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SUMMARY
The RNA cap methyltransferase CMTR1 methylates the first transcribed nucleotide of RNA polymerase II
transcripts, impacting gene expression mechanisms, including during innate immune responses. Using
mass spectrometry, we identify a multiply phosphorylated region of CMTR1 (phospho-patch [P-Patch]),
which is a substrate for the kinase CK2 (casein kinase II). CMTR1 phosphorylation alters intramolecular inter-
actions, increases recruitment to RNA polymerase II, and promotes RNA cap methylation. P-Patch phos-
phorylation occurs during the G1 phase of the cell cycle, recruiting CMTR1 to RNA polymerase II during a
period of rapid transcription and RNA cap formation. CMTR1 phosphorylation is required for the expression
of specific RNAs, including ribosomal protein gene transcripts, and promotes cell proliferation. CMTR1 phos-
phorylation is also required for interferon-stimulated gene expression. The cap-snatching virus, influenza A,
utilizes host CMTR1phosphorylation to produce the caps required for virus production and infection.We pre-
sent an RNA cap methylation control mechanism whereby CK2 controls CMTR1, enhancing co-transcrip-
tional capping.
INTRODUCTION

CMTR1 (cap methyltransferase 1) is an RNA cap methyltransfer-

ase that has influential roles in gene expression and innate im-

mune responses.1,2 During pre-mRNA maturation, CMTR1

methylates the first transcribed nucleotide ribose at the O-2 po-

sition, creating the RNA cap modification N1 20-O-Me, which al-

ters the affinity of the RNA cap for interacting proteins.3–6 An

absence of cap N1 20-O-Me contributes to mRNA being de-

tected as ‘‘non-self’’; these immature caps interact with proteins

that target RNA for decapping and degradation.2,5,7 Once the

RNA cap has N1 20-O-Me, interactions with proteins of the

RNA degradation pathway decrease, and interactions with pro-

teins involved in RNA processing and translation factors alter,

associated with the increased expression of specific genes.2,8

CMTR1was first investigated as an interferon-stimulated gene

(ISG95)9–13; the interferon-induced translation of select ISGs

was found to be dependent on this RNA cap methyltransfer-

ase.13 CMTR1 is also upregulated during embryonic stem cell

differentiation and is critical for the proliferation of differentiating
Cell Reports 43, 114405, J
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cells in a mechanism linked to the expression of histone and ri-

bosomal protein gene transcripts.14,15 Across diverse species,

specific genes are responsive to CMTR1 levels, with regulation

observed at the level of RNA and translation.1,8,14,16–22

The methyltransferase domain is centrally positioned in

CMTR1, flanked by domains that influence the interactions and

activity of the enzyme. A nuclear localization signal and the

G-Patch (glycine-rich) domain are N-terminal to the methyltrans-

ferase domain with the non-catalytic guanylyltransferase-like

(GT-like) and WW domains residing at the C terminus3,4 (Fig-

ure 1). CMTR1 methylates RNA caps during transcription when

the CMTR1 WW domain interacts with the RNA polymerase II

(RNA Pol II) large subunit C-terminal domain (CTD) phosphory-

lated on serine-5 (S5P)14,18,23 and the CMTR1GT-like domain in-

teracts with RNA Pol II RPB7.24 These interactions recruit

CMTR1 to RNA Pol II at the initiation of transcription after guano-

sine cap addition.14,24 Interaction with RNA may also aid the

recruitment of CMTR1 to RNA Pol II.20 Repression of CMTR1 re-

sults in a loss of RNA Pol II binding to the transcription start site

and repression of transcription, indicating a role for this enzyme
uly 23, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and the RNA cap modification, N1 20-O-Me, in transcription and/

or co-transcriptional RNA stability.14,15 The genes with the high-

est CMTR1 andRNAPol II binding are themost responsive to the

repression of CMTR1. The CMTR1 G-Patch domain also binds

directly to the DHX15 helicase (DEAH-box helicase 15) through

the OB-fold (oligonucleotide/oligosaccharide-binding), an inter-

action that modulates CMTR1 and DHX15 activities and pre-

vents interaction with RNA Pol II.18,19,22

Here, we demonstrate that CMTR1 function is controlled by

the kinase CK2 (casein kinase II). CK2 phosphorylates CMTR1

on multiple residues in the N-terminal phospho-patch (P-Patch),

which alters intramolecular interactions and promotes recruit-

ment to the RNA Pol II CTD. CMTR1 P-Patch phosphorylation

is required for mature cap formation, specific gene expression,

and cell proliferation. The expression of ribosomal protein genes

and select ISGs is particularly dependent on CMTR1 phosphor-

ylation. The cap-snatching virus, influenza A virus (IAV), requires

host cell CMTR1 phosphorylation for viral infection.

RESULTS

CK2 phosphorylates CMTR1 on multiple amino acids in
the N-terminal P-Patch
To identify signaling pathways that influence RNA cap formation,

we analyzed phosphorylated residues of the cap methyltransfer-

ase CMTR1. Human hemagglutinin (HA)-CMTR1 was expressed

in HeLa cells, immunoprecipitated, and analyzed by LC-MS

(liquid chromatography-mass spectrometry) (Figures 1A, 1B,

and S1A). A cluster of phosphorylated amino acidswas identified

in an N-terminal region, which we named the P-Patch (amino

acids S26–S89; Figures 1A, 1B, and S1B). The phosphorylated

amino acids identified with the highest confidence were S28,

T30, S31, and S66 (Figures 1A and 1B). The CMTR1 cDNA was

mutated to encode alanine in substitution of phosphorylated

amino acids, and, as previously, this CMTR1 protein was ex-

pressed in cells and analyzed by LC-MS, resulting in the identi-

fication of additional phosphorylation sites (Figures 1A and S2).

This process was repeated until 15 phosphorylated amino acids

were identified: S26, S28, T30, S31, S46, S49, S51, S53, S55,

T57, S63, S64, S66, S75, and S89 (Figures 1A, S1, and S2).

HA-CMTR1 15A cDNA was generated to encode CMTR1 with

all detected phosphorylated amino acids mutated to alanine.

