with MAT2A was also observed amongst most of the probed 

RNAs shown in Figure 3.4, in which the N-terminal RNA binding METTL16 mutant bound less 

of the RNA, the N184A methylation METTL16 mutant showed similar binding, and the C-

terminal RNA binding METTL16 mutant showed higher binding. In fact, the C-terminal RNA 

binding METTL16 mutant showed significantly higher binding in most of the RNAs probed. 

Despite differences in binding to the mRNAs tested, all transgenic lines’ METTL16 bound the U6 

snRNA in similar amounts (Figure 3.4).  

To assess global changes in whole cell protein expression, liquid chromatography tandem 

mass spectrometry was used. Overall, we identified 200-300 statistically significant altered   
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Figure 3.4A 
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Figure 3.4B 
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Figure 3.4C 
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Figure 3.4: (A) RNA expression results from HEK293 METTL16 mutant CRISPR clonal lines. 

RNA expression from real-time PCR analysis of each cell line with all normalized to wild-type 

transgenic METTL16 line. Representative of 3-4 experiments, error bars display SEM, # indicates 

p<0.1, * indicates p<0.05. (B, C) FLAG RNA immunoprecipitation results from each METTL16 

mutant CRISPR clonal line used in this study. “Wild-type” is the non-mutated exogenous 

METTL16 line, “PP185/186AA” is the PP185/186 methylation mutant exogenous METTL16 line, 

“N-term” is the N-terminal RNA binding mutant exogenous METTL16, “Δ-Linker” is the C-

terminal RNA binding mutant exogenous METTL16 line, and “N184A” is the N184A methylation 

mutant exogenous METTL16 line.  Representative of 3 experiments, error bars display SEM, * 

indicates p<0.05.   
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proteins compared to the wild-type exogenous METTL16 clone, depending on the mutant (Figure 

3.5). Volcano plots of all proteins identified with high confidence are displayed in Figure 3.5A, 

with significant differences in expression between the two cell lines compared located above the 

dotted horizontal line. As with other experiments in this study, we compared the proteins identified 

in HEK293 cells against those identified in the wild-type METTL16 transgenic cell line, and the 

mutant METTL16 transgenic line identified proteins were compared to the wild-type METTL16 

transgenic line proteins. With these results, we have listed the top 20 proteins that increased and 

the top 20 proteins that decreased in expression in Figure 3.5B.  We also put all proteins identified 

with high confidence into Reactome206 to determine the top ten protein pathways affected by each 

mutation (Figure 3.5C). Again, similar to the RNA expression changes, about 50% of the 

significant protein changes seen in each mutant cell line were unique to that cell line with varying 

amounts of overlap with the others (Figure 3.3C and Figure 3.5), suggesting differing effects of 

the mutants on METTL16’s cellular function.
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Figure 3.5A 
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Figure 3.5B 
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Figure 3.5C 
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Figure 3.5: Protein expression results from proteomics analysis of each cell line. “Wild-type” is 

the non-mutated exogenous METTL16 line, “PP185/186AA” is the PP185/186 methylation 

mutant exogenous METTL16 line, “N-term” is the N-terminal RNA binding mutant exogenous 

METTL16, “Δ-Linker” is the C-terminal RNA binding mutant exogenous METTL16 line, and 

“N184A” is the N184A methylation mutant exogenous METTL16 line.  Wild-type expression 

changes shown are compared to HEK293 protein expression. PP185/186AA, N-term, N184A, and 

Δ-Linker expression changes shown are compared to wild-type protein expression. (A) Volcano 

plots displaying comparisons of protein expressions among the cell lines tested. (B) Top 20 protein 

expression changes in each METTL16 transgenic cell line. Both the top 20 increased and decreased 

protein expressions for each line are shown. (C) Top 10 pathways affected by METTL16 mutation 

in each METTL16 transgenic cell line. Generated using Reactome analysis.
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Discussion 

After our previous published study in 2020 showing METTL16 protein was localized to 

both the cytoplasm and the nucleus, we hypothesized METTL16, in addition to RNA methylation, 

had another role related to its RNA binding ability 55. To investigate this, we conceptualized and 

produced cell lines with one of the METTL16 protein’s domains mutated to observe the impact of 

the partial loss of function on the cell. Because METTL16 was thought to be essential for all cells 

at the time of project conception, we opted to first introduce the mutated METTL16 into cells 

before removing the endogenous METTL16 from the genome to ease the cells into the transition. 

Given our and others’ success in mutating/removing METTL1658,186, it may be that METTL16 is 

only essential for certain cell types, such as stem cells, certain embryonic cells, or cells not yet 

included in METTL16 studies. 

From our mutated METTL16 cell lines, we have determined first that METTL16’s 

methylation ability appears to be dispensable for cell survival. Given that m6A methylation is a 

further fine-tuning of the RNA’s processing or half-life, it is probable that there are other modes 

of regulation in place that are more influential on the RNA affected by METTL16. This is not to 

say there aren’t consequences to removing METTL16’s methylation ability. We saw widespread 

protein expression changes with our METTL16 N184A mutant cell line which suggests that 

methylation does indeed play a role in METTL16’s function, perhaps by regulating translation of 

a subset of proteins. 

Secondly, we determined METTL16’s RNA binding ability is reliant on both the N-

terminal and C-terminal RNA binding domains. Mutation of the METTL16 N-terminal RNA 

binding domain resulted in lower relative amounts of immunoprecipitated RNA but did not 

completely abrogate binding. This mutant was adapted from Mendel et al, who showed that 



103 
 

mutation of the N-terminal RNA binding domain completely abrogated binding to the MAT2A 

hairpin 1 when the C-terminal domain of METTL16 was not present. Interestingly, when we 

deleted the linker region between the VCRs of the C-terminal RNA binding domain, it actually 

increased the RNA binding efficiency of METTL16. Almost every RNA for which we probed in 

the immunoprecipitation studies showed increased binding to the C-terminal transgenic METTL16 

compared to the wild-type transgenic METTL16. We speculate that removal of the linker region 

between the vertebrate conserved regions in this mutant slowed and/or limited the range of motion 

of the vertebrate conserved region domain as a whole and therefore allowed for stronger or longer 

binding. The region deleted is not evolutionarily conserved and is a disordered region53. Therefore, 

it is probable that this disordered region is vital to attenuating the RNA binding that the rest of the 

domain does. It is interesting to note that METTL16 has been implicated in recruiting RNA to 

translation machinery186. Further studies will determine which of these RNA binding domains (if 

not both) is responsible for the aid in translation. 

