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Cathrine Broberg Vågbø, David Homolka,

Ramesh S. Pillai

Correspondence
ramesh.pillai@unige.ch

In brief

Mammalian RNA cap-proximal ribose

methylations are implicated in preventing

the activation of the interferon pathway.

Dohnalkova et al. reveal that loss of the

mouse RNA methylases CMTR1 and

CMTR2 causes embryonic

developmental arrest without activation

of the interferon pathway, pointing to

gene regulatory roles.
ll

mailto:ramesh.pillai@unige.ch
https://doi.org/10.1016/j.celrep.2023.112786
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112786&domain=pdf


Report

Essential roles of RNA cap-proximal
ribose methylation in mammalian
embryonic development and fertility
Michaela Dohnalkova,1 Kyrylo Krasnykov,1 Mateusz Mendel,1 Lingyun Li,1 Olesya Panasenko,2 Fabienne Fleury-Olela,1
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SUMMARY

Eukaryotic RNA pol II transcripts are capped at the 50 end by the methylated guanosine (m7G) moiety. In
higher eukaryotes, CMTR1 and CMTR2 catalyze cap-proximal ribose methylations on the first (cap1) and
second (cap2) nucleotides, respectively. These modifications mark RNAs as ‘‘self,’’ blocking the activation
of the innate immune response pathway. Here, we show that loss of mouse Cmtr1 or Cmtr2 leads to embry-
onic lethality, with non-overlapping sets of transcripts being misregulated, but without activation of the inter-
feron pathway. In contrast, Cmtr1 mutant adult mouse livers exhibit chronic activation of the interferon
pathway, with multiple interferon-stimulated genes being expressed. Conditional deletion of Cmtr1 in the
germline leads to infertility, while global translation is unaffected in the Cmtr1mutant mouse liver and human
cells. Thus, mammalian cap1 and cap2modifications have essential roles in gene regulation beyond their role
in helping cellular transcripts to evade the innate immune system.

INTRODUCTION

RNA polymerase II transcripts receive a 50 methylated guanosine

(m7G) cap that is attached via an inverted 50–50 triphosphate link-

age to the transcriptionstart site (TSS) nucleotide.1–7Them7Gcap

is required for translation8 and RNA stability.9 This minimal cap

structure termed cap0 (m7GpppN, where N is the TSS

nucleotide) is found in lowereukaryotes like yeast. Inhigher organ-

isms, the TSS nucleotide is 20-O-methylated on the ribose

by CMTR1 to create the cap1 structure (m7GpppNm),10 with

most of m7G-capped RNAs having this methylation.11 Another

mammalian ribose methylase CMTR2, modifies the second

cap-proximal nucleotide to create the cap2 structure

(m7GpppNmpNm),12which is foundonapproximately50%ofpol-

yadenylated RNAs in human cell cultures.1,4,13 When the TSS

nucleotide is an adenosine (which is usually an Am due to cap1

methylation), mammalian PCIF1 catalyzes base methylation (N6-

methyladenosine, m6A) to create the m6Ammark11 (Figure 1A).

Cap-proximal ribose methylations prevent cellular RNAs from

activating the innate immune response pathway.14 Vertebrate

cells have a system of cytosolic sensor proteins15,16 that recog-

nize molecular features on bacterial and viral nucleic acids to

trigger production of secreted cytokines like interferons.17 The

interferons in turn initiate the production of a large set of inter-

feron-stimulated genes (ISGs) in the infected cell and those

nearby to create an anti-pathogenic environment.18 Cap0 is

one such ‘‘non-self’’ molecular feature that is recognized by

the host innate immune sensors like RIG-I19 and MDA5.20 The

presence of cap-proximal ribose methylations on RNA sub-

strates reduces binding and, as a consequence, interferon

pathway activation, as the methyl group clashes with a

conserved histidine (H830) in RIG-I.21–23 Cap-proximal ribose

methylations also protect cellular mRNAs from the negative

effects of ISGs like IFIT1 (interferon-induced protein with tetratri-

copeptide repeats 1), which is a potent translation repressor that

binds cap0 RNAs.24–26 First- or second-position methylation

alone can individually reduce binding of IFIT1 to the capped

RNA, but cap2 (both first- and second-position methylations)

has the strongest inhibitory effect.24 Consistently, knockdown

of host CMTR1 in mammalian cells triggers expression of

ISGs, presumably because of the unmethylated cellular cap0

RNAs being sensed as ‘‘non-self.’’21,27 Similarly, transfected

RNAs with a second-position ribose methylation are identified

as ‘‘self.’’28 In line with this, CMTR2 KO human HEK293T cells

show mild activation of the interferon pathway in an RIG-I-

dependent manner.13 It should be noted that the capacity to

sense ‘‘non-self’’ RNAs is not a universal attribute of all cell

types.17
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Cap-proximal methylations also have a role in cellular gene

expression. CMTR1 is nuclear and uses its WW domain to asso-

ciate with the C-terminal domain (CTD) of RNA pol II.29 In fact,

CMTR1 is found on the TSS of most RNA pol II genes in mouse

embryonic stem cells (mESCs) and is required for the transcrip-

tion of ribosomal protein and histone genes.30 Knockout of

mouse Cmtr1 leads to embryonic lethality, while conditional

deletion inmouse brain affects dendritic morphogenesis.31 Inter-

estingly, fly Cmtr1 and Cmtr2 act redundantly as the cap1 meth-

ylase but act on a distinct set of transcripts, with the double

mutant flies showing reward-learning defects.32 Here, we sought

to investigate the tissue-specific roles of CMTR1 and the physi-

ological relevance of CMTR2 using mouse mutants.

RESULTS

Loss of mouse Cmtr1 leads to embryonic arrest without
activating the interferon pathway
To investigate the physiological importance of RNA cap1methyl-

ation (Figure 1A), we examined a Cmtr1 knockout mouse mutant

(STAR Methods and Figure S1A and S1B). Heterozygous

Cmtr1+/� animals of both sexes are viable and fertile. Crosses

between heterozygous individuals resulted in litters that only

had wild-type and heterozygous animals at weaning age (Fig-

ure 1B), indicating pre-weaning lethality, as previously reported

for a gene-trap allele of Cmtr1.31 We isolated embryos at

different post-implantation stages and identified them by geno-

typing (Figure S1C). HomozygousCmtr1�/� embryos (hereafter

referred to as the Cmtr1 mutant) were present at Mendelian ra-

tios at embryonic day 6.5 (E6.5) and E7.5 (Figure 1C), but they

were mostly not detected beyond E8.5, with many turning up

dead (Figure S1C). The Cmtr1 mutant embryos are morphologi-

cally indistinguishable from the control wild type at E6.5 but are

dramatically reduced in size at E7.5, indicating arrested develop-

ment (Figure 1D).

We sequenced transcriptomes from wild-type and Cmtr1

mutant embryos at E6.5 and E7.5. Lack of CMTR1 activity is

expected to result in host RNA pol II transcripts being unmethy-

lated on the ribose of the first transcribed nucleotide, and such

‘‘non-self’’ cap0 RNAs should normally trigger the interferon

pathway.19–21 Strikingly, there was a complete absence of acti-

vation of the interferon pathway genes (Figure 1E and

Table S3). Explaining the absence of the interferon pathway acti-

vation, a survey of embryonic transcriptomes shows that the

different innate immune sensor genes are not expressed in the

E6.5 and E7.5 embryos (Figures 1F and S1D). The lethality of

Cmtr1 mouse embryos shows that cap1 RNA methylation has

an essential role in early mouse embryonic development, and

this is unrelated to its function in preventing activation of the

innate immune pathway.

snoRNA host genes are downregulated in the Cmtr1

mutant embryos
Mouse gastrulation initiates with the formation of the primitive

streak at E6.5, through which epiblast cells ingress before being

allocated as precursors of the two primary germ layers: the

mesoderm and the definitive endoderm.33 We used the bulk

sequencing data to project information on possible cell compo-

sition in the embryos (STAR Methods). This reveals a downregu-

lation of gene expression representative of the primitive streak

and the mesoderm in the mutant embryos and upregulation of

endoderm genes (Figure S1E). Of the over 200 genes altered in

the E6.5 mutant embryos, several downregulated genes are

those annotated as small nucleolar RNA (snoRNA) host genes

(Snhg12, Snhg8, Snhg5 and Snhg4) (Figure 1E). Another down-

regulated gene is the long noncoding RNA Zfas1,34 which is a

regulator of epithelial-mesenchymal transition and a snoRNA

host gene (for snord12). Other downregulated genes include ri-

bosomal protein 20 (Rsp20) and the translation factor eIF4A2,

both of which contain intron-encoded snoRNAs. Interestingly,

multiple gene copies of the U3 snoRNA (Rnu3b1, Rnu3b3)

show the opposite trend by being upregulated. Unlike the

intron-resident snoRNAs, the U3 snoRNA is encoded from an

snRNA-type poll II gene that expresses an independent longer

precursor form of the RNA.35

snoRNAs guide modifications of ribosomal RNAs (rRNAs)36,37

and spliceosomal small nuclear RNAs (snRNAs).38 Mammalian

snoRNAs are mostly hosted within introns of protein-coding or

long noncoding RNAs. Proper splicing and liberation of the in-

trons for further processing of the snoRNA is critical for their

biogenesis.39,40 RNA splicing is influenced by the presence of

the m7G cap structure and the proteins that bind it.41–43 Howev-

er, quantification of intronic reads from snoRNA host genes did

not reveal any striking differences in the Cmtr1mutant transcrip-

tomes (Figure S1F). Analysis of global splicing events also did

not reveal any dramatic changes in the mutant embryos

Figure 1. Embryonic lethality in the Cmtr1 mutant mice and downregulation of snoRNA host genes
(A) Chemical structure of the 50 N7-methylated guanosine (m7G) cap and cap-proximal ribosemethylations. TSS, transcription start site nucleotide. Phenotypes of

the mouse knockouts of the enzymes involved are indicated.

(B) Genotypes of animals (at the weaning age) born from heterozygous Cmtr1mouse crosses. Numbers of animals (also given as a percentage) are shown. WT,

wild type; HET, heterozygous; KO, homozygous knockout. See also Figure S1C.

(C) Genotypes of mouse embryos (shown as percentage) at indicated embryonic days obtained from heterozygous Cmtr1 mouse crosses.

(D) Cartoon showing mouse embryonic development with the stage at which Cmtr1 knockout embryos arrest indicated by a red line. Representative wild-type

and Cmtr1 KO embryos at different stages are shown. Notice the degeneration of KO embryos from E8.0 onward.

(E) Volcano plots of differential gene expression between Cmtr1 KO and wild-type in E6.5 and E7.5 mouse embryos. snoRNA host genes are highlighted in red.

Absolute log2 fold change (log2FC) cutoff = 1, adjusted p value (padj) cutoff = 0.05.

(F) Boxplot showing expression of selected innate immune sensors from publicly available transcriptome datasets from different mouse embryonic stages. See

also Figure S1D.

(G) Comparison of several alternative splicing (AS) events between wild-type and Cmtr1 KO E6.5 and E7.5 embryos. Delta percent spliced-in (dPSI) score was

computed as a difference betweenCmtr1KO andwild-type PSI scores per AS event. AF, alternative first exon; SE, skipped exon; A3, alternative 30 splice site; A5,
alternative 50 splice site; RI, retained intron; AL, alternative last exon; MX, mutual exclusion. Further details are in the STAR Methods. See also Figure S1F.
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Figure 2. Mouse Cmtr1 is essential for germline development and fertility

(A) Strategy for generating conditional knockout (cKO) deletion of Cmtr1 in the mouse germline by deleting the coding exon3 using the Mvh-Cre line. See also

Figure S2A.