No phosphorylation was detected in HA-CMTR1 15A, despite

91% protein being analyzed by LC-MS, including the entire

P-Patch (Figures S1B and S2).

We investigated the kinases that phosphorylate the CMTR1

P-Patch based on consensus motifs. CK2, a pleiotropic kinase
Figure 1. CMTR1 contains a highly phosphorylated P-Patch at the N te

(A) Diagram of human CMTR1. Domains and positions indicated. P-Patch is ami

(B) HA-CMTR1was expressed in HeLa cells and immunoprecipitated via the HA ta

reported. High-confidence phosphorylation sites are stated in ‘‘possible sites’’ wi

the most likely are stated and all are underlined.

(C) In vitro phosphorylation of recombinant CMTR1 and OTUB1 by CK2. Reactio

staining of proteins (bottom).

(D) In vitro phosphorylation of recombinant CMTR1, CMTR1D143, and OTUB1 o

(E) Quantitation of moles of ATP incorporated into moles of substrates in (D).

See also Figures S1 and S2.
that phosphorylates serines and threonines upstream of acidic

residues, was a candidate P-Patch kinase.25–28 Recombinant

CMTR1 was phosphorylated by recombinant CK2 in vitro

(Figure 1C). OTUB1, an established CK2 substrate, was included

as a positive control.29 CMTR1D1–143 (lacking the nuclear

localization sequence [NLS], P-Patch, and G-Patch) was not

phosphorylated in this assay, consistent with the CK2 phosphor-

ylation sites being restricted to the N terminus of CMTR1

(Figures 1D and 1E). More than 2 mol of phosphate was incorpo-

rated into each mole of CMTR1, indicating that CMTR1 proteins

were multiply phosphorylated (Figure 1E).

To characterize CMTR1 phosphorylation, polyclonal anti-

bodies were raised against a CMTR1 peptide phosphorylated

on S28, T30, and S31. In a dot blot, the anti-pCMTR1 (phos-

pho-CMTR1) antibody had enhanced affinity for recombinant

CMTR1 when phosphorylated by CK2 (Figure 2A). When

HA-CMTR1 was immunoprecipitated from cell extracts, the

pCMTR1 antibody bound with higher affinity to the wild-type

(WT) protein compared to the 15A mutant, consistent with WT

CMTR1 phosphorylation (Figure 2B). Transfection of HeLa cells

with a CK2 expression vector resulted in increased endogenous

pCMTR1, and transfection with kinase-dead CK2 (CK2-KD) re-

sulted in reduced pCMTR1, consistent with CK2 phosphoryla-

tion of CMTR1 in cells (Figure 2C).

CMTR1isphosphorylatedpredominantlyduringG1phase
The guanosine cap is methylated by RNMT predominantly during

G1 phase of the cell cycle.30We used nocodazole-based cell syn-

chronization, which releases cells from a late G2/M arrest into G1

phase to determine thatCMTR1phosphorylation increases during

G1 phase of the cell cycle (Figures 2D–2F). CMTR1 phosphoryla-

tion (ratio of pCMTR1 to CMTR1) peaked at 2 h following the

release from nocodazole block, whereas total CMTR1 levels

were not altered. Once the phase of the cell cycle when CMTR1

is phosphorylated was determined, we could further verify the

pCMTR1 antibody as phosphate specific. CMTR1 was immuno-

precipitated from cells 2 h after nocodazole release, and immuno-

precipitates were treated with lambda phosphatase, resulting in

reduced pCMTR1 levels (Figure 2G). To verify that CK2 was a ki-

nase responsible for CMTR1 phosphorylation during the cell cy-

cle, cells were treated with quinalizarin, a CK2 inhibitor, which

reduced detection of pCMTR1 (Figures 2H and 2I).31

CMTR1 phosphorylation increases interaction with RNA
Pol II
We investigated the impact of P-Patch phosphorylation on

CMTR1 function. In vitro, CK2 phosphorylation of recombinant
rminus

no acids 26–89 (red). High-confidence phosphorylation sites are labeled ‘‘P.’’

g. Phospho-peptides were identified bymass spectrometry, and themass was

th the percentage of probability given. For peptides with several potential sites,

n constituents indicated. Phospho-analysis of proteins (top). Coomassie blue

ver a time course, as above. ‘‘c’’ indicates a reaction without CK2.
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Figure 2. CMTR1 is phosphorylated by CK2 during G1 phase

(A) Recombinant CMTR1 was in vitro phosphorylated with CK2 and a titration was blotted onto PVDF (ng indicated). Blots were probed with pCMTR1 antibody or

(pan) CMTR1 antibody.

(B) HA-CMTR1 WT, HA-CMTR1 15A, or empty vector (v) were transiently expressed in HeLa cells. HA-CMTR1 proteins were immunoprecipitated via the HA tag

and analyzed by western blot.

(C) FLAG-CK2 WT, D156A (kinase dead [KD]), or empty vector (v) were transiently expressed in HeLa cells. Endogenous CMTR1 was immunoprecipitated and

analyzed by western blot.

(D) HeLa cells were arrested in G2/M phase using nocodazole and released into the cell cycle by replacement with fresh medium. CMTR1 was immunopre-

cipitated over a time course of nocodazole release or from asynchronous cells (A) and analyzed by western blot for phospho-CMTR1 and total CMTR1

(representative shown). Cyclin B expression was analyzed.

(legend continued on next page)
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CMTR1 did not significantly impact methyltransferase activity

(Figure S3A). Similarly, using lambda phosphatase to reduce

the phosphorylation of HA-CMTR1 immunoprecipitated from

cells did not impact methyltransferase activity (Figures 2G and

S3B). CMTR1 function can be influenced by interaction with

the helicase DHX15.18,19 An equivalent quantity of DHX15 was

found in HA-CMTR1 WT and 15A complexes immunoprecipi-

tated from HeLa cells, indicating that phosphorylation of

CMTR1 does not influence this interaction (Figure S3C). As a

control, the CMTR1 G-Patch 3L/A mutant had reduced interac-

tion with DHX1518 (Figure S3C). The CMTR1 P-Patch is adjacent

to the NLS (Figure 1A).18,32 To investigate whether CMTR1 phos-

phorylation impacts the cellular localization of the protein, GFP-

CMTR1WTand 15Awere transfected into HeLa cells (Figure S4).