Because we suspected METTL16 to bind and/or influence more RNAs than those currently 

published, we searched for changes in protein and RNA expression in the clonal lines we produced. 

We determined more extensive changes in protein expressions compared to RNA expressions. 

This could be because our RNA sequencing analysis did not probe for splicing changes among the 

RNAs identified. It could also be due to the recently cited role of METTL16 in translation. There 

were some similarities among the proteins whose expression changed among the clonal lines, 

however there were even more differences, indicating recruitment to the translation machinery is 

not the only reason for the noted changes. We chose several RNAs from among the expression 

changes to search for a direct interaction with METTL16 via RNA immunoprecipitation. Using 
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U1 snRNA as a negative control and U6 snRNA and MAT2A mRNA as positive controls, we have 

identified ATXN10, CDKN3, PNPLA4, and RTRAF as potential RNA targets of METTL16. 

From our RNA expression and immunoprecipitation studies, we have determined the 

RNAs affected by METTL16 alteration belong in 1 of 3 groups. Group 1 contains RNAs that bind 

METTL16 but do not reflect an expression change when METTL16 protein becomes mutated. 

Among this group is MAT2A mRNA and U6 snRNA. The lack of change in expression is not 

necessarily indicative of a lack of effect on the RNA; for instance, U6 snRNA expression is not 

expected to change, and MAT2A mRNA is more likely to show splicing changes, which we did 

not investigate in this study. Other RNAs that fall into this group are likely to be imperative to cell 

survival such as the two listed. Group 2 contains RNAs that show expression changes but do not 

seem to bind METTL16. These RNA expressions are most likely changing as an indirect or 

secondary effect of true METTL16 target changes. Group 3 contains RNAs that both bind 

METTL16 and show RNA expression changes. Among this group is ATXN10 and PNPLA4 

mRNAs. METTL16 may have more than one direct effect on these RNAs, or it is possible they 

are both directly and indirectly affected by METTL16. Even though the RNAs of groups 1 and 3 

are of the most interest, RNAs in group 2 aid in the cell-wide effects observed by altering 

METTL16. 

Regardless of the exact mechanisms METTL16 uses to produce the changes we have 

observed, we have shown that it significantly affects the cell cycle timing. Our EdU assay results 

show our transgenic METTL16 cell lines spend more time in S phase if METTL16 is mutated in 

certain domains. Furthermore, we determined CDKN3 to be an RNA binding target of METTL16, 

which is well known to affect the G1/S phase transition of the cell cycle. Future studies will 

determine the effect this binding has on CDKN3 RNA and subsequent protein expression.  
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The METTL16 mutant cell lines produced for this publication will provide insight into 

disease states where METTL16 has been documented as mutated or dysregulated. Most diseases 

associated with METTL16 are currently listed as due to an over- or under-expression of the protein. 

There is one documented type of large intestinal cancer which has a mutation (in the 

methyltransferase domain) that abolishes METTL16’s methylation activity59. More in-depth 

analysis of the METTL16 protein in these types of studies may reveal a pattern of mutation 

correlating with expression. The investigation of mutated METTL16 qualities and cellular 

outcomes such as this study, will branch the functionality of METTL16 with its consequences in 

disease. 

 

Materials and Methods 

Plasmid Production 

METTL16-Myc-FLAG plasmid, METTL16 CRISPR-Cas9 plasmid, and scrambled 

CRISPR-Cas9 plasmid were purchased from Origene and Genecopoeia. Mutations in the 

METTL16 plasmid coding sequence were introduced using the Q5 Site-Directed Mutagenesis Kit 

(New England Biolabs). Plasmids were amplified with transformation of FB5α E. coli cells 

(ThermoFisher) by incubation for 30 seconds at 45°C, then 5 minutes on ice. E. coli suspension 

was then adjusted to 1 mL with SOC Outgrowth Media (New England Biolabs) and incubated for 

1 hour at 37°C on a shaker at 250 rpm. Bacterial cells were spun down, resuspended in 50 µL of 

SOC Outgrowth Media, and spread on a Luria Broth (LB) agar plate (Luria Broth from 

FisherScientific, Agar from Sigma) containing the appropriate antibiotic for selection. Plates were 

incubated at 37°C overnight. Colonies were selected from plates after growth, suspended in 3 mL 

of LB media with appropriate antibiotic and grown for approximately 16 hours at 37°C on a shaker 
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at 250 rpm. Plasmids were harvested from bacteria using GeneJET Plasmid Miniprep Kit 

(ThermoFisher) according to manufacturer protocols. Some of the E. coli was kept at 4°C for later 

use. The mini-prepped plasmids were sequenced with Sanger sequencing using primers directed 

at key sequences in the plasmids. Once verified, the stored E. coli cell suspensions were adjusted 

with another 3 mL LB media and respective antibiotic, grown overnight at 37°C, and then added 

to 250 mL of LB with antibiotic, which was again grown overnight at 37°C. Plasmids from these 

cells were harvested using NucleoBond Xtra Midi Kit (Macherey-Nagel) according to 

manufacturer protocols. When appropriate, a final concentration of 100 µg/mL ampicillin (Sigma) 

or 100 µg/mL kanamycin (Sigma) was used for selection. Plasmid concentrations were determined 

with a Nanodrop 2000 spectrophotometer. 

Tissue Culture 

HEK293 cells were obtained directly from American Type Culture Collection (ATCC). 

Cells were cultured at 37°C, 5% CO2, in Dulbecco’s Modification of Eagle’s Medium 4.5 g/L 

glucose (Corning) supplemented with 10% fetal bovine serum (Gemini Bio), 2mM L-glutamine 

(Corning), and 1X Penicillin/Streptomycin (Corning). When appropriate, G418 (Sigma) was used 

in culture at 0.5mg/mL for selection and 0.25mg/mL for maintenance; puromycin (Sigma) was 

used in culture at 7.5µg/mL for selection and 3.75µg/mL for maintenance. 