(B) Atrophied mouse testes in the Cmtr1 cKO (Cmtr1-/loxP;Mvh-Cre+/�) vs. control (Cmtr1+/loxP;Mvh-Cre+/�) mice. Scale bar for 2 mm is indicated.

(C) Histological analysis using hematoxylin and eosin staining ofCmtr1 cKO and control mouse testes at different indicated postnatal stages. Scale bar for 50 mm

is indicated.

(legend continued on next page)
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(Figure 1G). In conclusion, the limited expression changes in

E6.5 Cmtr1 mutant embryos, including that of several snoRNA

host genes, leads to large-scale changes in the E7.5 embryos

causing the mid-gastrulation arrest.

Mouse CMTR1 is essential for fertility
To study the role of CMTR1 in the mouse germline, we obtained

the conditional KO mice, where deletion in the germline is

achieved by the germline-specific Mvh-Cre line (Vasa-Cre)

(Figures 2A, S2A, and S2B and STAR Methods). Germline-spe-

cific expression of the Mvh-Cre starts from embryonic day

E14.5, ultimately creating the Cmtr1 conditional knockout mice

(Cmtr1loxP/-; Mvh-Cre, cKO). When Cmtr1 cKO adult (>60 post-

natal days, P60) males were crossed with wild-type females,

no litters were obtained, indicating male infertility. Examination

of testes from adult (P75) cKO males shows that they are highly

atrophied when compared to those from control (Cmtr1loxP/+;

Mvh-Cre) littermates (Figure 2B). Histological examination

shows that seminiferous tubules in the adult cKO testes are nar-

row and empty of all germ cells (Figure 2C). In contrast, tubules in

the control testes are large and full of germ cells in all stages of

development during spermatogenesis. Mitotic spermatogonia,

meiotic spermatocytes, post-meiotic haploid round spermatids,

elongate spermatids and sperm are all visible within the control

seminiferous tubules (Figures 2C and S2C). To determine when

the spermatogenic arrest manifests in the cKOmales, we exam-

ined younger mice. Germ cells in the seminiferous tubules of the

control and mutant neonates (P0) are comparable (Figure 2C). In

P31 animals, the seminiferous tubules in the control testes are

large and full of germ cells that have completed meiosis, while

the tubules in the mutant testes are narrow and depleted of

such germ cells (Figure 2C). We propose that germ cells in the

Cmtr1 cKO testes do not survive and are probably removed by

apoptosis.

Mitotic oogonia in the embryonic female germline enter

meiosis at E13.5, and the oocytes are in pachytene stage of pro-

phase I ofmeiosis at birth,44 which is immediately followed by the

diplotene stage when the oocytes start to assemble a multi-cell

layered follicle around them (Figure 2D). Folliculogenesis pro-

ceeds throughmultiple stages with primary follicles having a sin-

gle layer of granulosa cells around the oocyte. Histological ex-

amination of adult ovaries from both the control and the cKO

females reveals oocytes in all the different stages, including

the large mature follicles (Figures 2D and S2D). When cKO

females were crossed with wild-type partners, some produced

litters, while others never had any progeny (Figure 2E). The over-

all number of pups tended to be lower with the cKO Cmtr1

females. We note that conditional deletion of Cmtr1 due to

Mvh-driven Cre expression takes place only from E14.5, once

meiosis is already initiated in the female germline at E13.5, ex-

plaining the low penetrance of the female infertility phenotype.

Taken together, we conclude that CMTR1 is required for sustain-

ing normal germline development and fertility in mice.

Loss of cap1RNAmethylation inmouse liver triggers the
innate immune pathway
The above studies demonstrate that CMTR1 is important for

developmental transitions, with its loss ultimately leading to

death of the embryo or germ cells. CMTR1 is expressed in

most mouse tissues (Figure 3A), and we decided to delete the

Cmtr1 in the adult mouse liver using tamoxifen-activated Cre-

ERT2 that is expressed from the liver-specific albumin promoter

(Alb-CreERT2) (Figures 3B, S3A, and S3B). Conditional knockout

mice (Cmtr1loxP/-;Alb-CreERT2, cKO) and control mice

(Cmtr1loxP/+;Alb-CreERT2) were both treated with intraperitoneal

tamoxifen injections for a period of 4 days (days 1–4), and deple-

tion of CMTR1 in the liver wasmonitored using western blot anal-

ysis 2 days later (Figure 3C). A complete absence of CMTR1 in

the cKO mouse liver was observed (Figure 3C).

Histological analysis indicates an unchanged cellularity in the

Cmtr1 cKO liver (Figure 3D). Transcriptome analysis showed

limited changes, with �100 genes being altered in their expres-

sion (Figure 3E and Table S3). Strikingly, Gene Ontology analysis

identifies an upregulation of transcripts involved in the anti-viral

innate immune response pathway (Figure 3F). A number of

ISGs are upregulated in the Cmtr1 cKO liver (Figures 3E and

3G). Interferon mRNAs themselves are not detected, as they

are usually expressed briefly before being turned off. We

confirmed the induction of one such ISG by western blot anal-

ysis, which shows the specific expression of IFIT1 (interferon-

induced protein with tetratricopeptide repeats 1) in all the

Cmtr1 cKO liver samples (Figure 3C). Analysis of the Cmtr1

cKO mouse liver transcriptome at later time points of 6 days

and 22 days post tamoxifen injection also revealed upregulation

of ISG expression (Figures 3H and 3I). Thus, loss of Cmtr1 in

adult mouse liver can lead to chronic interferon pathway activa-

tion, which is accompanied by further alterations in metabolic

pathway genes (Figure S3C). We note that the interferon-stimu-

lated gene oligoadenylate synthetase like-1 (OASL1) that is

induced in the mutant livers is reported as a negative regulator

of interferon pathway, perhaps preventing tissue damage from

chronic activation of the pathway.45 RNA mass spectrometry

analysis (STAR Methods) of polyA + RNAs from the Cmtr1 cKO

liver (sampled at day 2) confirms a sharp reduction in ribose

methylation on the first nucleotide as represented by reduced

levels of m6Am (Figure 3J). m6Am is a modification that depends

on CMTR1-dependent TSS Am ribose methylation.11,46 We pro-

pose that in the absence of CMTR1, the cellular RNA pol II

ranscripts, which now have the cap0 structure, are sensed as

‘‘non-self,’’ triggering interferon production17 and expression of

the ISGs.47

Loss of CMTR1 does not affect human cell viability and
translation
To examine whether complete loss of CMTR1 is detrimental for

cell survival, we examined a CRISPR-generated CMTR1

knockout human HAP1 cell line (STAR Methods). HAP1 is a

(D) Histological analysis using hematoxylin and eosin staining of mouse ovaries from control andCmtr1 cKO is shown. The cartoon representation of the different

stages of folliculogenesis is shown. Scale bar for 50 mm is indicated. Arrow points to a primary follicle.

(E) Fertility analysis of Cmtr1 cKO females. Boxplots compare total number of litters (left) delivered and total number of progeny (right) per female. Mann-Whitney

test was used to assess differences between wild-type and cKO animals. See also Figure S2D.
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near-haploid cell line derived from the KBM-7 chronic myeloge-

nous leukemia cell line. Complete loss of CMTR1 in these cells

(Figure S4A) leads to complete loss of cap1 methylation (Fig-

ure S4B and STAR Methods). Although cell growth of the KO

cell line was reduced (Figure S4C), this was not due to any

impact on the cell cycle (Figure S4D). We note that reduced

cell growth phenotype is observed in several unrelated mutant

HAP1 cells that we have examined. We observed thousands of

transcripts to be altered in the CMTR1 KO cells but without acti-

vation of the interferon pathway (Figures S4E and S4H–S4I),

probably because the innate immune sensors are not expressed

in this cell line (Figure S4G).

We also examined translation status in the mutant cell line by

ribosome profiling, but only a very few transcripts showed

altered translation in the KO cell line (Figure S4F and Table S4).

Similarly, sucrose-gradient centrifugation of Cmtr1 cKO livers

lysates did not reveal any changes in global translation as

indicated by the largely identical patterns of the expected mono-

some and polysome peaks (Figures 3K and S3D). Ribosome

profiling analysis showed that translation of only a few tran-

scripts is altered (either increased or decreased) in the Cmtr1

cKO liver (Figure 3L and Table S4). IFIT1 binds the cap0 structure

to impair translation by competitively preventing recruitment of

the translation initiation factor, cap-binding protein eIF4E.24–26

However, we did not find any dramatic impact on translation

in vivo. Consistent with a previous report,48 we find that transla-

tion of ISG15 is decreased in the absence of CMTR1 in mouse

livers (Figures 3L–3M). Taken together, we show that loss of

cap1 RNA methylation is not detrimental for translation of most

mRNAs in the mouse liver and human HAP1 cells.

The cap2 methylase CMTR2 is essential for mouse
embryonic development
Next, we obtained amutantmousewhere the entire CMTR2 cod-

ing sequence was deleted (Figures S5A and S5B and STAR

Methods). HeterozygousCmtr2+/�mice are viable and fertile. In-

tercrosses between heterozygous partners did not produce any

homozygousCmtr2�/� knockout (KO) mice (hereafter referred to

as Cmtr2 mutant) in the born litter, indicating pre-weaning

lethality (Figures 4A and 4B). We set up crosses between hetero-

zygous partners and genotyped embryos at different post-im-

plantation stages (Figure S5C). This indicated that Cmtr2mutant

embryos were present at above Mendelian ratios at E6.5 and

E7.5 (Figure 4C). Mutant Cmtr2 embryos recovered beyond

E6.5 were infrequent, reduced in size, and found arrested at a

preceding developmental stage (Figure S5C).

To examine the impact on gene expression in the Cmtr2 KO,

we chose E6.5 embryos that appeared morphologically similar

to the control wild type. We also sequenced embryos isolated

1 day later at E7.5, where the Cmtr2mutant embryos are smaller

than the control (Figure 4D). Sequence analysis indicates that

CMTR2 regulates levels of hundreds of transcripts, most of

which are upregulated in the mutant (Figure 4E and Table S3).

Gene Ontology analysis revealed that genes active in many

different pathways are impacted (Figures S5D–S5G). Similarly,

hundreds of genes are altered in theCmtr2mutant E7.5 embryos

(Figure 4E). Estimation of cell composition changes from the bulk

sequencing data shows that critical cell types required for

normal embryonic development are affected in theCmtr2mutant

(Figure S5H and STAR Methods). Finally, comparison of the

changes in the Cmtr1 and Cmtr2 mutant embryos shows that

the two proteins regulate non-overlapping sets of genes (Fig-

ure 4F). In conclusion, we find that loss of the cap2 RNA meth-

ylase Cmtr2 results in post-implantation lethality in mice, with

most embryos arrested during mid-gastrulation at E7.5.

DISCUSSION

Here we showed that both Cmtr1 and Cmtr2 are essential for

mouse embryonic development. While a role for cap121–23 and

cap213,28 modifications in blocking activation of the innate im-

mune response pathway is established, transcriptome analysis

of the mutant embryos did not reveal signatures of interferon

signaling.We rationalize that this is due to absence of expression

of innate immune sensors at the early developmental time points

(Figure 1F). Indeed, the mid-gastrulation arrest (at E7.5) of Cmtr1

Figure 3. Loss of Cmtr1 in mouse liver activates the innate immune response pathway

(A) Western analysis of CMTR1 in adult (P60) mouse tissues.