As observed previously, GFP-CMTR1 WT has a predominantly

diffuse nuclear localization, and GFP-CMTR1 15A has an equiv-

alent nuclear localization.18 As controls, GFP-CMTR1 25-831

and GFP-CMTR1 4/K/E, mutants with a deleted or mutated

NLS, were predominantly cytoplasmic.18

CMTR1 is recruited to nascent RNA caps by an interaction of

the WW domain with the RNA Pol II CTD phosphorylated on

S514,18 and by an interaction of the GT-like domain with RNA

Pol II PBP7.24 To investigate whether the interaction of the RNA

Pol II CTD with CMTR1 is influenced by phosphorylation, HA-

CMTR1 WT, 15A, and vector control were expressed in MEFs

(mouse embryonic fibroblasts) and HeLa cells (Figures 3A and

3B, respectively). HA-CMTR1 WT was immunoprecipitated from

cell extracts in a complex with RNA Pol II S5P and S2P of the

CTD (Figures 3A and 3B). The phospho-defective CMTR1 15A

mutant had significantly reduced interaction with the CTD,

consistent with CMTR1 phosphorylation promoting or permitting

this interaction. To validate the role of CK2 in the CMTR1-RNAPol

II interaction, CK2WT and KDwere transiently expressed in HeLa

cells (Figure 3C). Expression of CK2WT, but not CK2 KD, resulted

in increased CMTR1 phosphorylation and increased interaction

with RNA Pol II (Figure 3C).

To investigate whether CK2 phosphorylation of CMTR1

directly influences the interaction with the RNA Pol II CTD,

an in vitro binding assay was performed. As observed previ-

ously, recombinant CMTR1 interacted directly with the CTD

peptide, with enhanced binding to the S5P CTD peptide (Fig-

ure 3D).18 Phosphorylation of recombinant CMTR1 with CK2

increased its interaction with the RNA Pol II CTD (Figures 3E

and 3F).

Intramolecular interactions of CMTR1 are controlled by
P-Patch phosphorylation
CMTR1 recruitment to the RNA Pol II CTD requires the CMTR1

WW domain.18 Here, we observe that phosphorylation of the

CMTR1 P-Patch influences the RNA Pol II-CMTR1 interaction
(E) pCMTR1/CMTR1 and total CMTR1 were quantitated. Dots indicate data for 4

performed, and p values are stated.

(F) Cell cycle progression in (D) was analyzed by flow cytometry using DAPI DNA

(G) Cells released from nocodazole block for 2 h were untreated (N), treated with

(H) As in (G) except cells were treated with quinalizarin (QZ).

(I) Detection of pCMTR1/CMTR1 and total CMTR1 was quantitated for 2 indepen

See also Figures S3 and S4.
(Figure 3). Since phosphorylation of the CMTR1 N-terminal

P-Patch influences an interaction of the C-terminal WW domain

with RNA Pol II, this indicates a phosphorylation-induced change

in conformation or an intramolecular interaction of CMTR1. To

investigate the interactions between the different domains of

CMTR1 a series of HA-CMTR1 N-terminal deletions and GFP-

CMTR1 C-terminal deletions were made and co-expressed in

HEK293 cells (Figure 4A). In co-immunoprecipitation experi-

ments, GFP-CMTR1DWW (GFP-DWW) interacted with HA-

CMTR1-WW (lane 9, Figure 4B) or HA-CMTR1-GT-WW (lane 9,

Figure 4C). This revealed an interaction between the CMTR1

WW domain and another part of CMTR1. The more extensive

deletionmutant GFP-CMTR1 1-143 (GFP-1-143) failed to interact

with HA-CMTR1-WW (lane 8, Figure 4B) or HA-CMTR1-GT-WW

(lane 8, Figure 4C), indicating that the CMTR1 RFM-GT-

like (Rossman-fold methyltransferase-guanylyltransferase-like)

domain is required for the interaction with the CMTR1 WW

domain. These CMTR1 domain interactions are likely to reflect in-

tramolecular interactions rather than trans interactions of two

CMTR1 proteins since GFP-CMTR1 WT does not bind to any

CMTR1 deletion mutant or another CMTR1 WT (Figures 4B and

4C, lane 10; data not shown). Consistent with this, in the

AlphaFold2 prediction of the CMTR1 structure, the WW, GT-

like, and RFM domains havemultiple interactions33,34 (Figure 4D).

The impact of CMTR1 intramolecular interactions on recruit-

ment to RNA Pol II was investigated (Figures 4E and 4F). As

published previously,18 GFP-CMTR1DWW (WT or 15A) does

not interact significantly with RNA Pol II (lanes 8 and 9, Fig-

ure 4E). When HA-CMTR1-GT-WW (HA-GT-WW) is expressed

with GFP-CMTR1DWW (GFP-WT-DWW), they form a complex,

permitting GFP-CMTR1DWW to bind to RNA Pol II (Figure 4E,

lane 11). GFP-CMTR1DWW with 15A mutations (GFP-15A-

DWW) also interacts with HA-GT-WW, but this complex has

reduced RNA Pol II binding (Figure 4E, lane 12). These data

are consistent with the CMTR1 P-Patch interacting with the

CMTR1 CTD and this interaction promoting binding to RNA

Pol II in a phospho-dependent manner. In the AlphaFold2-pre-

dicted structure, the P-Patch is a disordered region, which may

contact the rest of CMTR1 at multiple points, enhancing the in-

tramolecular interaction (Figure 4D).