Plasmid Transfection 

For clone production, cells were plated at 0.5x106/well in a 6 well plate (CytoOne, USA 

Scientific) the day before transfection. On the day of transfection, 2 µg of plasmid was transfected 

with Opti-MEM (Gibco) and Lipofectamine 2000 (Invitrogen) according to manufacturer 

protocols. Plasmid mixture was incubated with cells overnight and media was changed the next 

day. Antibiotic selection was started 24 hours after initial transfection time. Cell colonies were 
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selected after approximately 1 week, grown separately, and screened for proper plasmid expression 

and integration using Western blotting. Cells transfected for transient overexpression were plated 

in a 10 cm cell culture dish (CytoOne, USA Scientific) with 2.5x106 cells and transfected with 10 

µg of plasmid and were harvested one to two days after transfection. 

Western Blots 

Cells were harvested using 0.05% Trypsin (Corning), quenched with media, and washed 

with 1X Dulbecco’s Phosphate Buffered Saline (DPBS) (Corning), and then lysed with Whole 

Cell Extract buffer (WCEB) (150 mM NaCl (Mallinckrodt), 10 mM Tris pH=7.6 (Corning), 0.1% 

SDS (Sigma), 5 mM EDTA (Ambion), 1X protease inhibitors (Pierce, ThermoScientific), 

incubated on ice for about 5 minutes, and stored at -80°C until use. After thawing on ice, extracts 

were sonicated, and protein was quantified with BCA kit (ThermoFisher) in triplicate according 

to manufacturer protocols with Promega GloMax Multi Detection plate reader. Unless otherwise 

stated, 35 µg of protein was loaded from each sample with 5x loading buffer (250mM Tris-HCl 

pH=6.8, 10% SDS w/v, 500mM DTT, 750µM Bromophenol Blue sodium salt (Sigma), 50% 

Glycerol v/v (Sigma), 1% β-Mercaptoethanol (Sigma)) into the Western gel. For mini gels (Bio-

Rad, 10% polyacrylamide), gel was electrophoresed at room temperature at 250V for 25 minutes 

in 1x Tris-Glycine-SDS buffer (Bio-Rad). Protein was transferred to an Amersham Protran 0.2 µm 

nitrocellulose membrane (GE Healthcare) at room temperature with an ice pack and stir bar at 

300mA for 1 hour in 1X Tris-Saline + 20% methanol (Fisher Chemical) buffer. For large 

separation gels (20 cm), gel was electrophoresed at 4°C at approximately 150V for several hours 

in 1X Tris-Glycine-SDS buffer (Bio-Rad) until proper separation achieved. Protein was transferred 

to a nitrocellulose membrane at 4°C at 300mA for 1 hour in 1X Tris-Saline + 20% methanol buffer. 

After transfer, membranes were handled in the same manner. Membranes were blocked with 5% 
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nonfat milk (LabScientific) in 1x TBS-T (Tris buffered saline with 0.1% Tween 20 (Sigma)) at 

room temperature for 1 hour on a shaker, and then incubated in appropriate primary antibody 

suspended in 5% nonfat milk or 5% bovine serum albumin (Fisher Scientific) in 1X TBS-T (with 

0.01% NaN3 (Sigma-Aldrich)) overnight at 4°C on a shaker (See Supplemental Table 1 for 

antibody details). The next day, membranes were washed at room temperature on a shaker with 

1X TBS-T 3 times with incubations in each wash at least 5 minutes. Membranes were then 

incubated with 5% nonfat milk in 1x TBS-T with appropriate 1:10000 secondary HRP antibody 

(GE Healthcare) at room temperature for 1 hour on a shaker. Washes were repeated as described 

with 1X TBS-T. Western blot was imaged with Clarity Western ECL Substrate kit (Bio-Rad) 

according to manufacturer protocol using MyECL Imager (ThermoFisher) or iBright CL1500 

Imager (Invitrogen). 

Cycloheximide Treatment 

Cells were lifted with 0.05% Trypsin (Corning), counted with Trypan Blue (Corning), and 

plated in a 6 well dish the day before treatment at 0.4x106 cells/well. On the day of treatment, all 

wells were treated with a final concentration of 25 ug/mL of cycloheximide (Sigma) and harvested 

at the time points specified in WCEB with 1X protease inhibitor. Protein concentration was 

quantified using BCA kit from ThermoFisher and Western blots were produced as listed in 

Western blot section. 

Cell Biochemical Fractionation 

Cells were lifted with 0.05% Trypsin, quenched with media, centrifuged at 1500g for 5 

minutes, rinsed with 1mL of 1x DPBS, and centrifuged again after moving 100 µL to a separate 

tube. DPBS was removed. The 100µL of cells was resuspended in 100 µL of Total Lysis Buffer 

(TLB) (50mM Tris pH=8 (Sigma), 150mM NaCl, 0.1% SDS, 1% NP40 (Fluka Analytical), 0.5% 
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sodium deoxycholate (Sigma-Aldrich)) + protease inhibitors and the 900 µL of cells was 

resuspended in 100 µL of Hypotonic Lysis Buffer (HLB) (10mM Tris pH=8, 10mM NaCl, 1.5mM 

MgCl2 (Sigma)) + protease inhibitors. Both were frozen at -80°C overnight to further the lysis. 

The HLB cells were then thawed on ice, vortexed for a few seconds to lyse, and centrifuged at 

1500g for 5 minutes. The resulting supernatant was the cytoplasmic fraction which was moved to 

a separate tube. The pellet was the nuclear fraction and was resuspended in 100 µL of TLB + 

protease inhibitors. Nuclear and total fractions were sonicated to break up DNA, and equal 

amounts were loaded for Western blotting after addition of loading buffer. Western blots were 

produced as listed in Western blot section. 

RNA Extraction 

Cells were collected and then lysed with 1 mL TRIzol (Ambion). RNA was isolated 

according to manufacturer protocols and kept on ice thereafter. RNA concentrations were 

determined with a Qubit 4 Fluorometer (Invitrogen) and stored in RNase-free H2O at -80°C until 

use. 