(B) Strategy for generating conditional knockout (cKO) deletion ofCmtr1 in the mouse liver using the tamoxifen activable CreERT2. Mice are given daily injections

for 4 days and analyzed 2, 6, and 22 days later.

(C) Western analysis with four biological replicates of liver lysates each from control (Cmtr1+/loxP; AlbCreERT2+/�) and Cmtr1 cKO (Cmtr1-/loxP; AlbCreERT2+/�)
adult mice. TUBULIN is used as loading control. Sex of donor animal is indicated: M, male (blue); F, female (red).

(D) Histological analysis using hematoxylin and eosin staining of mouse liver from control and Cmtr1 cKO.

(E) Volcano plot of differential gene expression in liver using transcriptome sequencing of three to four biological replicates of Cmtr1 cKO and control adult mice.

Type I IFN pathway genes are highlighted in red. Absolute log2 fold change (log2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05.

(F) Gene ontology analysis of the genes upregulated in the Cmtr1 cKO adult mouse liver compared to the control.

(G) Heatmap showing expression changes of the 41 genes involved in cellular response to the type I interferon (GO:0071357) in the control andCmtr1 cKOmouse

liver. Data for the three to four biological replicates are shown. Males (blue) and females (red) are shown in different colors.

(H and I) Volcano plot of differential gene expression betweenCmtr1 cKO and control adult mice from day 6 or day 22 post injection. Type I IFN pathway genes are

highlighted in red. Absolute log2 fold change (log2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05. See also Figure S3C.

(J) PolyA+ RNA fromCmtr1 control and cKO livers was subjected tomass spectrometry. Bar plots combined with boxplots show abundance (number of modified

nucleotides/104 nucleotides) of some of the modifications (Am, m7G, m6A, m6Am). Quadruplicate biological replicates were tested.

(K) Sucrose density gradient (linear 20%–60%) analysis of liver lysates from control and the Cmtr1 cKO adult mouse. Positions of 40S and 60S subunits, 80S

monosomes, and the polysome peaks are indicated. See also Figure S3D for second replicate.

(L) The volcano plot of differential translation efficiency of liver transcripts between Cmtr1 cKO and control mice. Isg15 is highlighted in red. Absolute log2 fold

change (log2FC) cutoff = 0.5, and adjusted p value (padj) cutoff = 0.05.

(M) Normalized coverage tracks of Isg15 counts (rpm) from the merged ribosome-protected fragment (RPF) and input samples. See also Figure S3E.
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and Cmtr2mutant mouse embryos contrasts with the late arrest

seen in the mutant embryos for Adar1 (adenosine deaminase

acting on RNA).49,50 Adar1mutant embryos die due to activation

of the interferon pathway in an MDA5-dependent manner only at

E12.5 to E13.5, a time window when the innate immune recep-

tors start to be expressed (Figures 1F and S1D). This suggests

that cap1 and cap2 modifications have an essential role in

shaping gene expression early during mammalian embryonic

development that is unrelated to their role in marking host

RNAs as ‘‘self.’’

Transcriptome analysis shows that the two proteins regulate

non-overlapping sets of genes (Figure 4F). This points to

distinct RNA targets, which is consistent with the distinct

sub-cellular compartments where the two enzymes act.

A

B

C

D

FE

Figure 4. Cmtr2 is essential for mouse embryonic development

(A) Scheme of embryonic development with lethality in Cmtr2 mutants indicated by a red line.

(B) Genotypes of animals (at weaning age) born out of heterozygous Cmtr2mouse crosses. WT, wild type; HET, heterozygous; KO, homozygous knockout. See

also Figure S5C.

(C) Genotypes of mouse embryos (shown as percentage) at indicated embryonic days.

(D) Pictures of representative wild-type andCmtr2KO embryos at different stages are shown. Themutant embryos start to disintegrate already fromE7.5 onward.

(E) Volcano plots showing differentially expressed genes between Cmtr2 KO and wild-type E6.5 and E7.5 mouse embryos. snoRNA host genes are highlighted in

red. Absolute log2 fold change (log2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05.

(F) Venn diagrams showing lack of overlap in gene expression changes in the Cmtr1 and Cmtr2 KO mouse embryos compared to their wild-type controls.

8 Cell Reports 42, 112786, July 25, 2023

Report
ll

OPEN ACCESS



CMTR1 can co-transcriptionally engage the nascent RNA via

interaction of its WW domain with the CTD of RNA pol

II.29,30 Methylation by CMTR2 on the other hand is reported

to be cytosolic.51 How ribose methylations affect target

gene expression is not clear. Perhaps proteins that bind the

cap structure and sense the proximal nucleotides are influ-

enced by the methylations. However, binding affinity of the re-

combinant human nuclear Cap-binding complex (CBC) for the

m7G cap analog (m7GpppN vs. m7GpppNm) is not influenced

by the cap1 modification.52 Likewise, affinity of the recombi-

nant mouse translation initiation factor eIF4E for the cap

structure is not affected by presence of the cap1 or cap2.28

Nevertheless, analysis using fly nuclear extracts shows an

increased association between the fly CBC component

CBC80 and cap2 RNA, when compared to the cap0 RNA con-

trol.32 It is also known that cap-proximal ribose methylations

can influence cap-binding of factors involved in the innate im-

mune response pathway.21,24–26 Furthermore, protein factors

that interact with the cap methylases may modulate their ac-

tivity or targeting. CMTR1 is shown to interact with the RNA

helicase DHX15 (Figure S4J), with the interaction reducing

RNA methylation activity of CMTR153 or promoting its activity

on RNAs with secondary structures.54

In the case ofCmtr1mutant embryos, we reported downregu-

lation of several snoRNA host genes. We speculate that pres-

ence of cap1 modification might facilitate coordinated process-

ing of the intron-resident snoRNAs and splicing of the intron. It

also remains an exciting possibility that the unavailability of spe-

cific snoRNAs might underlie embryonic arrest phenotype in the

Cmtr1mutant. However, this impact on snoRNA host genes was

not seen in the Cmtr1 mutant liver (Figure S3G) and human

CMTR1 KO HAP1 cells (Figure S4F). While we refer to genes be-

ing regulated as those that are increased or decreased in levels

in the mutant environment, we are unable to precisely determine

the molecular reason for these changes. There are different pos-

sibilities, as CMTR1 is proposed to promote transcription,30 RNA

splicing,55 stability,9 or association with cap-binding factors to

promote RNA localization.32 Our examination of translation in

the Cmtr1 mutant liver (Figures 3K and S3F) and human

knockout cell line (Figure S4F) shows that global translation is

unaffected.

Our Cmtr2 mutant embryo analysis shows that the misregu-

lated genes are distinct from those affected in the Cmtr1mutant

(Figure 4F). Precise mapping of cap2 on transcripts expressed in

humanHEK293T cells shows that transcripts tend to accumulate

the modification without any particular sequence.13 The level of

cap2 is also variable in different tissue and cell types. The same

study concluded that translation and RNA stability were not influ-

enced by the presence of the cap2 modification,13 while another

study showed that presence of cap2 reduces translation of re-

porter mRNAs in some cell types.28 Cap2-modified RNA was

shown to resist recognition by the innate immune sensor RIG-I,

thereby preventing activation of the interferon signaling

pathway13 or by reducing binding of the interferon-stimulated

gene IFIT1, which acts as a translation repressor.24 In conclu-

sion, our study sheds light on a role for cap1 and cap2 methyl-

ation in gene regulation, beyond their role in marking cellular

RNAs as ‘‘self.’’

Limitations of the study
While we described the transcriptome changes in the mutant

embryos, we are unable to say if these are direct effects due to

loss of the respective proteins and due to loss of position-spe-

cific ribose methylations on these RNAs. While we documented

reduced transcript levels of some of the snoRNA host genes in

theCmtr1mutant embryos, we could not evaluate if this affected

the levels of the intron-encoded snoRNAs. We showed that

CMTR1 is essential for germline development as mutant males

are completely infertile, while females display infertility at low

penetrance. However, we do not know if this is due to a direct

role in germline gene expression or due to activation of the inter-

feron pathway, as observed in the conditional Cmtr1 mutant

livers (Figure 2E). Finally, the molecular role of cap2 methylation

in gene regulation and how CMTR2 selects its target RNAs

remain open questions.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CMTR1 Atlas antibodies Cat. No. HPA029980

anti-IFIT1 Cell signaling Cat. No. D2X9Z

anti-TUBULIN Abcam Cat. No. ab6046

anti-PARK7 Abcam Cat. No. ab18257

Rabbit anti-Mouse IgG (H + L) SuperclonalTM

Secondary Antibody, HRP conjugate

Invitrogen Cat. No. A27025

Amersham ECL Rabbit IgG, HRP-linked

whole Ab (from donkey)

GE Healthcare Cat. No. NA934-1ML

Bacterial and virus strains

Top10 N/A N/A

Biological samples

pACEBac2SS-hDHX15 This study 6xHis-Strep-SUMO-TEV- tags on protein

pIDK vector-hCMTR1 This study https://www.snapgene.com/plasmids/

insect_cell_vectors/pIDK

pACEBac2SS-hDHX15-hCMTR1 This study Tagged DHX15 and untagged CMTR1

pACEBac2SS-hCMTR2(15–759 aa) This study 6xHis-Strep-SUMO-TEV- tags on protein

Chemicals, peptides, and recombinant proteins

Sodium deoxycholate Sigma Cat. No. 30968

Complete EDTA-free protease inhibitor Roche Cat. No. 11 873 580 001

TRIzolTM Reagent Invitrogen Cat. No. 15596-026

Trypan blue Sigma Cat. No. 93595-50ML

Propidium Iodide Sigma Cat. No. P4170

Ponceau S Sigma P3504

IMDM Medium Gibco Cat. No. 12440046

Dulbecco’s modified Eagle Medium Invitrogen Cat. No. 21969-035

fetal bovine serum ThermoFisher Cat. No. 10270106

Penicilline/Streptomycin ThermoFisher Cat. No. 15140122

Glutamine ThermoFisher Cat. No. 25030024

Trypsin-EDTA 0.05% ThermoFisher Cat. No. 25300-054

Propidium Iodide Sigma Cat. No. P4170

30% acrylamide (37.5:1) National Diagnostic Cat. No. EC-890

N,N,N0,N0-Tetramethylethylendiamin Merck Cat. No. 1107320100

Tween 20 SIGMA Cat. No. P7949

Amersham Prime Western Blotting

Detection Reagen

GE Healthcare Cat. No. RPN2232

SuperSignal West Femto Maximum

Sensitivity Substrate

ThermoFisher Cat. No. 34095

Pierce ECL 2 Substrate ThermoFisher Cat. No. 1896433A

Phire Green Hot Start II PCR

Master Mix

Thermo Scientific Cat. No. F126L

RNA Ligase 2 NEB Cat. No.M0242S

RNAlater reagent Invitrogen Cat. No. AM7021

SUPERaseIn RNase inhibitor Ambion Cat. No. AM2694

RNase A Sigma R6513

Fetal Bovine serum Gibco Cat. No. 10270

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNAse I RNAse I Cat. No. AM2295

Washing buffer B Thermo Scientific 11900D

Critical commercial assays

MinElute Gel Extraction Kit Qiagen Cat. No. 28604

DynabeadsTM Oligo(dT)25 ThermoFisher Cat. No. 61005

RiboCop rRNA Depletion Kit V2 H/M/R Lexogen Cat. No. 144

RNA Clean and Concentrator kit Zymo Research Cat. No. R1017

AllPrep DNA/RNA/Protein Mini Kit Qiagen ID: 80004

DC Protein Assay (Bio-Rad, Cat. No. 5000112) DC Protein Assay

(Bio-Rad, Cat. No. 5000112)