Evidence supporting that the phosphorylated P-Patch pro-

motes CMTR1-RNA Pol II interactions comes from experiments

in which HA-CMTR1-GT-WW (HA-GT-WW) was expressed in

cells and immunoprecipitated with RNA Pol II CTD S5P (Fig-

ure 4F, lane 7), consistent with the RNA Pol II CTD-CMTR1

WW domain interaction.18 Although GFP-CMTR1DWW (GFP-

WT-DWW) has a weak affinity for RNA Pol II, expression of it

increases the interaction of HA-CMTR1-GT-WW and RNA Pol

II (Figure 4D, compare lanes 8 and 9). GFP-CMTR1DWW

15A (GFP-15A-DWW) also interacts with HA-CMTR1-GT-WW
or 5 independent experiments. Line indicates the average. Student’s t test was

stain. The proportion of cells in each stage of the cell cycle is indicated.

lambda phosphatase (L), or asynchronous (A).

dent experiments. Dots indicate data, and line indicates the average.
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(HA-GT-WW) but does not increase the interaction with RNA Pol

II (Figure 4F, compare lanes 8 and 10). Thus, P-Patch phosphor-

ylation (even on a distinct peptide) positively influences the inter-

action of the RNA Pol II CTD and CMTR1.
6 Cell Reports 43, 114405, July 23, 2024
CMTR1 phosphorylation increases RNA cap formation
and cell proliferation
To investigate the impact of CMTR1 phosphorylation in cells, we

utilized MEFs in which the Cmtr1 gene is floxed in exon 3,
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Figure 4. Intramolecular interactions of

CMTR1

(A) Diagram of CMTR1 mutants used.

(B) HA-CMTR1-WWwas transiently co-expressed

with the GFP-CMTR1 WT and mutants indicated

above blots in HeLa cells. GFP-CMTR1 proteins

were immunoprecipitated using GFP nanobodies

and western blots performed to detect HA-WW

(anti-HA antibody) and GFP-tagged protein (anti-

GFP antibodies).

(C) As in (B) except HA-CMTR1-GT-WW was co-

expressed with GFP-tagged CMTR1 mutants.

(D) The predicted structure of CMTR1 by

AlphaFold2. The domains of interest are indicated.

(E and F) HA-CMTR1-GT-WWwas expressed with

GFP-CMTR1 WT, 15A, or GFP alone. (E) GFP-

CMTR1 proteins immunoprecipitated with nano-

bodies. (F) HA-GT-WW was immunoprecipitated

using anti-HA antibodies. RNA Pol II S5P and other

antigens were detected by western blot.

Article
ll

OPEN ACCESS
resulting in gene deletion upon expression of Cre recombinase

(Figure S5). In these cells, HA-CMTR1 WT and 15A were ex-

pressed following retroviral infection (at a level lower than endog-

enous CMTR1), and subsequently, the endogenous Cmtr1 gene

was deleted (Figure S5C). Using this method, we avoided cell

adaptation to long-term Cmtr1 gene deletion, which we

observed previously (CMTR1 15A expression increases relative

to WT over time in Cmtr1�/� cells; data not shown). The impact

of CMTR1 15A on RNA cap formation was analyzed by CAP-

MAP (cap analysis protocol with minimal analyte processing)
C

MS.35 Consistent with CMTR1 being

required for N1 20-O-Me (O-2 methylation

of the first transcribed nucleotide ribose),

Cmtr1 deletion resulted in a reduction in

the N1 O-2-Me-containing mature RNA

caps m7Gpppm6Am,
m7GpppAm, and

m7GpppGm and an increase in the incom-

plete caps m7Gpppm6A, m7GpppA, and
m7GpppG in comparison to cells express-

ing CMTR1WT (Figure 5A). Expression of

CMTR1 15A only partially rescued the

abundance of mature caps, consistent

with CMTR1 phosphorylation promoting

cellular RNA cap O-2 methylation.

Phospho-defective mutation 15A
reduces CMTR1-dependent gene
expression
CMTR1 and its product N1 20-O-Me

have roles in gene expression, with the

target genes determined by the cell

lineage.8,13,14,17,18,20,21 RNA sequencing

analysis was carried out on log-phase

MEFs expressing HA-CMTR1 WT, 15A,

or vector control, in which the endoge-

nousCmtr1 genewas deleted (Figure S5).

In previous studies, CMTR1 repression
had been demonstrated to impact RNA levels.14,15 In RNA

sequencing analysis, 12,516 RNAs (transcripts mapping to sin-

gle genes) were detected that had more than one count per

million reads in more than 3 samples (Table S1). Expression of

HA-CMTR1 WT resulted in significantly increased levels of

1,521 RNAs and significantly decreased levels of 1,334 RNAs

(Figures 5B and 5C). Expression of HA-CMTR1 15A also resulted

in altered RNA levels but to a lesser extent than HA-CMTR1 WT,

consistent with CMTR1 phosphorylation being required for RNA

Pol II binding and RNA capping. 797 RNAs were significantly
ell Reports 43, 114405, July 23, 2024 7
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increased in response to the expression of HA-CMTR1 15A, and

729 RNAs were significantly reduced (Figures 5B and 5C). 567 of

the same RNAs were increased in HA-CMTR1 WT- and 15A-ex-

pressing cells; RNAs upregulated in response to CMTR1 15A

were largely a subset of those upregulated in response to the

WT protein (Figure 5C). Furthermore, HA-CMTR1WT expression

resulted in higher increases in RNA levels compared to CMTR1

15A. Of the top 100 RNAs increased in response to CMTR1

WT, the average LFC (log fold change) was 1.96, whereas for

the top 100 RNAs that increased in response to CMTR1 15A,

the average LFC was 1.53 (Table S1).

Gene Ontology term analysis revealed that genes upregulated

by both WT and 15A included genes involved in RNA translation,

consistent with previous studies (Figure S6).14,15 One of themost

CMTR1-dependent gene families in embryonic stem cells is the

ribosomal protein genes, correlating with high RNA Pol II-gene

binding.14 Ribosomal protein gene transcripts were also induced

in response to CMTR1 WT and 15A, indicating the conservation

of their CMTR1 dependency across cell types (Figure 5D;

Table S1). CMTR1 WT induced ribosomal protein gene tran-

scripts more that the 15A mutant, consistent with increased

RNA Pol II binding.14 Consistent with reduced gene expression,

deletion of the Cmtr1 gene in MEFs resulted in reduced cell pro-

liferation (Figure 5E). Expression of CMTR1 WT rescued this

defect more than 15A (Figure 5E, left). In cells expressing endog-

enous CMTR1, expression of CMTR1 15A acted as a dominant

negative, reducing cell proliferation (Figure 5E, right).