Immunoprecipitations 

A confluent 10 cm cell culture dish was harvested by gently rinsing the cells off with 1 mL 

1X DPBS. Cells were spun down and resuspended in 125-250 µL of Polysome Lysis Buffer 

(100mM KCl (Sigma), 5mM MgCl2, 10mM HEPES pH=7 (Sigma), 1mM DTT (Thermo 

Scientific), 10% digitonin (Wako), 1x protease inhibitors (Pierce), 100 U/mL RNaseOut 

(Invitrogen)). Suspension was spun down at 15000g for 15 minutes at 4°C. This separates 

organelles, membranes, and DNA from the aqueous fraction of the cells. For each IP, 100 µL of 

supernatant was used, along with 50 µL of washed IP bead slurry, 10 µL of 100mM DTT, and 40 

µL of 0.5M EDTA, brought to 1 mL in NT2 buffer (50mM Tris pH=7, 150mM NaCl, 1mM MgCl2, 
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0.05% NP40). IP tubes were incubated at 4°C for at least 4 hours on a shaker. IP input and 

supernatant samples were taken after incubation but before washing, final IP samples were taken 

after 5 washes with NT2 buffer to confirm protein attachment. 1 mL of TRIzol was added directly 

to washed beads and RNA was isolated according to manufacturer protocols. 10% of the amount 

of PLB supernatant used in IP was used to quantify RNA input and was isolated with TRIzol as 

well. Anti-FLAG-labeled IP beads were purchased from Sigma.  

Polymerase Chain Reaction 

Reverse transcription PCR was accomplished with a Bio-Rad T100 thermal cycler. For 

RNA directly isolated from cells, 100 ng polyA RNA was adjusted to 10 µL with H2O and used 

with iSCRIPT cDNA synthesis kit (Bio-Rad) and incubated the thermal cycler according to 

manufacturer protocols. For RNA resulting from immunoprecipitations, 80% was used in cDNA 

synthesis to ensure equal amounts were used. 

Real-time PCR was performed using cDNA described above, primers from Integrated 

DNA Technologies (See Supplemental Table 2 for primer details), and Roche LightCycler 

products including FastStart DNA Green, multiwell clear plates, and the LightCycler 96 machine. 

cDNA was diluted 5x with H2O when directly isolated from cells and 2x with H2O when resulting 

from immunoprecipitations. 

RNA Sequencing 

Cells from a confluent 10 cm dish were harvested with 0.05% Trypsin, quenched with 

media, and washed with 1x DPBS before resuspension in 1 mL TRIzol. After RNA isolation 

according to manufacturer protocols, the RNA was reprecipitated in 3M sodium acetate (Sigma) 

and 100% 2-propanol overnight at -20°C. The next day, reprecipitation was completed, RNA was 

suspended in H2O, and was quantified using Qubit 4 Fluorimeter. PolyA RNA was isolated from 
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100 µg of this RNA using the Poly(A)Purist MAG Kit (Invitrogen) according to manufacturer 

protocols. PolyA RNA was quantified with the Qubit 4 Fluorimeter. 200 ng of each cell line’s 

polyA RNA was used in the Direct cDNA Native Barcoding Nanopore protocol in preparation for 

sequencing using the MinION Nanopore Sequencer. Protocol was performed to manufacturer’s 

recommendations. Sequences were basecalled using the high accuracy basecalling setting. Passed 

reads were then processed using the Galaxy platform. Sequences were mapped using MinMap2 to 

Human Hg38 genome with the Oxford Nanopore read to reference mapping option enabled 

(minimap2 -x map-ont --q-occ-frac 0.01 -t 6 -a).  Reads were quantified using featureCounts and 

differential expression determined with DESeq2. 

Liquid Chromatography-MS/MS 

Once cell lines were established and expressions verified, cells were lifted with 1 mL 

Accutase (Innovative Cell Technologies) and counted using 0.4% Trypan Blue stain. Five 

replicates of 2x106 cells were harvested and washed several times with 1x DPBS and stored at -

80°C until protein isolation and digestion.  

Protein samples for label-free proteomics analysis included five independent biological 

replicates from five independent cell culture experiments for each group (n=5). Cell pellets were 

thawed and after thorough washing, cells were resuspended in equal volumes of cold lysis buffer 

(8 M urea, 40 mM Tris-HCl, 40 mM NaCl, 2 mM MgCl2 pH=8.0, 1X HALT Protease Inhibitor) 

and subjected to 3 freeze-thaw cycles prior to sonication (Branson sonifier, 30% amplitude, 15 

sec, 4 ⸰C). The lysate was clarified via centrifugation (10000 g, 10 min, 4 °C) and total protein 

content was determined by BCA assay (Pierce BCA Assay Kit). Equal amounts of proteins (1 

mg/mL) were reduced (5mM DTT, 30 min, 32 ⸰C) and alkylated with iodoacetamide (15 mM 

IAM, 30 min, room temperature in the dark). Unreacted iodoacetamide was quenched with an 
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additional 15 mM DTT. Samples were diluted to 1.5 M urea using a buffer containing 40 mM Tris 

(pH=8.0), 30 mM NaCl and 1 mM CaCl2 and then digested with MS grade Trypsin overnight 

(1:50, trypsin:total protein) at 37 °C. After digestion, the samples were acidified with 0.1% formic 

acid and subjected to desalting via solid-phase extraction (C18 SEP-PAK columns; Waters) 

Soluble peptides were eluted using acetonitrile + formic acid (25%-50%, 0.1%) washes, 

lyophilized overnight and resuspended in 0.1% formic acid. Peptide concentrations were 

determined by coulometric assays (Pierce Quantitative Peptide Assay) and adjusted to 0.25 mg/mL 

with 0.1% formic acid.  Digested samples were analyzed by nanoLC-MS/MS using an UltiMate 

3000 RSLCnano system (ThermoFisher) coupled to a Q Exactive Plus Hybrid Orbitrap mass 

Spectrometer (ThermoFisher) via nanoelectrospray ionization as previously described 207. Peptides 

were separated using an effective linear gradient of 10-40% acetonitrile (0.1% formic acid) over 

120 min. For data dependent acquisition, MS spectra were acquired in positive mode. MS1 were 

performed at a resolution of 70,000 with an AGC target of 2x106 ions and a maximum injection 

time of 100 ms. Data dependent acquisition was used to collect MS2 spectra on the top 15 most 

abundant precursor ions with a charge >1 and an isolation window of 1.5 m/z, fixed first mass of 

140 m/z, and a normalized collision energy for MS2 scans was 27. MS2 spectra were acquired at 

17,500 resolution, maximum injection time of 50 ms, and AGC target of 1x105. 