DC Protein Assay (Bio-Rad,

Cat. No. 5000112)

Deposited data

Deep sequencing datasets This study GEO: GSE235348

All raw gel data will be deposited at Mendeley Data. This study https://doi.org/10.17632/rv9kgtcjpv.1

Experimental models: Cell lines

Hap1 cells Horizon Discovery Cat. No. C631

Hap1 CMTR1 KO cells Horizon Discovery Cat. No. HZGHC004217c007

Experimental models: Organisms/strains

Mouse: Cmtr1 knockout The Jackson Laboratory Stock no. 46174-JAX

Mouse: Cmtr2 knockout MMRRC, UC Davis Stock no. 047142-UCD

Mouse: Cmtr1 floxed mouse This study Available from lead contact

Mouse: AlbCreERT2 Gift from David Gatfield lab Schuler et al.56

Mouse: Vasa-Cre Jackson Laboratory Stock no. 6954

Oligonucleotides

DNA and RNA oligos See Table S1

Software and algorithms

ENRICHR Chen et al.57; Kuleshov et al.58 http://amp.pharm.mssm.edu/Enrichr/

R R Core Team59 https://www.r-project.org

DESeq2 Love et al.60 N/A

Bioconductor Huber et al.61 https://www.bioconductor.org/

Salmon Patro et al.62 N/A

FastQC Andrews63 N/A

Flexbar Dodt et al.64 N/A

STAR Dobin et al.65 N/A

Python 3.10.6 N/A

seaborn (v0.12.1) Waskom66 https://doi.org/10.21105/

joss.03021

matplotlib (v3.6.2) Hunter67 N/A

gseapy (v0.14.0) Fang et al.68 https://doi.org/10.1093/

bioinformatics/btac757

bowtie Langmead et al.69 N/A

CollectRnaSeqMetrics Toolkit70 N/A

RiboCode toolkit Xiao et al.71 N/A

SparK (v2.6.2) python library Kurtenbach and Harbor72 N/A

SUPPA2 Trincado et al.73 N/A

SCDC (v0.0.0.9000) R package Dong et al.74 N/A

sva (v3.46.0) bioconductor package Leek et al.75 N/A

plastid python package Dunn and Weissman76 N/A

sklearn (v1.1.3) Pedregosa et al.77 N/A

Kaluza software Beckman RRID:SCR_016182

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ramesh S.

Pillai (ramesh.pillai@unige.ch).

Materials availability
All unique reagents generated in this study are available from the lead contact without any restriction. The Cmtr1 knockout mouse

(MMRRC Stock No. 46174-JAX) was obtained from The Jackson Laboratory, while the Cmtr2 knockout mouse (MMRRC Stock No.

047142-UCD) was from the MMRRC, UC Davis. The Ddx4-Cre (Vasa-Cre) transgenic line was obtained from the Jackson Laboratory

(Jackson Laboratory, Stock no. 6954). And the Alb-CreERT2 mouse was a gift from David Gatfield, University of Lausanne,

Switzerland. The HAP1 CMTR1 knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells

(Horizon Discovery, Cat. No. C631) were purchased.

Data and code availability
d Deep sequencing data generated in this study are deposited with Gene Expression Omnibus (GEO) under accession no. GEO:

GSE235348

d Code used in the current study is available from the lead contact upon reasonable request.

d Other raw data associated with this study are deposited with Mendeley Data (https://doi.org/10.17632/rv9kgtcjpv.1).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal work
The Cmtr1 floxed mouse was generated at the Transgenic Mouse Facility of University of Geneva, while the Cmtr1 and Cmtr2

knockout models were generated by the Knockout Mouse Project (KOMP). Mice were bred in the Animal Facility of Sciences III,

University of Geneva. The use of animals in research at the University of Geneva is regulated by the Animal Welfare Federal Law

(LPA 2005), the Animal Welfare Ordinance (OPAn 2008) and the Animal Experimentation Ordinance (OEXA 2010). The Swiss legis-

lation respects the Directive 2010/63/EU of the European Union. Any project involving animals has to be approved by the Direction

Générale de la Santé and the official ethics committee of the Canton of Geneva, performing a harm-benefit analysis of the project.

Animals are treated with respect based on the 3Rs principle in the animal care facility of the University of Geneva. We use the lowest

number of animals needed to conduct our specific research project. Discomfort, distress, pain and injury is limited to what is indis-

pensable and anesthesia and analgesia is provided when necessary. Daily care and maintenance are ensured by fully trained and

certified staff. Animals were maintained in ventilated cages with unrestricted supply of water and food. All adult experimental animals

were sacrificed by intraperitoneal injection of 150 mg/kg pentobarbital followed by the cervical dislocation, while decapitation was

used for P0 animals. This work was approved by the Canton of Geneva (GE/16/219C and GE297).

Mouse mutants
The Cmtr1 (C57BL/6NJ-Cmtr1em1(IMPC)J/Mmjax) knockout mouse was purchased from The Jackson Laboratory (strain # 032957;

MMRRC Stock no. 46174-JAX). The heterozygous mutant animals obtained from the Jackson Laboratory (via Charles River) were

crossed with wildtype C57BL/6J (Janvier; stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

The Cmtr2mutant mouse (C57BL/6N-Cmtr2tm1.1(KOMP)Vlcg/JMmucd, MMRRC_047142-UCD, Stock no. 047142-UCD) was gener-

ated by the Knockout Mouse Phenotyping Program (KOMP) Repository, and obtained from the Mutant Mouse Resource and

Research Center (MMRRC), University of California at Davis. We crossed the heterozygous mutant animals obtained from the UC

Davis with wildtype C57BL/6J (Janvier; stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

We created Cmtr1 conditional knockout mice by knock-in of loxP sites in the same direction (recombination by the Cre recombi-

nase should result in deletion of the intervening region) flanking the exon 3 of Cmtr1 (Figure S2A). Founder mice were crossed with

wildtype C57BL/6J (Janvier) partners to obtain germline transmission. Homozygous Cmtr1loxP/loxP animals are viable and fertile.

We prepared the conditional knockouts (cKO) (Cmtr1loxP/-; Alb-CreERT2KI/+ mice) and control (Cmtr1loxP/+; Alb-CreERT2KI/+) an-

imals to delete the gene in mouse liver. Animals (n = 4) were intraperitoneally injected with Tamoxifen (75 mg/g of body weight) to

Continued
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Amersham Protran 0.45 mm nitrocellulose membrane GE Healthcare Cat. No. 10600002
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induce gene deletion in adult animals: 3 months-old (for day 2 experiment), 4 months-old (for day 6 experiment) and 8months-old (for

day 22 experiment) (Figure 3E, 3H, and 3I). We did these experiments in two batches. The first batch had only one time point (day2:

4 days of injection and analysis at day 2 post-tamoxifen injection) (Figures 3C–3G and 3J–3M) with control and conditional KO liver

samples. To observe the chronic effects of loss ofCmtr1, we performed a second experiment with three time-points (day 2, 6 and 22)

(GO term analysis in Figure S3C and volcano plots in Figures 3H and 3I) with control and conditional KO liver samples for each time

point. At least three biological replicates were used for each time point (Table S2). Ribosome profiling (n = 4) was done with the first

batch of liver samples from the day 2 time point. Sucrose-gradient analysis to obtain the polysome profiling data was conducted in

duplicates only (Figures 3K and S3D).

The Ddx4-Cre (Vasa-Cre) transgenic line (Jackson Laboratory, Stock no. 6954) expresses the Cre recombinase from the Ddx4

(Vasa) promoter.78 We crossed Cmtr1loxP/loxP animals with Cmtr1+/�;Ddx4KI/+ mice to prepare the conditional knockouts (cKO)

(Cmtr1loxP/-; Ddx4KI/+) and control animals (Cmtr1loxP/+; Ddx4KI/+). The testes (P0, P31 and P75) and ovaries (>P60) from cKO and

control animals of the indicated ages were collected for histological and/or transcriptome analysis.

Mouse embryos (E6.5, E7.5 etc) were microdissected, imaged using stereomicroscope Discovery.V12 (Zeiss), and stored in RNA-

later reagent (Invitrogen, Cat. No. AM7021) until RNA extraction. Samples were washed 3 times in ice-cold 1xPBS prior the RNA and

DNA extraction by the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. No./ID: 80004) and genotyped as described above.

Human HAP1 CMTR1 KO cells
HAP1 is a near-haploid human cell line derived from the chronic myelogenous leukemia (CML) cell line KBM-7. The HAP1 CMTR1

knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells (Horizon Discovery, Cat. No. C631)

were purchased. The CMTR1 KO cell line has a 2 bp deletion in the target locus and was generated using the CRISPR-Cas9 tech-

nology. Western analysis confirms the complete lack of CMTR1 protein (Figure S4A) and RNA mass spectrometry reveals the

complete absence of m6Am (Figure S4B), a modification that depends on CMTR1-dependent cap1 methylation.11

METHOD DETAILS

Cmtr1 knockout mouse
The Cmtr1 (C57BL/6NJ-Cmtr1em1(IMPC)J/Mmjax) knockout mouse was purchased from The Jackson Laboratory (strain # 032957;

MMRRC Stock no. 46174-JAX). It was generated by the Knockout Mouse Phenotyping Program (KOMP) at the Jackson Laboratory.

The mouseCmtr1 gene locus on Chromosome 17 (NCBI: NM_028791) has 24 exons. Themutant was prepared by electroporation of

two gRNAs (GCAGGACCCACACTAGACAT and GGTGGGGCACAAGTTAGCAC) targeting intronic regions flanking the exon 3 of the

Cmtr1 gene (Figure S1A). The guide RNAs and Cas9 endonuclease were introduced into single mouse embryos (C57BL/6NJ; The

Jackson Laboratory Stock No. 5304). This makes a 344 bp deletion beginning at Chromosome 17 position 29,674,049 bp and ending

after 29,674,392 bp (GRCm38/mm10). This deletes the entire exon 3 and 192 bp of flanking intronic sequence (Figure S1A). The het-

erozygous mutant animals obtained from the Jackson Laboratory (via Charles River) were crossed with wildtype C57BL/6J (Janvier;

stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

Cmtr2 knockout mouse
The Cmtr2 mutant mouse (C57BL/6N-Cmtr2tm1.1(KOMP)Vlcg/JMmucd, MMRRC_047142-UCD, Stock no. 047142-UCD) was gener-

ated by the Knockout Mouse Phenotyping Program (KOMP) Repository, and obtained from the Mutant Mouse Resource and

Research Center (MMRRC), University of California at Davis. The mouse Cmtr2 gene locus on Chromosome 8 has two exons,

with the protein encoded by sequences in the exon 2. Themutant mice were created (Velocigene) by a targetedmutation of the locus

via homologous recombination in mouse embryonic stem (ES) cells (VGB6 derived from C57BL/6NTac). This results in deletion of

2311 bp that includes the whole mouse CMTR2 coding sequence in exon 2 (mm10, chr8: 110,221,063–110,223,373 is deleted),

and insertion of a cassette (LacZ-loxP-Neo-loxP) in its place (http://velocigene.com/komp/detail/15502) (Figure S5A). Such a

Cmtr2 knockout ES cell clone (15502A-C9) was injected into morulae or blastocysts. Resulting chimera founders were mated to

C57BL/6N mice to obtain germline transmission. The obtained heterozygous animals were then bred to a ubiquitous Cre deleter

mouse line for recombination of the LoxP sites to remove theNeo gene from the inserted cassette by Cre recombinase. The end result

is that the Cmtr2 knockout mouse lacks the CMTR2 coding sequence, leaving the LacZ coding sequence under control of the

endogenous Cmtr2 promoter. The Cre transgene was removed during the crosses. The MMRRC used C57BL/6N females for

cryo-recovery. We crossed the heterozygous mutant animals obtained from the UC Davis with wildtype C57BL/6J (Janvier; stock

no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

Creation of Cmtr1 loxP mice
The Cmtr1 genomic locus is located on mouse chromosome 17 and consist of 23 exons. We created Cmtr1 conditional knockout

mice by knock-in of loxP sites in the same direction (recombination by the Cre recombinase should result in deletion of the intervening

region) flanking the exon 3 ofCmtr1 (Figure S2A). The ssDNA had a central region with two loxP sites at positions 85 nt upstream and
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55 nt downstream of exon 3, with 70nt homology arms at each end.We introducedmutations into the ssDNA to prevent repeat cleav-

age of the target sites: the upstream gRNA recognition site is disrupted by insertion of the loxP site, while we mutated the PAM

sequence at the downstream site.