CMTR1 phosphorylation is required for the interferon
response
CMTR1 has previously been demonstrated to be required for the

expression of ISGs.13 Here, we observed that the ISGs IFIT1,

IFIT3, IFIH1, ISG15, and DHX58 are upregulated in response to

interferon addition in CMTR1 WT-expressing Cmtr1�/� MEFs

(Figure 6A). Interferon-induced expression of IFIT1, IFIT3,

IFIH1, and ISG15 was significantly reduced in MEFs expressing

CMTR1 15A (Figure 6A). Consistent with these observations,

interferon-induced expression of IFIT3 and ISG15 proteins was

delayed in Cmtr1�/� MEFs compared to those expressing HA-

CMTR1 WT (Figure 6B). This was most apparent at the 4 h

time point. Expression of HA-CMTR1 15A did not rescue this

defect. PolyI:C (polyinosinic:polycytidylic acid) mimics RNA spe-

cies generated during viral replication and is sensed by TLR3,

MDA5, and RIG-I, resulting in interferon expression and other im-

pacts.36 Transfection of MEFs with polyI:C resulted in IFIT1 and
Figure 5. CMTR1 phosphorylation is required for RNA cap methylation

MEF lines were created to express HA-CMTR1 WT, 15A, and vector control. Cre

(A) Relative abundance of cap structures in Cmtr1 knockout (KO) MEFs express

dependent experiments, and bar indicates the average.

(B) MA plots of transcript levels (log2RPKM [reads per kilobase permillionmapped

(right). Genes significantly down-/up-regulated (EdgeR exactTest, false discover

(C) Venn diagram of numbers of genes increased by expression of CMTR1 WT a

Cmtr1 KO.

(D) Volcano plots indicating the relationship between log2FC and –log10 FDR-a

Ribosomal protein genes (79 genes) are highlighted.

(E) MEF lines with and without Cre-directed Cmtr1 deletion. MEFs were plated an

average. Student’s t test was performed, and p values are stated.

See also Figures S5 and S6.
IFIT3 expression in cells expressing CMTR1 WT, and this was

attenuated in cells expressing CMTR1 15A (Figure 6C). Since

the induction of the ISGs is dependent on an intact P-Patch,

this implies that CK2 phosphorylation of CMTR1 is important in

the interferon response. We used the highly selective CK2

competitive inhibitor quinalizarin to further investigate the

role of CK2 in the interferon response.31 Pretreatment of MEFs

with quinalizarin reduced the interferon-dependent induction

of ISGs (Figure 6D) (we note that many proteins involved in

the response to interferon are phosphorylated by CK2, and

therefore quinalizarin is likely to have impacts beyond CMTR1

phosphorylation26).

CMTR1 phosphorylation is required for influenza
infection
IAV is a negative-sense, single-stranded RNA virus that is depen-

dent on the removal of host cell RNA caps via endonucleases for

ligation to viral transcripts, a process known as cap snatching.37

Influenza virus infection of A549 cells is dependent on

CMTR1.38 We investigated whether the defect in RNA cap pro-

duction in cells expressing CMTR1 15A impacts influenza infec-

tion. A mouse-adapted PR8 IAV strain expressing a fluorescent

mCherry reporter fused to the open reading frame of the viral

NS1 gene was used to infect MEFs, with infected cells detected

by mCherry protein expression at 17 and 24 h post-infection (Fig-

ure 6E).39 Deletion of Cmtr1 resulted in a significant reduction in

the number of infected cells, and this could be rescued by the

expression of CMTR1 WT. The expression of CMTR1 15A could

partially rescue the defect, but the number of infected cells was

significantly lower than that in cells expressing CMTR1 WT.

CMTR1 phosphorylation could also be linked to viral protein

detection (Figure 6F). Of the cells positive for viral infection, the

geometric mean fluorescence intensity for NS1 expression was

significantly higher in cells expressing CMTR1 WT in a Cmtr1�/�

background compared to CMTR1 15A. Therefore, although

CMTR1 phosphorylation is required for the interferon response,

which can suppress aspects of viral infection, in the context of

IAV infection, CMTR1 phosphorylation acts as a pro-viral factor.

This can be potentially attributed to the dependence of IAV

on cap-snatching mechanisms for efficient expression of viral

mRNAs alongside its ability to suppress the interferon response.40

In addition, members of the interferon-stimulated IFIT family are

pro-viral factors that promote the translation of IAV mRNA41,42;

therefore, the CMTR1 phosphorylation-dependent expression of

IFIT mRNAs may also contribute to efficient infection.
and gene expression

recombinase was expressed to delete the Cmtr1 gene.

ing HA-CMTR1 WT, 15A, or vector control. Data presented are from three in-

reads]) and log2 fold change of CMTR1WT vs. KO (left) and CMTR1 15A vs. KO

y rate [FDR]-adjusted p < 0.05) are highlighted.

nd 15A, defined as those gene transcripts significantly up-regulated relative to

djusted p value for CMTR1 WT vs. KO (left) and CMTR1 15A vs. KO (right).