Proteomics Data Analysis 

Proteome Discover 2.5 was used for processing of raw data files and protein identification. 

Defaults search parameters included Met oxidation (+15.99492 Da) as a variable modification and 

Cys carbiomidomethylation (+57.02146 Da) as a fixed modification. Data were search against the 

Uniprot Homo Sapiens reference proteome (UP000005640) which contained additional sequences 

for the Wild-type, PP185/186AA, N-terminal, and Δ-Linker METTL16 mutants, and CRISPR 
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proteins.   Precursor ion m/z tolerance was ±10 ppm and fragment ion m/z tolerance: ±0.6 Da with 

three missed cleavages allowed. The search results were filtered by a 1% false discovery rate 

(FDR) at the peptide-level. Strict parsimony was used to group peptides to proteins.  Label free 

quantification was carried out using MS1 precursor intensity. Intensities were normalized to both 

the average intensities and the distribution width of the intensities within the sample. Relative 

abundances for low sampling proteins were determined via imputation 208. Assuming a normally 

distributed population and unequal variance between the control and experimental values, we used 

a Welch’s two sample two-tailed t-test in GraphPad Prism and considered all proteins with a p-

value ≤0.05 to be statistically significant. 

EdU Flow Cytometry Assay 

Once cell lines were established and expressions verified, cells were plated at 0.5x106 cells 

in a 10cm dish and allowed to attach overnight. The next day, 10 µL of 10mM EdU (Click-iT Plus 

EdU Alexa Fluor 488 Flow Cytometry Assay Kit, Invitrogen) was added to each culture and 

incubated at 37°C for 1 hour, after which media was replaced with fresh and were incubated for 

another 3 hours. Cells were then lifted with 1 mL 0.05% Trypsin, quenched with media, collected, 

and washed once with 1% BSA (Fisher Bioreagents) in 1x DPBS. Cells were then fixed and stained 

using the Click-iT kit contents and DAPI (Invitrogen) according to manufacturer protocols. Cells 

were analyzed for fluorescence with the Cytek Aurora Flow Cytometer using SpectroFlo and 

FlowLogic software for analysis.  
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Table 3.1: Antibodies used in this study 

Product Vendor Catalog # Dilution 

Anti-Lactate 

Dehydrogenase 

Santa Cruz 

Biotechnology 

sc-133123 1:250 (WB) 

Anti-Lamin B 

Santa Cruz 

Biotechnology 

sc-6216 1:200 (WB) 

Anti-METTL16 Bethyl Laboratories A304-192A 1:2000 (WB) 
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Table 3.2: PCR primers used to produce mutations in METTL16 sequence-containing 

plasmid 

METTL16 

Mutant 

Site-Directed Mutagenesis Forward 

Sequence 

Site-Directed Mutagenesis Reverse 

Sequence 

CRISPR-

Resistant  
caacctcaacGGAAGAGTGAGCCTTAATTTTAAAG atttgcacgtgCTGCTTAAAATCTGGATATTTG 

N-terminal 

RNA binding  
aatgcatacgcggacgcaCCTCCTGACTTTGCATATCTG tgctgcatgcattgatgcACTCAGAGCCATGGCGAT 

PP185/186AA 

Methylation  
CATGTGCAACgcagccTTTTTTGCCAATC CAAAAGTCATAGATTATCTCAGATTC 

N184A 

Methylation  
TTGCATGTGCcgcCCTCCCTTTTTTG 

AAGTCATAGATTATCTCAGATTCTTC 

 

Δ-Linker  
GGAGTGGCCGGACAGTAC 

 

CTTTTTCTCTTCCAAGGCCTGAATG 
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Table 3.3: Plasmids and guide RNA sequences used in this study 

Plasmid gRNA sequence Catalog # 

Scrambled CRISPR GGCTTCGCGCCGTAGTCTTA CS-CCPCTR01-CG12-01-10 

METTL16 CRISPR CATGTTCAGATAAATCTGAA CS-HCP218894-CG12-3-10-A 

METTL16 ORF - RC208648 
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Table 3.4: Real-time PCR primers used in this study 

Gene Forward (5'-3') Reverse (5'-3') 

ATXN10 GATACGATTGGTGTTGCTGTTG GTCTATTGTTTGGGTGCATGC 

CCND1 CATCTACACCGACAACTCCATC CGGATGATCTGTTTGTTCTCCT 

CDKN3 CCCAAACCTTCTGGATCTCTAC TATGGAGGACTTGGGAGATCT 

GPR50 GAATACCCACCGGCTCTAATC TCTTCGTGGTCAGTCTCTCT 

MALAT1 GAATTGCGTCATTTAAAGCCTAGTT GTTTCATCCTACCACTCCCAATTAAT 

MAT2A CTGCTGTTGACTACCAGAAAGT GCTACCAGCACGTTACAAGT 

MYC GCTGCTTAGACGCTGGATTT GAGTCGTAGTCGAGGTCATAGTT 

PNPLA4 CGTTGGTTGCTTCTGTTCTG GACTAAGAAGTGGGATGGAGTC 

RHO D GCAGGGCAAGATGACTATGA CAAGAAGGTACCCATCATCGT 

RTRAF ACAGGATGCAGTTGCTAAGG TAGCTCTCTGAGCTCCTCTATG 

U1 CCATGATCACGAAGGTGGTTT ATGCAGTCGAGTTTCCCACAT 

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 

UBE2C GCAGTTGCAGTCGTGTTCTC TACAGCAGGAGCTGATGACC 

  



 

Chapter 4: 

Discussion: Widespread Effects of METTL16 on Cells  
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The work shown in this dissertation furthers the currently limited knowledge of 

METTL16’s function in and essentiality to human cells, both through and beyond m6A RNA 

modification. As m6A has gained appreciation for its role in fine-tuning RNA (and subsequently 

protein) expression, a number of diseases have been associated with its 

aberration17,20,31,164,180,182,209. Attenuation or correction of m6A levels in affected cells is the goal 

of many potential therapies for these diseases. The association has led to a large interest in the 

enzymes and conditions that influence the modification process. While one of the known human 

m6A mRNA methyltransferases (METTL3/14) has been extensively studied, the other 

(METTL16) has not been investigated except within the last few years. In aiding the investigation 

into METTL16’s function, this project has proven METTL16 effects changes in cellular pathways 

within and outside of m6A RNA modification. 