The tracrRNA and crRNAs (crRNA_Cmtr1_1 and crRNA_Cmtr1_2) (IDT) (Table S1) were annealed in thermocycler in two separate

reactions: 2 mL tracrRNA (200 pmol; IDT; Cat. No. 1072533) and 2 mL crRNA (200 pmol; IDT) (Table S1) were mixed with 6 mL IDTE

buffer (pH 7.5; IDT, Cat. No. 356429). Annealed gRNAs were stored at �70�C. The injection mix was prepared freshly on the day of

mouse oocyte injections. The annealed gRNAs (to final concentration 0.6 pmol/mL) were mixed with the pre-diluted Cas9 3xNLS pro-

tein (to final concentration 30 ng/mL; IDT, Cat. No. 1081058) in a volume of 9 mL. The mix was incubated at room temperature for

10 min for complex formation and mixed with the ssDNA repair template (Genewiz; 10 ng/mL final concentration). The volume of

this injection mix was adjusted with the IDTE buffer to a final volume of 100 mL. The injection mix was centrifuged at 13000 rpm

for 5 min at 4�C, and 50 mL of supernatant was transferred to a new microcentrifuge tube and stored on ice. Mouse single-cell

embryos of the B6D2F1/J hybrid line (also called B6D2; The Jackson Laboratory, stock no. 100006) were injected. The

NMRI (Naval Medical Research Institute) mice, which have a white coat color, were used as foster mothers. Founder mice were iden-

tified by genotyping PCR and crossed with wildtype C57BL/6J (Janvier) partners to obtain germline transmission. Homozygous

Cmtr1loxP/loxP animals are viable and fertile.

ssDNA repair template:

gRNAs are in italics, bold underlined are loxP sites insertions, in bold exon3, ‘‘A’’ in bold upstream of gRNA is a mutation in PAM

sequence to avoid multiple cleavages.

ATACGTACGTATACAGCTGGCAAGAGTAGAGACGTCACTGTGACCTCCATTGAGTGCAGGACCCACACTAATAACTTCGTATAG

CATACATTATACGAAGTTATGACATAGGTGGGACATGTGGACTGTGGGTGCATGAGGCAGTCCTGTCATCCGGACCCACCTAACG

CTTCTCTTCTTCTTCCCCAGCATCTGCTACAAGCCTCAGTGGATCTGACAGTGAGACCGAGGGGAAGCAGCCCTGCTCTGATGA

TTTCAAAGATGCCTTCAAAGCAGATTCCCTTGTGGAGGGAACATCGTCCCGATATTCCATGTATAACAGTGTTTCCCAGAGGCT

TATGGTATGTCTTGGCTTAGAATGGACTTCTAAAGTTGCCCAAAAGAGGGAGAGGAAGAATAACTTCGTATAGCATACATTATACGA

AGTTATGGGCAAGGGTGTACTGGTGTTGGGGAGTGGGGTGGGGCACAAGTTAGCACAGGATATAGGTTCTGAGTAT.

Tamoxifen-inducible conditional Cmtr1 deletion in mouse liver
The Alb-CreERT2mouse56 specifically expresses using theAlbumin (Alb) promoter the tamoxifen-inducible CreERT2 in hepatocytes.

As described by the authors,56 a cassette consisting of an IRES with coding sequence for Cre-ERT2 was inserted (knock-in) down-

stream of the stop codon, in the 30 UTR of the serum albumin (Alb) gene. The Alb-CreERT2 mouse was a gift from David Gatfield,

University of Lausanne, Switzerland. The Cmtr1loxP/loxP mice were crossed with Alb-CreERT2KI/KI mice. In another cross, the

Cmtr1+/� mice were crossed with the Alb-CreERT2KI/KI mice. Using the these lines we prepared the conditional knockouts (cKO)

(Cmtr1loxP/-; Alb-CreERT2KI/+mice) and control (Cmtr1loxP/+; Alb-CreERT2KI/+) animals. Animals (n = 4) were intraperitoneally injected

with Tamoxifen (75 mg/g of body weight) to induce gene deletion in adult animals: 3 months-old (for day 2 experiment), 4 months-old

(for day 6 experiment) and 8 months-old (for day 22 experiment) (Figures 3E, 3H, and 3I).

We did these experiments in two batches. The first batch had only one time point (day2: 4 days of injection and analysis at day 2

post-tamoxifen injection) (Figures 3C–3G and 3J–3M) with control and conditional KO liver samples. To observe the chronic effects of

loss of Cmtr1, we performed a second experiment with three time-points (day 2, 6 and 22) (GO term analysis in Figure S3C and vol-

cano plots in Figures 3H and 3I) with control and conditional KO liver samples for each time point. At least three biological replicates

were used for each time point (Table S2). Ribosome profiling (n = 4) was done with the first batch of liver samples from the day 2 time

point. Sucrose-gradient analysis to obtain the polysome profiling data was conducted in duplicates only (Figures 3K and S3D).

Tamoxifen (Sigma, Cat. No. T5648-1G) was diluted in corn oil (Sigma, Cat. No. C8267-500ML) and dissolved overnight at room

temperature, protected from light, and stored at 4�C for up to 2 days. Daily injections of tamoxifen were given for four consecutive

days after which the mice were sacrificed at different time points: 2 days later (6 days after start of the experiment); 6 days later (10

after start of the experiment) or 22 days later (26 after start of the experiment). After injections, the animals were monitored daily for

change in body weight, signs of general discomfort and behavior changes. We observed total loss of the CMTR1 protein already at

2 days-post tamoxifen injections (Figure 3C), but the longer analysis time-points were used to detect long-term gene expression con-

sequences of loss of the protein. By analysis of the transcriptome at the three time-points, chronic activation of the innate immune

pathway was observed in the cKO Cmtr1 liver tissue (Figures 3E, 3H, and 3I). Animals were euthanized by pentobarbital injection

followed by cervical dislocation and livers were collected.

Conditional Cmtr1 germline knockout mice
The Ddx4-Cre (Vasa-Cre) transgenic line (Jackson Laboratory, Stock no. 6954) expresses the Cre recombinase from the Ddx4 (Vasa)

promoter.78 There are multiple copies of this transgene in this line. The obtained animals were first twice backcrossed with wildtype

C57BL/6J prior to other crosses. We crossed Cmtr1loxP/loxP animals with Cmtr1+/�;Ddx4KI/+ mice to prepare the conditional knock-

outs (cKO) (Cmtr1loxP/-; Ddx4KI/+) and control animals (Cmtr1loxP/+; Ddx4KI/+). The testes (P0, P31 and P75) and ovaries (>P60) from

cKO and control animals of the indicated ages were collected for histological and/or transcriptome analysis. Expression of the Cre

recombinase starts at embryonic day 14.5 (E14.5) in themale and female germline.Meiosis is initiated at E13.5 in the female germline,

and at P8 in the male germline. The cKO males were found to be infertile, while cKO females displayed low penetrant infertility
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(Figures 2B–2E). We speculate that deletion of Cmtr1 after initiation of meiosis in the female germline may be the reason for the not

dramatically affect progression of oogenesis.

Mouse genotyping
Ear-punches of the weaned animals (21 days-old) were digested in 100 mL of Lysis buffer (10 mMNaOH, 0.1 mM EDTA) for 90 min at

95�C. After centrifugation at 3000 rcf for 10 min, 50 mL of the supernatant was transferred to a new tube containing 50 mL of TE buffer

(20mMTris-HCl, pH 8.0 and 0.1mMEDTA). An aliquot of 2 mL of the digestionmix was used for the genotyping PCR. Reactionmix for

20 mL PCR reactions: 10 mL of Phire Green Hot Start II PCR Master Mix (Thermo Scientific, Cat. No. F126L), 1.0 mL of each primer

(10 nM), 2.0 mL DNA from ear punches (100–200 ng), and 5–6.0 mL water to make 20 mL final volume.

Primers to genotype knockout allele of Cmtr1 were RR1185 and RR1186 (Table S1). The expected size of products was 916 bp

(WT) and 661 bp (KO). Reactions were run using the following conditions: 98�C for 30 s, 35 cycles of [98�C for 5 s, 65�C for 5 s

and 72�C for 12 s], 72�C for 1 min, and finally at 12�C to hold the reaction. Reactions were examined by 1.5% agarose gel electro-

phoresis (Figure S1B).

To identify knockout allele of Cmtr2, PCR reaction with three primers (MD280, MD282, MD283) were used (Table S1). Reactions

were run using the following conditions: 98�C for 30 s, 35 cycles of [98�C for 5 s, 65�C for 5 s and 72�C for 12 s], 72�C for 1 min, and

finally at 12�C to hold the reaction. PCR products of 244 bp (WT) and 339 bp (KO) were resolved by 2% agarose gel electrophoresis

(Figure S5B).

To genotypeCmtr1 LoxP allele, the primers wereMM458 andMM448with the expected PCRproduct size 408 bp (WT) and 476 (KI)

(Table S1). Reactions were run using the following conditions: 98�C for 30 s, 35 cycles of [98�C for 5 s, 65�C for 5 s and 72�C for 12 s],

72�C for 1 min, and finally at 12�C. Reactions were examined by 2% agarose gel electrophoresis (Figure S2B and S3A).

To genotype DDX4 transgene, the primers were MM113 and MM114 with the expected PCR product size for the transgene frag-

ment being 275 bp (Table S1). Reactions were run using the following conditions: 98�C for 30 s, 35 cycles of [98�C for 5 s, 65�C for 5 s

and 72�C for 12 s], 72�C for 1 min, and finally at 12�C. Reactions were examined by 2% agarose gel electrophoresis (Figure S2B).

In case of the Alb-CreERT2 animals, the WT allele was screened with ABT290 and ABV93 primers (Table S1), whereas the KI allele

was detected with ABT290 and ABT294 in two different reactions with the following reaction conditions: 98�C for 30 s, 35 cycles of

[98�C for 5 s, 55�C for 5 s and 72�C for 12 s], 72�C for 1 min, and finally at 12�C. PCR products were mixed together and examined by

2% agarose gel electrophoresis, where 444 bp (KI) and 229 bp (WT) bands were detected (Figure S3A).