d counted each day. Data shown are for 3 experiments, and bar indicates the

Cell Reports 43, 114405, July 23, 2024 9



0 1 2 4
0

200

400

600
IFIT1

0 1 2 4
0

1000

2000

3000
IFIT3

0 1 2 4
0

20

40

60
ISG15

0 1 2 4
0

20

40

60

80
DHX58

0 1 2 4
0

2

4

6

8

10
GAPDH

0 1 2 4
0

20

40

60
IFIH1 WT

15A

con

re
la

tiv
e

le
ve

l

hrs

hrs hrshrshrs

Actin

ISG15

IFIT335-

15-

35-

0 4 8 24 0 4 8 24 0 4 8 24 hrs
WT 15A control

co
n

W
T

15
A

co
n

W
T

15
A

0

1

2

3

4

5

evitisop
PF

R
%

co
n

W
T

15
A

co
n

W
T

15
A

0

5

10

15

co
n

Q
Z

IF
N

IF
N

Q
Z

0

2000

4000

6000

8000
IFIT1

co
n

Q
Z

IF
N

IF
N

Q
Z

0

4000

8000

12000
IFIT3

co
n

Q
Z

IF
N

IF
N

Q
Z

0

20

40

60

80

100
IFIH1

co
n

Q
Z

IF
N

IF
N

Q
Z

0

200

400

600
ISG15

co
n

Q
Z

IF
N

IF
N

Q
Z

0

20

40

60

80

100
DHX58

co
n

Q
Z

IF
N

IF
N

Q
Z

0

2

4

6

8
GAPDH

re
la

tiv
e

le
ve

l
re

la
tiv

e
le

ve
l

A

B

D

E

co
n

W
T

15
A

co
n

W
T

15
A

0

2000

4000

6000

8000

G
eo

m
et

ric
m

ea
n

F

Fr
eq

ue
nc

y

Cmtr1 WT
Cmtr1 15A
control

C vehicle 17hrs 24hrs
WT 15A c

Actin
ISG15

IFIT335-

15-

35-

WT 15A c WT 15A c

hrs

(legend on next page)

10 Cell Reports 43, 114405, July 23, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
DISCUSSION

RNA Pol II transcripts are methylated at the O-2 position of first

transcribed nucleotide ribose (N1 20-O-Me), amodification that is

part of the RNA cap.2,5 Here, we report that CMTR1, the N1 20-O-

Me cap methyltransferase, is regulated by CK2-dependent

phosphorylation on an N-terminal domain, which we named

the P-Patch. Multiple serines and threonines in the P-Patch

(CMTR1 amino acids 28–89) are substrates for CK2, although

this domain may be phosphorylated by other kinases too.

CMTR1 is recruited to the hypomethylated RNA cap by interac-

tions with the RNA Pol II complex at the initiation of transcrip-

tion.14,18,24 When the P-Patch is phosphorylated, the affinity of

CMTR1 for the RNA Pol II CTD increases. Consistent with

enhanced recruitment to RNA Pol II, we report that phosphoryla-

tion of CMTR1 is required for cap ribose-O-2methylation and the

expression of a subsets of RNAs, including ribosomal protein

gene transcripts and ISGs. Phosphorylation of CMTR1 is also

required for production of influenza virus, which cap snatches,

taking the RNA cap from host cell transcripts for the priming of

viral transcription and evasion of host immunity.43 CK2 is a

potent kinase that directs cellular functions.25–28 CK2 can phos-

phorylate specific amino acids on substrates or deposit patches

of phosphorylation, with impacts on protein expression, sub-

strate interactions, localization, and activity.44–46 CK2 or CK2-

dependent phosphorylation is deregulated in many cancers,

neurological conditions, and immune disorders. Inhibiting CK2

has biological impacts in specific disease areas, and as a

result, CK2-targeting strategies are being investigated.27,28,45,46

Here, we demonstrate that CK2-dependent phosphorylation of

CMTR1 is required for efficient cell proliferation, the interferon

response, and influenza virus production.

CMTR1 is phosphorylated during G1 phase of the cell cycle

and promotes cell proliferation. Phosphorylation of another

RNA capmethyltransferase, the cap guanosine N-7methyltrans-

ferase (RNMT, RNA guanine-7 methyltransferase), also pro-

motes cell proliferation.30 RNMT is phosphorylated by CDK1-

cyclin B during late G2/M phase through to G1 phase, a

modification that increases catalytic activity.30 Being present

duringG1 phase, RNMTphosphorylation andCMTR1 phosphor-

ylation enhance RNA cap formation when most transcripts

are being synthesized. CK2 is not a cell cycle-regulated kinase,

but it does interact with many proteins involved in chromatin

dynamics and transcription including RNA Pol II.47 CMTR1

may be phosphorylated by proximal CK2 when it is recruited to

the transcribing RNA Pol II during G1 phase. Of note, CK2 also
Figure 6. Induction of interferon-stimulated genes is dependent on CM

(A)Cmtr1KOMEF lines expressing HA-CMTR1WT, 15A, and vector control were i

detected by PCR. Data are from 3 independent experiments, and bar indicates t

(B and C) MEFs were (B) incubated with 400 U/mL interferons for 0, 4, 8, and 24

proteins were analyzed by western blot. Actin was used as a loading control.

(D) WT MEFs were incubated with 10 mM QZ for 0.5–3 h and 400 U/mL interfer

independent experiments. Student’s t test was performed, and p values are indi

(E)Cmtr1WTand KOMEF lines expressing HA-CMTR1WT, 15A, and vector contr

Cells producing virus were detected by fluorescence-activated cell sorting at 17 a

performed, and p values are indicated.

(F) For mCherry-positive cells, the geometric mean of red fluorescence was rep

CMTR1 WT, 15A, and vector control, normalized to the mode.
modulates the action of signaling and mechanistic proteins

involved in transcription and translation.27,47

CMTR1makes at least 2 contacts with the RNAPol II complex:

the CMTR1 C-terminal WW domain interacts with the RNA Pol II

CTD and the adjacent CMTR1 GT-like domain interacts with the

RBP7 subunit.18,24 How does phosphorylation of the P-Patch at

the N terminus of CMTR1 impact the interaction of the C-terminal

WWdomain with the RNAPol II CTD?We confirmed that theWW

domain is required for interaction with RNA Pol II. Additionally,

we report that other regions of CMTR1 can interact with the

WWdomain and indirectly promote interaction with the polymer-

ase. This stimulatory impact of CMTR1 is dependent on P-Patch

phosphorylation; mutation of the P-Patch phospho-sites nullifies

the stimulatory impact on theWWdomain-RNA Pol II interaction.

Structural information about the P-Patch is not available; based

on AlphaFold predictions, it is likely to be disordered. We spec-

ulate that the phosphorylated P-Patch may interact with a posi-

tively charged patch in the WW domain (or proximal region), re-

sulting in intramolecular alterations that support the CMTR1 and

RNA Pol II CTD interaction.

The gene specificity of CMTR1 in altering RNA levels is impor-

tant to understand because it dictates its biological impact.