 

METTL16 Localization in Human Cells 

 mRNA is produced in the nucleus of the cell with transcription machinery, however before 

it is sent to the cytoplasm for translation, it undergoes several changes known as post-

transcriptional modifications. Post-transcriptional modifications include processes such as 

polyadenylation, splicing, 5’ capping, and m6A modification. It follows that all the cellular 

machinery needed for these processes would be located in the nucleus. When METTL16 was first 

investigated, it was indeed found in the nucleus by several groups. In our 2020 study of METTL16, 

we used plasmids and siRNA to overexpress and knockdown METTL16 expression in human cells 

to observe changes in RNA binding and expression. When we received some interesting results, 

we utilized biochemical cell fractionation and immunocytochemistry to confirm METTL16 
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protein was still nuclear, and we unexpectedly saw METTL16 in both in the nucleus and 

cytoplasm. Even though it has never been proven that m6A modification does not occur in the 

cytoplasm, all other post-transcriptional modification machinery (as mentioned previously) has 

only been observed in the nucleus. Among the interesting results mentioned, we found METTL16 

significantly bound several ribosomal RNAs. Ribosomal RNA is also known to contain m6A 

modification68,210, however the majority of rRNA is found in the cytoplasm in the ribosome 

complex. These together was our first definitive evidence that METTL16 has a cellular role outside 

of the nucleus, and probably outside of m6A modification. Furthermore, it was this discovery that 

enabled the m6A methyltransferase community to widen their scope of potential METTL16 

functions. In fact, only two years later, a study confirmed our localization findings and showed 

METTL16 recruiting RNA to the cytoplasmic ribosomal machinery186. It further demonstrated that 

this translation promotion accounts for some of the oncogenic effects presented in hepatocellular 

carcinoma cases. While it demonstrated the methyltransferase domain of METTL16 was crucial 

for the translation role, the RNA binding domains were not included in their mutagenic studies. 

Therefore, it is possible that other responsibilities of METTL16 in the cytoplasm or nucleus have 

yet to be discovered. 

 

Aberrant Expression of Human METTL16 

 There are several reports stating that METTL16 protein expression is correlated with a 

poor cancer prognosis103,105,106,108,109,199,203,211,212. It seems that whether the poor prognosis is 

associated with high or low expression of METTL16 is dependent on the tissue type afflicted. 

Right before this dissertation was completed, one study demonstrated METTL16 protein could be 
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phosphorylated by ATM, which in turn displaces RNA bound in METTL16’s N-terminal RNA 

binding domain213. This led to higher occurrence of homologous recombination in response to 

DNA damage, which is favorable in cancerous cells, since they are known for having chromosomal 

instability leading to widespread gene mutations. While this may explain one of METTL16’s 

tumor-suppressive roles, it does not explain the oncogenic role(s). Taken with other hints of 

METTL16’s cancer relations, this has attracted research into METTL16’s potential 

oncogenic/tumor-suppressive effect on the cell. In chapter three, it was shown the N-terminal and 

PP185/186AA (our null model) mutations of METTL16 significantly affected cell cycle 

occupancy, meaning METTL16 is involved in the cell cycle process. We also found several RNAs 

bound to METTL16 which have a role in cell cycle progression, such as CDKN3, MAT2A, and 

RTRAF. Because RTRAF is involved in regulating transcription, aberrant expression could 

encourage cell growth beyond what is needed by the organism. MAT2A dysregulation could 

supplement the growth by producing more methionine for protein production and RNA regulation. 

Furthermore, excessive CDKN3 could contribute to bypassing the G1/S checkpoint, all of which 

could result in unrestricted cell replication, allowing mutations in DNA to occur and accumulation 

of cells. Together, our results begin to elucidate how METTL16 could contribute to cancer 

formation and progression.  

We also saw several RNAs which bound METTL16 or showed expression level changes 

with METTL16’s aberration that are involved in other pathways such as calcium signaling, 

intracellular trafficking including cytoskeletal reorganization, and metabolism. In preparation of 

this dissertation, a study published results showing they also saw changes in intracellular 

trafficking upon METTL16 knockout214. The changes seen in a multitude of pathways reveals the 

potential for METTL16 to be involved in promoting multiple diseases. Regulation of calcium 
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storage and levels in cells affects stress response, neuronal and muscular signaling, and energy 

production. The most notable diseases associated with calcium signaling are neurodegenerative 

diseases such as Alzheimer’s and Parkinson’s diseases. Intracellular trafficking (which includes 

membrane localization, protein localization, and organelle trafficking) dysregulation can also 

result in neurological disorders such as anxiety, schizophrenia, and parkinsonism215. Metabolic 

disorders often result in early cell death either from toxic buildup of unprocessed molecules or 

lack of proper nutrients for cell function. From our results, we propose further studies into these 

types of diseases take METTL16’s effect on cells into account. 

 There are several explanations for the widespread changes observed in RNA and protein 

expression when METTL16 is mutated, and it is possible that more than one explanation is 

accurate. U6 snRNA was the first RNA determined to be m6A modified by METTL16112, and 

subsequent studies have shown that this modification fine-tunes the splicing of mRNAs directed 

by U6124,132. If U6 RNA does not become methylated, or even only some but not all become 

methylated, the splicing outcome directed by U6 will be skewed. Since U6 directs splicing in a 

plethora of RNAs, this change in processing could have extensive effects on cellular mRNA and 

the resulting proteins that are produced. It is my expectation, however, that a global change in 

splicing would result in more changes in expression than we see with our proteomics and RNA 

sequencing results. Adversely, it is known that expression of U6 is essential for cell survival130, 

but it is not yet proven that the m6A modification in U6 is part of that essentiality, although splicing 

changes have been seen when it is lacking60. Furthermore, our mutations of METTL16 did not 

reflect significant changes in binding to U6, even when RNA binding was affected with every 

other RNA tested. This suggests that METTL16 binds to U6 in an additional m6A-independent 

way. Whether or not this is the case, we can safely predict changes in splicing due to the 
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METTL16-driven U6 snRNA modification which could underly some of the expression changes 

we observed. 