Collection of mouse embryos
Adult (8 weeks or older) animals of the heterozygous genotypes for Cmtr1 or Cmtr2 knockout alleles were crossed together. Plugs

were checked themorning after and considered as embryonic day 0.5 (E0.5). Plugged females were separated and sacrificed later at

E6.5 to E10.5. Embryosweremicrodissected, imaged using stereomicroscopeDiscovery.V12 (Zeiss), and stored in RNAlater reagent

(Invitrogen, Cat. No. AM7021) until RNA extraction. Samples were washed 3 times in ice-cold 1xPBS prior the RNA and DNA extrac-

tion by the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. No./ID: 80004) and genotyped as described above.

Human HAP1 CMTR1 KO cells
HAP1 is a near-haploid human cell line derived from the chronic myelogenous leukemia (CML) cell line KBM-7. The HAP1 CMTR1

knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells (Horizon Discovery, Cat. No. C631)

were purchased. The CMTR1 KO cell line has a 2 bp deletion in the target locus and was generated using the CRISPR-Cas9

technology. Western analysis confirms the complete lack of CMTR1 protein (Figure S4A) and RNA mass spectrometry reveals the

complete absence of m6Am (Figure S4B), a modification that depends on CMTR1-dependent cap1 methylation.11

Clones and constructs
The complementary DNA (cDNA) for human CMTR1 (NCBI: NP_055865.1), human DHX15 (NCBI: NP_001349.2) and mouse CMTR2

(NCBI: NP_666327.2) were obtained by reverse transcription-PCR (RT-PCR) amplification from human cell culture or mouse tissue

RNA. To express the protein in insect cell expression system, full-length hCMTR1, hDHX15 or truncatedmCMTR2 (15–759 aa) coding

sequence was cloned into themodified pACEBac2SS vector for expression as an N-terminal 6xHis-Strep-SUMO-TEV fusion protein.

For co-expression of hCMTR1 and hDHX15, hCMTR1 coding sequence was cloned into pIDK vector and then recombined with

pACEBac2SS-hDHX15 via Cre-recombination. All constructs were verified by restricted digestion as well as by Sanger sequencing.

Recombinant protein production
Production of full-length hCMTR1, hDHX15 or truncated mCMTR2 was carried out in insect cell lines using the baculovirus expres-

sion system. The ovary-derived cell lines used are: High Five (Hi5) insect cell line originating from the cabbage looper (Trichoplusia ni)

and the Sf9 cells derived from the fall army worm Spodoptera frugiperda. Briefly, pACEBac2SS plasmids carrying target genes were

transformed into DH10EMBacY competent cells for recombination with the baculovirus genomic DNA (bacmid). The bacmid DNA

was extracted and transfected with FuGENE HD (Promega, cat. no. E231A) into the Sf9 insect cells for virus production. The super-

natant (V0) containing the recombinant baculovirus was collected after 72 to 96 h post-transfection. To expand the virus pool, 3.0 mL

of the V0 virus stock was added into 25 mL of Sf9 (0.53 106/mL) cells. The resulting cell culture supernatant (V1) was collected 24 h

18 Cell Reports 42, 112786, July 25, 2023

Report
ll

OPEN ACCESS



post-proliferation arrest. For large-scale expression of the protein, Hi5 cells were infectedwith virus (V1) and cells were harvested 72 h

after infection. For expression of the CMTR1-DHX15 complex, recombined plasmid carrying both CMTR1 and DHX15 gene was

transformed into DH10EMBacY competent cells, followed by bacmid extraction and baculovirus preparation as described above.

Purification of mouse CMTR2 protein
After protein expression, the cells were collected by centrifugation and lysed by sonication in buffer: 50mMTris-HCl, pH 8.0, 300mM

NaCl, 5% Glycerol, 5 mM 2-mercaptoethanol, 40 mM Imidazole and protease inhibitor (Thermo Scientific, EDTA-free). Clear super-

natant was collected by centrifugation at 18,000 rpm for 45 min at 4�C. The supernatant was incubated for 2 h with Ni2+ chelating

Sepharose FF beads at 4�C, then the beads were washed by imidazole gradient washing buffer and finally bound protein was eluted

with 250 mM imidazole in lysis buffer. Subsequently, the N-terminal tag was cleaved by the TEV protease overnight in the dialysis

buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol). The cleaved tag was removed by a second purification

on Nickel beads. The protein was further purified by gel filtration chromatography (GE Healthcare, Superdex 200 increase 10/300)

equilibrated with buffer (25 mM Tris-HCl pH 8.0, 150 mM KCl, 5% glycerol and 1 mM DTT). The pure fractions were verified by

SDS-PAGE electrophoresis and flash-frozen in liquid nitrogen.

Purification of human CMTR1-DHX15 complex
Hi5 cells co-expressing untagged hCMTR1 and 6xHis-Strep-SUMO-TEV-hDXH15 were collected and resuspended in lysis buffer

(50 mM Tris-HCl pH 8.0, 300 mM NaCl, 40 mM Imidazole, 5% glycerol and 5 mM 2-mercaptoethanol) supplemented with protease

inhibitor (Thermo Scientific, EDTA-free). After sonication, the lysate was centrifuged at 18,000 rpm for 45 min at 4�C. The clarified

supernatant was incubated at 4�C for 2h with the Ni2+ chelating Sepharose FF beads. The beads were washed with an imidazole

gradient in the wash buffer (40 mM, 50 mM or 60 mM imidazole in lysis buffer) and bound protein complex was eluted by 250 mM

Imidazole. The N-terminal His-Strep-SUMO tag was further removed by TEV protease overnight at 4�C in dialysis buffer (50 mM

Tris-HCl pH 8.0, 200 mM NaCl, 5 mM 2-mercaptoethanol). After cleavage, second nickel column purification was performed and

flow-through containing the cleaved protein (complex) was collected. The complex was further purified by gel filtration chromatog-

raphy using Superdex 200 increase 10/300 (GEHealthcare) equilibratedwith buffer (25mMTris-HCl pH 8.0, 150mMKCl, 5%glycerol

and 1 mM DTT). The pure fractions were verified by SDS-PAGE electrophoresis (Figure S4J) and flash-frozen in liquid nitrogen.

Antibodies
Commercial antibodies

Primary antibodies: rabbit or mouse anti-CMTR1 (Atlas antibodies, Cat. No. HPA029980), anti-IFIT1 (Cell signaling, Cat. No. D2X9Z),

rabbit anti-TUBULIN (abcam, Cat. No. ab6046) and rabbit anti-PARK7 (abcam, Cat. No. ab18257).

Secondary antibodies: For Western blot analyses, the following secondary antibodies conjugated to HorseRadish Peroxidase

were used: Amersham ECL Rabbit IgG, HRP-linked whole Ab (from donkey) (Cat. No. GE Healthcare, NA934-1ML) and Rabbit

anti-Mouse IgG (H + L) Superclonal Secondary Antibody, HRP conjugate (Invitrogen, Cat. No. A27025).

Antibodies generated for this study

We generated rabbit polyclonal antibodies to mouse CMTR2 (mCMTR2). Two New Zealand White (NZW) rabbits were immunized

with the soluble antigen (Biotem, France). The antigen usedwas the purified untaggedmouse CMTR2 (15–759 aa) produced in insect

cells. For each injection, 1 mg/mL protein was used. After six injections (at day 0, 14, 28, 56, 70 and 89) crude immune serum was

collected (at day 96) and frozen. The anti-mCMTR2 crude sera detected the recombinant mouse protein by Western analysis, but

failed to detect the protein in mouse tissue lysates. This could be due to low abundance of CMTR2 in mouse tissues or due to the

low titer of the antibodies generated. Affinity purification of the antibodies with the antigen did not help to improve the situation.

Collection of RNA from HAP1 cells
Wildtype andCMTR1 knockout humanHAP1 cells were cultured in (High glucose) IMDMMedium (Gibco, Cat. No. 12440046) supple-

mentedwith 10% fetal bovine serum (FBS) and Penicillin-Streptomycin (10,000U/mL) 1:100 (Gibco, Cat. No. 15140122) at 37�C in the

presence of 5%CO2. At 70%confluency, themediawas removed and TRIzol Reagent (Invitrogen, Cat. No. 15596-026) was added to

monolayer of cells. Mixture was collected to a micro centrifuge tube, flash frozen and stored at �70�C until the RNA extraction.

RNA extraction from cell lines
After harvesting, pellets of humanHAP1 cells were directly mixedwith the TRIzol reagent (Invitrogen, Cat. No. 15596026), flash frozen

and kept at �70�C. They were then processed according to the manufacture’s protocol. To remove genomic DNA, approximately

10 mg of the extracted RNA was treated with TurboDNase (Invitrogen, Cat. No. AM2238) for 30 min and then cleaned by RNA Clean

and Concentrator kit (Zymo Research, Cat. No. R1017).

Growth curve
We seeded 0.5 million wildtype or CMTR1 knockout human HAP1 cells into wells of a 12-well plate and for the next 4 days cells were

collected daily by trypsinization and counted in duplicate by Countess 3 Automated cell (Invitrogen) counter in trypan blue (Sigma,

Cat. No. 93595-50ML) mixture 1:1. This experiment was repeated six times to obtain the data presented (Figure S4C).
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Analysis of cell cycle by FACS
Wildtype and CMTR1 knockout human HAP1 cells were grown to 60–70% confluency and then collected by trypsinization. Cell

suspension was centrifuged at 500xg for 5 min, followed by removal of the trypsin/media. Cells were washed once in 1xPBS and

centrifuged again. The PBS was removed and cells were completely resuspended in 100 mL of ice-cold 1xPBS. Afterward, cells

were fixed by addition of ice-cold 100% Methanol, mixed and stored at �20�C until staining and further analysis. Later, fixed cells

were centrifuged at 500xg at 4�C for 10 min. Supernatant was removed and cells were permeabilized with 150 mL PBS with 0.2%

Triton X- and incubated for 30 min at room temperature. Cells were centrifuged, supernatant removed, and cells were resuspended

in 500 mL of staining solution [15 mg/mL Propidium Iodide (Sigma, Cat. N P4170) and 6 mg/mLRNase A (SigmaCat. no. R6513)]. Stain-

ing was performed for at least 1H in dark at 4�C. FACS analysis was performed in the staining solution using Gallios Flow Cytometer

(Beckman) and analyzed by Kaluza software (Figure S4D).

Collecting mouse tissues for western blot
Multiple tissues were isolated from an adult (>P60) mouse. After flash-freezing in liquid nitrogen, a piece of different tissues were

omogenized in 1 mL lysis buffer [50 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1 mM DTT,

Complete Protease Inhibitor Cocktail Tablet (Roche, Cat. No. 5056489001)]. The lysate was transferred to a 1.5 mL Eppendorf

tube, centrifuged at 14000xg for 30 min, and the supernatant collected. An aliquot was taken to measure the concentration by

DC Protein Assay (Bio-Rad, Cat. No. 5000112). Lysate concentrations were normalized to 1 mg/mL. Protein extracts were stored

at �70�C. The SDS loading buffer was added to the protein lysates and boiled at 95�C for 5 min, and 30 mg of protein per lane

was loaded and resolved by SDS-PAGE (Figure 3A).

Western Blot
Whole cell lysates or tissues were separated via SDS-PAGE in order to detect proteins of interest in 10%or 12%polyacrylamide gels.