CMTR1 has direct and indirect roles in transcription and RNA

stability, both of which will impact RNA levels.14,15 Current infor-

mation about the factors dictating gene specificity is limited: high

levels of RNA Pol II and CMTR1 gene binding correlate loosely

with a response of genes to CMTR1 inhibition, but other factors

are indicated, and differential affinity for 50 RNA sequences may

also have a role.14,15,20 Which RNAs are CMTR1 dependent

varies with cell lineage.1,8,14,16–21 In MEFs, expression of the

phospho-defective CMTR1 15Amutant regulates the expression

of a similar set of RNAs as the WT protein but simply regulates

them less effectively. Approximately half as many RNAs are up-

regulated to threshold levels by CMTR1 15A, compared toWT, in

log-phase conditions. As in embryonic stem cells, major CMTR1

targets include the ribosomal protein gene transcripts. Ribo-

somal protein genes have some of the highest levels of RNA

Pol II and CMTR1 bound to the transcription start site.14,15

CMTR1 phosphorylation also has a role in the interferon

response; it is an ISG (interferon-stimulated gene), which facili-

tates the expression of other ISGs.13 Here, we demonstrate

that ISG expression is dependent on CMTR1 phosphorylation.

In liver hepatoma cells and human monocyte cell lines, CMTR1

has little impact on ISG RNA levels but does impact on protein

levels,13 whereas we report that in MEFs, CMTR1 impacts the

RNA levels of ISGs. The cap interacts with multiple complexes
TR1 P-Patch phosphorylation

ncubated in 400U/mL interferon for 1, 2, and 4 h. RNAwas harvested andRNAs

he average. Student’s t test was performed, and p values are indicated.

h and (C) transfected with 5 mg/mL polyI:C for 17 and 24 h. IFIT3 and ISG15

on for a subsequent 4 h. RT-PCR was performed as above. Data are from 4

cated.

ol (con) were incubated with PR8ColorFlu expressing amCherry reporter gene.

nd 24 h post-infection. Data are from 3 independent wells. Student’s t test was

orted. A sample histogram is presented for Cmtr1�/� MEFs expressing HA-
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involved in RNA processing and degradation; which processes

are most dependent on ribose O-2 methylation will depend on

the cellular context, including the levels of the different cap-bind-

ing proteins. In addition, CMTR1 can have impacts on transcrip-

tion, either by the RNA cap protecting transcripts from degrada-

tion or by a more direct impact on transcription.15 Although

CMTR1 is an ISG itself, in MEFs, the IFN-induced increase in

CMTR1 protein occurs after 12–24 h and therefore will only

contribute to the interferon response at these later time points.

The impact of CMTR1 phosphorylation on the interferon

response is likely to protect cells from a range of infections. How-

ever, in the context of influenza infection, inhibition of CMTR1

phosphorylation reduced the expression of the viral protein

NS1 and the number of infected cells. Influenza viruses acquire

RNA caps for their transcripts by removing them from cellular

transcripts (cap snatching) and are therefore dependent on

host capped mRNA abundance for efficient transcription and

subsequent translation of viral mRNAs.38,48,49 Other viruses

that do not require cellular caps may be inhibited by CMTR1-

dependent regulation of the interferon response. Unusually,

influenza viruses also require IFIT family members, known

ISGs, for efficient infection.41,42 Therefore, CMTR1 phosphoryla-

tion-dependent expression of IFIT genes and the requirement

for CMTR1 phosphorylation-dependent cellular caps may both

contribute to efficient IAV infection.

In conclusion, we present a mechanism, CK2-dependent

CMTR1 phosphorylation, that enhances mRNA capping during

critical transcriptional bursts, such as cell cycle progression or

immune defense.

Limitations of the study
Here, we demonstrate that the pleiotropic kinase CK2 phosphor-

ylates the RNA cap methyltransferase CMTR1, resulting in a

conformational change that promotes interaction with RNA Pol

II and RNA cap methylation. Our data demonstrate that CK2 is

the predominant CMTR1 kinase in HeLa cells; however, it is

possible that other kinases phosphorylate the P-Patch. Indeed,

proteins that are phosphorylated at multiple sites are often sub-

strates for multiple kinases, with the kinases acting indepen-

dently or in a hierarchical manner. Initial phosphorylation can

often generate recognition motifs for subsequent kinases to be

recruited and act on the same region. The amino acid sequence

of the CMTR1 P-Patch may be a substrate for alternative acido-

philic kinases, including CK1, GSK3b, Plk, or Fam20C.
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DHX58 R CAAGGTGGTGGTACTGGTCAA This paper N/A

Recombinant DNA

pINI HA-CMTR1 WT Division of Signal

Transduction Therapies

N/A

pINI HA-CMTR1 15A (S26A, S28A, T30A,

S31A, S46A, S49A, S51A, S53A, S55A,

T57A, S63A, S64A, S66A, S75A, S89A)

Division of Signal

Transduction Therapies

N/A

pINI HA-CMTR1 HA-CMTR1 T30A, S31A,

S51A, S53A, S55A, T57A, S66A

Division of Signal

Transduction Therapies

N/A

pINI HA-CMTR1 S26A, S28A, T30A, S31A,

S51A, S53A, S55A, T57A, S64A, S66A,

S75A, S89A

Division of Signal

Transduction Therapies

N/A

pcDNA5FRTTO GFP CMTR1 WT Division of Signal

Transduction Therapies

N/A

pcDNA5FRTTO GFP CMTR1 K14E K15E K17E

K18E (4K/E)

Division of Signal

Transduction Therapies

N/A

pcDNA5FRTTO GFP CMTR1 25-835 Division of Signal

Transduction Therapies

N/A

pCMV-FLAG CK2 Division of Signal

Transduction Therapies

N/A

pCMV-FLAG CK2 D156A Division of Signal

Transduction

Therapies

N/A

pBS598 EF1alpha-EGFPcre Abcam 11923

Software and Algorithms

TrimGalore (0.6.4) N/A https://github.com/FelixKrueger/TrimGalore/releases/

tag/0.6.4

STAR (2.7.3a) N/A https://github.com/alexdobin/STAR/releases/tag/2.7.3a

Pic ard tool (2.23.3) N/A https://github.com/broadinstitute/picard/releases/

tag/2.23.3

HTseq (0.12.4) N/A https://htseq.readthedocs.io/en/latest/install.html

edgeR (3.11) N/A https://bioconductor.riken.jp/packages/3.11/bioc/html/

edgeR.html

Enrichr (3.0) N/A https://cran.r-project.org/src/contrib/Archive/enrichR/

ggplot2 (3.4.0) N/A https://cran.r-project.org/src/contrib/Archive/ggplot2/
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RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Victoria Cowling

(victoria.cowling@glasgow.ac.uk).