 Another explanation for the expression changes due to METTL16 mutation is the effect on 

MAT2A. MAT2A mRNA is m6A-modified by METTL16 which partially regulates the protein 

expression of MAT256,81, the enzyme responsible for producing the methyl-donating molecule 

(SAM) used in almost all cellular methylation reactions216. It follows that changes in the regulation 

of this RNA could result in a change in accessibility of SAM for methylation reactions, including 

m6A methylation. This would not only affect m6A modification, but almost all other methylation 

reactions needed to maintain cell functions and homeostasis. Once again, it is my expectation that 

affecting MAT2A levels enough to induce large-scale methylation changes would result in more 

expression changes than we see, and perhaps even cell death. MAT2A expression is regulated by 

other methods in addition to METTL1696. This is illustrated by the lack of change in MAT2 protein 

expression (via proteomics analysis) when METTL16 was mutated. 

 Because METTL16 was shown to recruit RNA to translation machinery in the 

cytoplasm186, another potential reason for the widespread expression changes with METTL16 

mutation may be due to the attenuation or lack of this recruitment. As mentioned previously, 

METTL16 knockout was shown to attenuate proliferation, invasion, and translation efficiency in 

hepatocellular carcinoma186. However, in a previous chapter, it was mentioned that either 

upregulation or downregulation of METTL16 could correlate with oncogenicity depending on the 

tissue-type afflicted103,105–107,109,185–188,198,200–203,211,212. The cell line utilized in this study is an 

embryonic human kidney cell line with neuronal properties. While the lack/attenuation of RNA 

recruitment for translation may be the reason for the widespread expression changes seen, it is 
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interesting to note that we saw widespread changes between the different METTL16 mutants. 

From the RNA sequencing and proteomics data, we observed prominent cell cycle changes in the 

PP185/186AA null and N184A models, but not much in the N-terminal mutant and Δ-Linker 

models. We saw cell trafficking changes in the PP185/186AA null, N184A, and Δ-Linker models, 

but not in the N-terminal mutant. Furthermore, we saw Ras/MAPK signaling changes in the 

PP185/186AA null and N184A models, but not in the N-terminal mutant or Δ-Linker models. All 

of this points to effects on the cell being dependent on the type of mutation in METTL16. If 

recruitment to the translation machinery was the main cause, we would most likely see similarities 

between the RNA-binding mutants, which is not what the results show. Some of the changes could 

be a secondary cellular response to functionally losing one of METTL16’s protein domains. 

Luckily, there does seem to be overlap in the overall processes affected by METTL16 between the 

hepatocellular carcinoma and the embryonic kidney cells. Three mRNA targets of METTL16 

(CDKN3, RTRAF, and MAT2A) have been associated with liver cancer205, and METTL16’s 

protein expression itself is correlated with the cancer prognosis106,186,197. More studies with a 

variety of cell types would help bridge the different reactions the cell has to METTL16 

loss/mutation, and correlation of those changes to the genetic profile of the cancer seen in that 

specific cell type, is key to fully understanding METTL16’s impact in cancer and other diseases. 

 Regardless of the mechanism(s) by which it is acting, the studies in this document solidify 

the implication of METTL16 in a variety of diseases. Cellular pathways compiled from the 

proteomics of other aberrant-METTL16-expressing cell studies has correlated well with those in 

chapter three. The most implicated pathways include cell cycle, intracellular transport/microtubule 

organization, RNA processing and metabolism, and catabolic metabolism. Cell cycle and catabolic 

metabolism pathways are prominently disrupted in cancerous cells, potentially explaining why 
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METTL16 seems to significantly contribute to the prognosis of a variety of cancers. However, 

there are many other diseases that utilize these pathways, ranging from neurodegenerative diseases 

and cardiomyopathies to developmental and circadian rhythm disorders. As METTL16 has been 

successfully removed from embryonic kidney cell cultures186, it is likely that other dysregulations 

would need to occur with aberrant METTL16 expression for these diseases to present. Still, now 

that several studies have come to these same conclusions, METTL16 can be explored in diseases 

in these pathways as a potential therapeutic alongside others. 

 

RNA Binding Targets of Human METTL16 

Before the discovery of METTL16’s recruitment of RNA to ribosomes, METTL16 was 

considered only to be an m6A RNA methyltransferase, and only a few RNAs seemed to be targets. 

With each study about METTL16 published, it seemed almost any RNA could bind METTL16 (to 

at least a small extent), some of which were never shown to contain an m6A modification55,58. 

Furthermore, correlation among datasets showing RNAs bound to METTL16 and RNA expression 

changes with METTL16 knockdown/knockout showed very little overlap. Right before the 

translation discovery, the structure of the C-terminal of the human METTL16 protein was finally 

solved and identified as a second RNA binding domain53. Since the translation discovery, the focus 

on METTL16 has shifted to involvement with protein synthesis, but the requirements of the RNA 

to be bound and recruited by METTL16 has not been thoroughly investigated. It is our belief that 

both RNA binding domains restrict the RNAs that METTL16 can bind. From x-ray 

crystallography, it has been shown that the N-terminal RNA binding domain forms a groove that 

can accommodate a double stranded RNA form, most likely in a hairpin since the groove is not 
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open-ended59. From both homology and crystallography, it has been determined that the C-

terminal RNA binding domain forms a clamp-like structure which is also predicted to bind double-

stranded RNA53. While most RNAs adopt a secondary structure with stems and hairpins, it is clear 

from our studies that METTL16 does not bind all RNAs. Therefore, while the association with 

translation is exciting, continued studies into the specific RNAs bound (or the requirements set by 

METTL16’s structure for RNA binding) are crucial. 