Gel electrophoresis was performed at 120 V for 110 min. After separation, proteins were blotted on the Amersham Protran 0.45 mm

nitrocellulose membrane (GE Healthcare, Cat. No. 10600002) overnight at 5 V at room temperature using Trans-Blot SD Semi-Dry

Transfer Cell system (Bio-Rad, Cat. No. 1703940). After transfer, membranes were washed with PBS and blocked for 1 h at room

temperature with 5% dry milk in PBS with 0.05% Tween 20 (PBST) (Sigma, Cat. No. P7949). After this, membranes were incubated

with primary antibody overnight at 4�C 1:10000 rabbit anti-TUBULIN (Abcam, Cat. No. ab6046), 1:100 anti-CMTR1 (Atlas antibodies,

Cat. No. HPA029980), 1:200 anti-IFIT1 (Cell signaling, Cat. No. D2X9Z), 1:100 anti-PARK7 (abcam, Cat. No. ab18257). Then, mem-

branes were washed 3 times for 10 min with PBST and incubated with HRP-conjugated secondary antibody at 1:10 000 dilution,

either with anti-rabbit IgG HRP-linked (GE Healthcare, Cat. No. NA934) or anti-mouse IgG HRP-linked (Invitrogen, Cat. No.

a27025) for 1 h at room temperature in 5% milk in PBST. After 1 h, membranes were washed 3 times for 10 min with PBST and

incubated with one of detection reagents: Amersham Prime Western Blotting Detection Reagent (GE Healthcare, Cat. No.

RPN2232), SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher, Cat. No. 34095) or Pierce ECL 2 Substrate

(ThermoFisher, Cat. No. 1896433A) for 5 min at room temperature. Signal was detected using Amersham Hyperfilm ECL (GE Health-

care, Cat. No. 28906837). The processed films were scanned using Perfection 3200 Photo scanner (Epson) with XSane image

scanning software (ver. 0999).

Histological analysis of mouse tissues
To prepare the paraffin sections, themouse tissueswerewashed in 1xPBS, and fixed in 4%paraformaldehyde overnight at 4�C. After
washing in 1xPBS, samples were transferred into the embedding cassettes (Simport; cat. no. M508-3) and sent to the histology plat-

form of University of Geneva. The samples were dehydrated in 70% ethanol (2 3 3h), 90% (1h), 95% (1h) and 100% ethanol (3 3

30 min) followed by incubation (3 3 30 min) in xylene. Xylene was removed and replaced with paraffin, and incubated at 56–58�C.
Tissues were then transferred into plastic molds (Polysciences mold S-22; NC0397999) filled with paraffin, and paraffin was allowed

to solidify at room temperature. The tissue sections (�5 mM thickness) were prepared using a microtome. The sections were allowed

to stretch at 42�C and then stored at room temperature.

For histological analysis, the slides containing the paraffin sections were placed in a glass slide holder filled with xylene (3 3

5 min) to remove the paraffin. For rehydration, the slides were incubated in 100% ethanol, 96% ethanol, 70% ethanol, 50%

ethanol (2 3 10 min for each step) and miliQ water (2 3 2 min for each step). Sections were stained with Hematoxylin solution

(Merck) for 3 min and rinsed in running tap water. Then, sections were stained with Eosin Y solution (Sigma Aldrich; cat. no.

E4382) for 3 to 5 min and washed with water. For dehydration, the sections were incubated in 50% (30 s), 70% (30 s), 96%

(30 s), 100% ethanol (2 min) and HistoSAV (3 3 3 min). Neo-Mount (Merck) was put on the sections and immediately covered

with coverslips. The sections were examined and pictures were taken using widefield (Zeiss Axio Imager Z1 or Axio M2)

microscopy.

Total RNA purification from mouse liver samples
For total RNA extraction, we used multiple biological replicates (n = 4) of mouse liver from control (Cmtr1loxP/+; Alb-Cre-ERT2) and

Cmtr1 cKO (Cmtr1loxP/-; Alb-Cre-ERT2) animals after tamoxifen injections. Approximately 0.5 g tissue was taken and placed in a

50 mL conical tube (Sarstedt, Cat. No. 62.547.254) with 5 mL of extraction buffer. [Preparation of the extraction buffer: 250 g
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guanidium thiocyanate (ITW Reagents, Cat. No. A1107), 17.6 mL sodium citrate, 0.75 M, pH 7.0 (Sigma-Aldrich, Cat. No. C8532) and

320 mL water were mixed at 60�C. Add 1/10 volume of sodium acetate, 2 M, pH 4.0 (Merck, Cat. No. 1.06268); 1/100 volume b-mer-

captoethanol (Sigma, M3148), before use.]

Homogenize using a douncer (Kinematica AG, Cat. No. PT 2500E) in the 50mL conical tube for 20 s until no fragments are left, and

then add 5 mL phenol-H2O, mix well and stand on ice. Add 2 mL chloroform (VWR, Cat. No. 8.22265.2500): isoamyl alcohol (Merck,

Cat. No.W205702) (49:1), mix well, stand on ice for 15min, and transfer all the solution to a 15mL TPP centrifuge tube (Thermo Fisher,

Cat. No. 91016). Spin down for 20 min at 4000 rpm at 4�C, transfer the upper phase (approximately 5 mL) to a new 15 mL TPP tube.

Then add 1 volume (�5mL) of phenol-chloroform: isoamyl alcohol (48:2) mix. Shake well to mix. Spin down for 15 min at 4000 rpm at

4�C, transfer upper phase (approximately 4 mL) to a new 15mL TPP tube. Add 4mL isopropanol to precipitate the nucleic acids, and

leave it at �20�C for 25 min. After this, spin down at 5000rpm, 15 min at 4�C, remove all the solution, and completely dry the tube by

keeping it up-side down on a tissue to remove all the liquid. Add 6mL 4M lithium chloride (Merck, Cat. No. 1.05679) to resuspend the

precipitate. The volume used depends on the size of the pellet. Shake until the pellet completely dissolves. Note that the pellet con-

tains DNA alongwith the RNA. Leave on ice for 5min, and spin down at 4500 rpm for 15min at 4�C, remove all the solution and dry the

tube completely. Add 7 mL 75% ethanol to resuspend the precipitate and leave it at room temperature for 10 min. Spin down at

4500 rpm for 15 min, remove all the solution and dry the tube completely with a tissue. A pellet will be visible if the amount of

RNA is abundant. Add 75% ethanol and keep sample on ice or at �20�C for longer time. Repeat the 75% ethanol step once again.

And dry the tubes at room temperature for 45min by keeping them open. Dissolve the RNA precipitation with �700 ml DEPC treated

water to a proper concentration. Dissolve RNA by gently pipetting. After a short spin, measure concentration and tRNA into a new

1.5mL tube. Store it under �80�C.

PolyA+ RNA purification
PolyA+ RNA was purified using magnetic Dynabeads Oligo(dT)25 (ThermoFisher, Cat. No. 61005). In brief, total RNA (75 mg) was

adjusted to 100 mL with nuclease free water. The RNA was heated to 65�C for 2 min, and placed on ice, to disrupt secondary

structures. 200 mL (1 mg) of Dynabeads were transferred to a microcentrifuge tube and washed twice with 100 mL Binding Buffer

(1 M LiCl2, 2 mM EDTA, pH 8.0, 20 mM Tris-HCl, pH 7.5). Beads in 100 mL Binding Buffer were mixed with 100 mL of previously

heated RNA. Beads were mixed thoroughly and rotated on a roller or mixer for 10 min at room temperature to allow the mRNAs to

anneal to the oligo (dT)25 on the beads. Unbound fraction was discarded and beads were twice washed with 200 mL Washing

buffer B. Washing buffer was removed and the elution was perform in the 20 mL of nuclease free water by heating at 80�C for

2 min, immediately placed on the magnet and the eluted PolyA+ RNA was transferred to a new RNase-free tube. For RNA

mass spectrometry experiments, we repeated polyA + purification for a total of three times. The eluted RNA from the previous

round was diluted to 100 mL in binding buffer for subsequent second or third round of purification. Used beads were washed twice

in Wash buffer. After their resuspension in 100 mL of Binding Buffer, the purification was repeated as in the first round of

purification.

Quantification of RNA modifications using LC-MS/MS
RNAwas hydrolyzed to ribonucleosides by 20U benzonase (Santa Cruz Biotech) and 0.2 U nuclease P1 (Sigma) in 10mMammonium

acetate pH 6.0 and 1 mM magnesium chloride at 40�C for 1 h. After that, ammonium bicarbonate to 50 mM, 0.05 U phosphodies-

terase I and 0.1 U alkaline phosphatase (Sigma) were added, and incubated further at 37�C for 1 h. Digested samples were precip-

itated with 3 volumes of acetonitrile, centrifuged (16,000xg, 30 min, 4�C), and supernatants were lyophilized and dissolved in a so-

lution of stable isotope labeled internal standards for LC-MS/MS analysis. Chromatographic separation was performed using an

Agilent 1290 Infinity II UHPLC system with an ZORBAX RRHD Eclipse Plus C18 150 3 2.1 mm ID (1.8 mm) column protected with

an ZORBAX RRHD Eclipse Plus C18 5 3 2.1 mm ID (1.8 mm) guard column (Agilent). The mobile phase consisted of A: water and

B: methanol (both added 0.1% formic acid) at 0.22 mL/min, for modifications starting with 5% B for 0.5 min followed by 2.5 min

of 5–15% B, 3.5 min of 15–95% B, and 4 min re-equilibration with 5% B. Unmodified nucleosides were chromatographed with a

4 min gradient of 5–95% B and 4 min re-equilibration with 5% B. Mass spectrometric detection was performed using an Agilent

6495 Triple Quadrupole system operating in positive electrospray ionization mode, monitoring the mass transitions 269.1-150.1

(m6Am), 282.1-150.1 (m6A), 282.1-136.1 (Am), 268.1 (A), 284.1-152.1 (G), 244.1-112.1 (C), 245.1-113.1 (U), 296.1-164.1 (m6
2A),

and 298.1-166.1 (m7G), 285.1-153.1 (d3-m6A), 301.1-152.1 (d3-Gm), 273.1-136.1 (13C5-A), and 246.1-114.1 (d2-C). The m6Ammodi-

fication is catalyzed by PCIF1.11 It carries out the N6 methylation (m6A) of the transcription start site adenosine that is already meth-

ylated on the ribose (Am; cap1) by CMTR1. Therefore, we usedm6Am levels as a readout for reduction in cap1 levels in the conditions

lacking CMTR1 activity (Figures 3J and S4B).

RNA library preparation and sequencing
Library preparation for embryos form the heterozygous (HET) Cmtr1+/� crosses (n = 4) was performed at the Genomics Core Facility

(GeneCore, EMBL Heidelberg) using 50 ng (for E6.5 embryos) and 200 ng (for E7.5 embryos) of total RNA with stranded rRNAminus

RNAseq protocol and sequenced on NextSeq 500, HI, 75SE (85SE).

Library preparation and sequencing of a second batch of embryos from the heterozygous (HET) Cmtr1+/� crosses or Cmtr2+/�

crosses was performed at iGE3 facility at the University of Geneva. We used 50 ng (for E6.5 embryos) and 200 ng (for E7.5 embryos)
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of total RNA for the Smarter Ribodepletion kit. The prepared libraries were sequenced on the Illumina HiSeq 4000 sequencer (iGE3

Genomics Platform, University of Geneva).

Libraries were prepared with total RNA (500 ng) from human HAP1 WT and CMTR1 KO (n = 4) cells at the Genomics Core Facility

(GeneCore, EMBL Heidelberg) sequencing facility using the stranded rRNAminus RNAseq protocol and sequenced on the

HiSeq2000.

All sequencing libraries prepared are listed in Table S2.

Polysome and ribosome profiling
Mouse liver was isolated from biological duplicates of control and Cmtr1 cKO animals described previously. The tissue was rapidly

cut up into small pieces and snap frozen in liquid nitrogen.

For one sample of human HAP1 cells, three 10 cm plates of�70% confluency were used. Cells were treated with 100 mg/mL cyclo-

heximide (CHX) at 37�C, media was removed and the plate was placed on ice. Cells were washed with ice-cold PBS containing

100 mg/mL CHX and the PBS was completely removed. Cells were collected by scraping in 1mL of ice-cold PBS supplemented

with 100 mg/mL CHX. Cells were collected in Eppendorf tubes on ice and spun down for 5 min at 1000 rpm (200xg), 4�C. Supernatant
was discarded and cell pellet was flash-frozen and stored at�80�C. Human HAP1 cell pellets were flash-frozen until further use. The

ribosome profiling79,80 and polysome fractionation was performed at the ‘‘BioCode: RNA to Proteins’’ Core Facility, Faculty of

Medicine, UNIGE.

Polysome gradient centrifugation
Mouse liver tissues or HAP1 cell pellets were mechanically disrupted in liquid nitrogen and homogenized in a lysis buffer (50 mM Tris,

pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 1.0% Triton X-100, 0.5% Na-Deoxycholate, 25 U/mL Turbo DNase I, 1mM DTT, 100 mg/mL

cycloheximide, and Protease inhibitors (Roche). 10 mL of SUPERaseIn RNase inhibitor (Ambion, #AM2694) was added to lysis buffer

upon homogenization. Cell debris were pelleted (20000xg, 20min, 4�C). Approximately 500 mL of tissue lysates containing 2 mg/mL of

total RNA (1000 mg of total RNA) were loaded on the linear 20–60%sucrose gradients prepared on the gradient buffer (50mMTris, pH

7.4, 100 mM KCl, 1.5 mM MgCl2, 1mM DTT, 100 mg/mL cycloheximide). Ribosomes were fractionated at 2470600xg (380000 rpm,

rotor SW41 Ti (BeckmanCoulter, #331362) for 3 h 30min at 4�C. Fractionated ribosomesweremonitored and collected usingDensity

Gradient Fractionation System (ISCO) (Figures 3K and S3D).

Ribosome profiling
Mouse liver tissues or HAP1 cell pellets were mechanically disrupted in liquid nitrogen and homogenized in a lysis buffer (50 mM

Tris, pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 1.0% Triton X-100, 0.5% Na-Deoxycholate, 25 U/mL Turbo DNase I, 1mM DTT,

100 mg/mL cycloheximide, and Protease inhibitors (Roche, Cat. No. 04693132001). For determination of the optimal concentration

of nuclease for RNA digestion, the extracts were treated with the different amounts of RNAse I (Ambion, #AM2295). This was fol-

lowed by sucrose gradient centrifugation to determine shift of polysomes to monosomes, but without further degradation of

monosomes.

To obtain ribosome footprints, 0.12 mL of total extracts containing 300 mg of total RNA were treated with RNAse I (Ambion,

#AM2295) (250U/1 mg of total RNA), for 45 min at 20�C with slow agitation. 10 mL SUPERaseIn RNase inhibitor (Ambion,

#AM2694) was added to stop nuclease digestion. Monosomes were isolated using MicroSpin S-400 HR spin columns (Amersham,

#27514001). For isolation of ribosome protectedmRNA fragments (RPF), 33 volumes of QIAzol (Qiagen, Cat. No. 79306) were added

to the S-400 eluate, mixed thoroughly, and RNA extracted with Direct-Zol RNA Mini Prep Plus kit (Zymo Research, #R2070).

Ribosome protected fragment (RPF) library preparation
Libraries were prepared as described.79,80 Briefly, ribosome protected fragments (RPFs) were size-selected (25–34 nt) by electro-

phoresis using a 15% TBE-Urea polyacrylamide gel electrophoresis (PAGE) and two RNA markers, 25-mer (OP-RNA25) and

34-mer (OP-RNA34) (Table S1). After dephosphorylation with T4 Polynucleotide Kinase (NEB, #M0201S) the adapter Linker-1

(OP-RNA45) was ligated to the 30 end of the RPF using T4 RNA Ligase 2 (NEB, #M0242S). The ligated products were purified using

10% TBE-Urea PAGE. Ribosomal RNA was removed using RiboCop rRNA Depletion Kit V2 H/M/R (Lexogen #144) for mouse liver

samples or using the Ribo-Zero Plus rRNA Depletion kit (Illumina, #20040892) for HAP1 cell samples. The adapter Linker-1 was used

for priming reverse transcription (RT) with the RT primer Ni-Ni-9 (OP27) using ProtoScript II Reverse Transcriptase (NEB, #M0368S).

RT products were purified using 10% TBE-Urea PAGE. The cDNA was circularized with CircLigase II ssDNA Ligase (Epicentre,

#CL9021K). The final libraries were generated by PCR using forward index primer NI-N-2 (OP28) and reverse index primers. Amplified

libraries were purified using 8% TBE-PAGE and analyzed with TapeStation. Libraries were sequenced on an Illumina HiSeq 4000,

single-reads, 1 3 50 bp, 8 libraries in a pool.

Isolation of total RNA, library preparation and sequencing
Total RNAwas isolated from the same nuclease-treated extracts, that were used to obtain RPFs, using Direct-Zol RNAMini Prep Plus

kit (Zymo Research, #R2070). RNA was sent to iGE3 Genomic Platform, University of Geneva for strandedmRNA library preparation.

Libraries were sequenced on an Illumina HiSeq 4000, single-end reads, 1 3 50 bp, 12 libraries in pool.
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All sequencing libraries prepared are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of RNA-seq data
Quality control of the demultiplexed libraries was performed with FastQC.63 Sequencing adapters were removed by Flexbar soft-

ware.64 All the sequenced mouse libraries were aligned to the mouse transcriptome (GRCm38 assembly) with STAR65 (v2.7.10a)

and reads were further quantified transcript-wise from STAR-generated BAM files by salmon quant (v1.8.0)62 with the following

options: –seqBias –gcBias –posBias –writeUnmappedNames. Transcript counts were collapsed into gene counts and DESeq

function of the DESeq2 bioconductor package60,61 was used to obtain log2 fold changes of gene expression between control

and mutant samples and the adjusted p values. Hidden noise was inferred by the sva bioconductor package75 and 2 surrogate

variables (SV1 and SV2) were included into DESeq function model (design = � SV1 + SV2 + condition). Adjusted p value 0.05, as

well as the absolute value of log2 fold change 1 were defined as thresholds of statistical significance. All the visualizations were

done in Python 3.10.6. Volcano plots of differential gene expression was plotted using scatterplot function of the seaborn (v0.12.1)

package66 with additional matplotlib (v3.6.2) customizations67 (Table S3). Boxplots of the expression of immune sensors (Fig-

ure 1F), comparison of the alternative splicing events (Figure 1G), z-scores of the log2-transformed counts of the snoRNA-con-

taining introns (Figure S1F), log2 fold changes of selected gene classes expression and translational efficiency (Figure S1G,

S3F–S3G, and S4F), as well as follicle proportions (Figure S2D) were plotted with the boxplot function of the seaborn package.

Stacked bar charts of embryo genotypes (Figures 1C and 4C), and bulk-to-single-cell projections (Figure S1E and S5H) were

created with the plot function (kind = ’bar’, stacked = True) from the pandas (v1.5.1) package. Heat maps of the type I IFN pathway

genes (Figure 3G) and selected innate immune sensors across early embryonic stages (Figure S1D) were plotted with clustermap

function with z_score and weighted hierarchical clustering options of the seaborn package. The early embryonic transcriptome

data used for analysis in Figure 1F was from published sources (GEO: GSE45719 and GSE119945; Arrayexpress: E-MTAB-

6967). Venn diagrams comparing Cmtr1 and Cmtr2 dysregulated gene sets in E6.5 and E7.5 embryos (Figure 4F) were plotted

with venn2 function of the matplotlib_venn (v0.11.7) package. Genes found to be significantly up- or down-regulated in the

mutants were searched for enriched Gene Ontology terms in the Biological Process and Molecular Function ontologies using

ENRICHR58 and plotted with barplot function of the gseapy (v0.14.0) package.68 Violin plot comparing expression levels of

RIG-I between HAP1 cells and control Cmtr1 mice (Figure S4G) was plotted by violinplot function of the seaborn (v0.12.1)

package.

Analysis of ribosome profiling data
Quality control of the demultiplexed libraries was performed with FastQC.63 Sequencing adapters were trimmed with Flexbar.64

Ribosomal RNA filtering was done by aligning reads to the rRNA index with bowtie69 with the following options: -S -v 1 -a –best

–strata. After rRNA filtering step remaining pool of reads was aligned to a relevant genome: GRCm38 assembly for the mouse

liver data and the GRCh38 assembly for human HAP1 cells, respectively. Genome alignment was performed by STAR65 without

any further read clipping by adding –alignEndsType EndToEnd option. Read coverage biases were checked from the BAM files

by the CollectRnaSeqMetrics program from ‘‘Picard Toolkit’’.70 Metagene profile analysis of the read phasing of the mouse liver

data (Figure S3E) was performed by metagene program from the plastid python package.76 RiboCode toolkit71 was used to

detect longest translated ORFs (-l yes). Count tables of the longest translated ORFs for further differential translation efficiency

analysis were made by ORFcount program from the RiboCode toolkit. First and last 10 translated codons were masked from

counting (-f 10 -L 10). Hidden noise was inferred by sva bioconductor package75 and 2 surrogate variables (SV1 and SV2) were

included into model. Differential translational efficiency analysis was done by DESeq function from DESeq2 bioconductor pack-

age with the following parameters specified: test = ’’LRT’’, reduced = �SV1 + SV2 + assay + condition. Model design was as

follows: �SV1 + SV2 + assay + condition + assay:condition. Volcano plots showing differential translational efficiency (Table S4)

between mouse Cmtr1 cKO (Cmtr1-/loxP; Alb-CreERT+/�) and control (Cmtr1+/loxP; AlbCreERT+/�) (Figure 3L), as well as between

human HAP1 CMTR1 KO and WT cells (Figure S4F) were plotted using scatterplot function of the seaborn (v0.12.1) package

with additional matplotlib (v3.6.2) customizations. Coverage tracks comparing ribosome protected fragments (RPFs) and input

read distributions across gene model (Figure 3M) were plotted by SparK (v2.6.2) python library.72

Analysis of alternative splicing events
The annotation file of the alternative splicing (AS) events (SE – skipped exon, MX – mutually exclusive exons, A5/3 – alternative

50/30 site, RI – retained intron, AF – alternative first exon, AL – alternative last exon) was generated by generateEvents script from

the SUPPA2 toolkit.73 All the AS events were filtered based on the total gene expression counts (total TPM counts per gene per

all conditions >10). The PSI (Percent Spliced-In) scores (Figure 1G) representing proportions of reads supporting the event over

total amount of reads per gene were computed by psiPerEvent script from the SUPPA2 toolkit both per all the retained AS

events and per transcripts (percentage of reads supporting a specific AS event over total number of events per gene, and per-

centage of reads supporting a specific transcript over total amount of reads per gene, respectively). Cryptic and/or rare AS

events with PSI scores <0.05 or >0.95 as well as events with <25% of missing values per event were filtered out from further
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analysis. The remaining missing values were imputed from the 2 neighbors by the KNN algorithm (KNNImputer function) from

the sklearn library package (v1.1.3).77

Bulk-to-single-cell deconvolution (RNA-seq debulking)
All the bulk-to-single-cell deconvolutions of the E6.5 and E7.5 Cmtr1 and Cmtr2 knock-out samples were performed with SCDC

(v0.0.0.9000) R package74 on the published single-cell embryonic atlases.81
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