Chapters two and three of this dissertation have identified RNAs that both do and do not 

show significant binding to METTL16, which not only implicates METTL16’s role in the RNAs’ 

associated pathways but contribute to the evidence needed to understand METTL16 RNA binding. 

Immunoprecipitation with the mutated METTL16 proteins in chapter three illustrates a binding 

pattern. Compared to the wild-type transgenic METTL16, the N184A methylation mutant only 

showed a significant decrease in binding to MAT2A RNA. In contrast, a previous study showed a 

longer binding time to MAT2A when METTL16 was unable to methylate it56. The previous study 

was performed in live cells, whereas our immunoprecipitations were not, however all cell contents 

(including SAM) were available to METTL16 in the immunoprecipitation experiment. It is 

possible that our mutation changed the protein structure of METTL16, however we saw no 

significant difference in binding to any other RNA target, including U6, which argues against this 

explanation. It is also possible that, out of the RNAs we found bound, METTL16 only methylates 

U6 and MAT2A. Because the VCR region shows structural homology to TUT153, which uridylates 

U683, it could be that the C-terminal RNA binding domain binds well enough to U6 to overcome 

the N184A mutation’s effect on binding in the methyltransferase region. Further studies are needed 

to confirm these potential explanations. 
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The PP185/186AA transgenic METTL16 methylation mutant unfortunately could not be 

used in the RNA immunoprecipitation studies since we could not maintain its expression in cells. 

We were able to produce the cell line and confirm the expression of the protein, however 

subsequent culturing continually led to loss of detection. Although another study published this 

METTL16 mutant as showing no changes in RNA binding56, we believe the lack of function of 

this protein in vitro led to the rapid loss of its expression. This, however, became an opportunity 

for us to observe cells without METTL16 expression, given that our previous attempts at its 

removal from the genome were unsuccessful. Therefore, while we were unable to obtain RNA 

binding information on this mutant METTL16, we arguably received a better opportunity since we 

were able to produce another METTL16 methylation mutant (N184A) while maintaining this line 

as an extreme aberration of METTL16 expression. 

The C-terminal RNA binding transgenic METTL16 mutant bound almost every RNA we 

probed significantly better than the wild-type transgenic METTL16. This gain of function was 

surprising, because we postulated the disordered region (the linker region) that we deleted was 

necessary for the dynamic motion of RNA binding and unbinding. It seems that rather than 

prohibiting RNA binding, we prohibited dynamic motion that would have otherwise restricted 

close contact with the RNA. The linker region of the protein shows low conservation in sequence 

and size, solidifying the evidence of its lack of function in aiding RNA binding. It is important to 

note that we observed better binding with this mutant to RNAs that do not seem to even be 

METTL16 targets. The RNA sequencing and proteomics results from the cell line containing this 

METTL16 mutant were studied as the effect of METTL16 binding too well on cell processes. One 

result of this comparison revealed only the Δ-Linker mutant seemed to significantly affect protein 

expression of RNA transcription/processing and glucose metabolism pathways. In contrast, both 
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the Δ-Linker and PP185/186AA models reflected cell cycle and calcium signaling pathway protein 

changes. Comparing the results from the Δ-Linker mutant to those in our PP185/186AA mutant, 

which we regard as a METTL16 null line, gives an accurate spectrum of consequences from 

METTL16 not binding RNA to binding too much. 

Regardless of METTL16 mutation, we identified several new RNA binding targets of 

METTL16, including HIF1a, MYC, NT5DC2, ATXN10, CDKN3, PNPLA4, and RTRAF. We 

have significantly expanded the number of RNAs known to interact with METTL16 from three 

(MAT2A, MALAT1, and U6) to ten. It is our hope that these studies have revealed METTL16’s 

versatility from the once restricted guidelines once set upon it. 

 

Future Directions  

 Further mutations in the METTL16 protein will help determine which RNA binding 

domain is responsible for binding which RNA. Our current evidence leads us to believe that certain 

RNAs are bound better by one domain over the other. It would be interesting to see the effect of 

RNA binding when the C-terminal RNA binding domain is mutated to a true loss-of-function. 

Furthermore, mutating both RNA binding domains would serve as a control to confirm 1) no other 

region of METTL16 is responsible for RNA binding, and 2) a negative control for RNAs that use 

one or both known RNA binding domains. 

 Future studies are needed to prove whether the RNAs bound to METTL16 are methylated 

by METTL16 as well. Since it has been determined METTL16 recruits RNA to other ribosomal 

proteins186, it is very likely that not all RNAs bound will contain an m6A deposited by METTL16. 
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RNAs bound to another protein which complexes with METTL16 could be mistaken as an RNA 

target in immunoprecipitations. It is also important in these studies to eliminate detection of m6A-

modified RNAs which were modified by a methyltransferase other than METTL16. Since 

METTL16 does not have a definitive consensus sequence, the RNAs bound to METTL16 should 

first be isolated. These RNAs could be identified at this stage, in vitro synthesized, and then 

subjected to a methylation reaction with only the METTL16 methyltransferase available. 

Methylation reactions with METTL16 are still in their infancy since only 2 RNAs have been 

verified as targets for m6A methylation which currently restricts the knowledge of preferred 

conditions for all elements to optimally react. Using the current METTL16 methylation studies 

will provide a starting guide. 

 

Conclusions 

 Overall, the results from this dissertation have provided progress and revealed 

discrepancies in the m6A and METTL16 field. We have shown widespread effects on human cells 

when METTL16 was mutated. These included cancer-promoting effects, with which METTL16 

has been thoroughly associated, however we also saw effects on pathways not yet associated with 

METTL16 involvement. Pathways affected include cell cycle progression, metabolism, 

intracellular transport and microtubule organization, and RNA processing. More in-depth 

experiments verified binding of known RNA targets of METTL16 but also identified new RNA 

targets. In the infancy of METTL16 research, it was assumed that METTL16 was only localized 

to the nucleus and could only interact with a limited number of RNAs that fell into a strict 

consensus sequence and secondary structure group. Not only has this project revealed METTL16 
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is located throughout the cell, but it has also consistently shown interaction of METTL16 with a 

variety of RNAs, relieving the stringent requirements previously set.  
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