Materials availability
Newly generated DNA constructs and other reagents are available on request from Victoria Cowling (victoria.cowling@glasgow.

ac.uk).
16 Cell Reports 43, 114405, July 23, 2024

mailto:victoria.cowling@glasgow.ac.uk
mailto:victoria.cowling@glasgow.ac.uk
mailto:victoria.cowling@glasgow.ac.uk
https://github.com/FelixKrueger/TrimGalore/releases/tag/0.6.4
https://github.com/FelixKrueger/TrimGalore/releases/tag/0.6.4
https://github.com/alexdobin/STAR/releases/tag/2.7.3a
https://github.com/broadinstitute/picard/releases/tag/2.23.3
https://github.com/broadinstitute/picard/releases/tag/2.23.3
https://htseq.readthedocs.io/en/latest/install.html
https://bioconductor.riken.jp/packages/3.11/bioc/html/edgeR.html
https://bioconductor.riken.jp/packages/3.11/bioc/html/edgeR.html
https://cran.r-project.org/src/contrib/Archive/enrichR/
https://cran.r-project.org/src/contrib/Archive/ggplot2/


Article
ll

OPEN ACCESS
Data and code availability
d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the Key resources table.

d This paper does not report original code. Data processing as described in method detail.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Cmtr1 fl/fl mice with loxP sites flanking exon 3 of Cmtr1 were sourced from Taconic Artemis Gmbh. Mice were maintained on a

C57B6/J background in the Biological ResourceUnit at the University of Dundee using procedures approved by theUniversity Ethical

Review Committee and under the authorization of the UK Home Office Animals (Scientific Procedures) Act 1986. Males and Females

of age 8–20 weeks were used for breeding.

Cell lines
HeLa cells (human cervical cancer cell line).

HEK 293 cells (Human embryonic kidney cell line).

Cells were maintained subconfluent in DMEM (Dulbecco’s modified Eagle’s medium)/10%FCS (Fetal Calf Serum)/100U/ml peni-

cillin, 0.1 mg/ml streptomycin and 2mM L-glutamine in 5% CO2 at 37
�C.

HeLa cells and HEK 293 cells made by retro-viral infection with pINI HA-CMTR1, HA-CMTR1 15A and pINI (protocol below).

Infected cells were selected with 0.5 mg/ml G418 in the culture medium.

Primary cell cultures
MEF (Mouse Embryo Fibroblasts) were used.

To generate immortalised MEFs: Cmtr1 fl/fl males and females were crossed. At day 13.5, embryos were removed from pregnant

females, heads and internal organs removed and MEFs dissociated by trypsin digest. Insoluble material was removed by filtration.

MEFs were cultured as above. MEFs were maintained subconfluent in DMEM (Dulbecco’s modified Eagle’s medium)/10%FCS

(Fetal Calf Serum)/100U/ml penicillin, 0.1 mg/ml streptomycin and 2mM L-glutamine in 5% CO2 at 37�C. MEFs were passage-

immortalised.

METHOD DETAILS

Cell transfection and infection
Approximately 5 3 106 HeLa cells were transfected with 2mg pCDNA5 based constructs using Lipo2000 (Invitrogen). Cells were typi-

cally lysed after 1–3 days. For retroviral infection to create cell lines, Phoenix packaging cells were transfected with pINI vectors using

Lipofectamine 2000. On day 1 mediumwas changed and on day 2 mediumwas taken off the cells and after filtration (0.22mM) applied

onto the recipient cells with 5mg/ml polybrene (Sigma). On day 4 recipient cell medium was exchanged for the selection medium con-

taining 0.5mg/ml G418.When used, cells were incubated with 400U/ml interferon (Universal Type I IFN, PBL Assay Science) and 10mM

Quinalizarin. Mouse embryonic fibroblasts were transfected with 5mg/ml poly(I:C) (Invivogen) using Lipofectamine 2000 (Invitrogen).

MEF immortalisation and Cre recombinase-based CMTR1 deletion
MEFs were transfected using GenJet In Vitro DNA Transfection Reagent for MEFs (SigneGen Laboratories, SL100489-MEF-05) with

a vector expressing Cre-eGFP fusion protein under the control of the EF1a promoter. 24 h after transfection, the medium was

changed to selection medium containing 2mg/mL puromycin and the cells were selected for 48 h, followed by 3–5 days of recovery

in antibiotic-free medium. Deletion of endogenousCmtr1was confirmed by PCR using the following primer pair: 50-tgggtcccagacag-
taaagg-3’/50-cagtccagcaaagcatattcac-30and Western Blotting.

Cell synchronisation
Nocodazole synchronisation and release: Subconfluent cells were cultured in 2.5mM thymidine for 24 h. Cells were washed with

warmed culture medium 3 times prior to release into culture medium for 3hrs. 100ng/ul nocodazole was added for 13hrs. Cells

were washed and released into culture. Thymidine synchronisation and release: Subconfluent cells were cultured in 2mM thymidine

for 18 h, then washed 3 times in warmed medium prior to release into normal growth medium for 8 h. Cells were then cultured for a

further 16hrs in 2mM thymidine, then washed 3 times prior to release into normal growth medium. Synchronisation and progression

through the cell cycle was determined by staining cells with DAPI and FACS analysis of cell cycle progression. Cells were fixed in 4%

PFA (Santa Cruz) for 30min on ice, and permeabilised in 90%MeOH, 10%PBS for 30 min at�20�C. Cells were then washed in PBS,

2% FCS and resuspended in PBS, 2% FCS, 1 mg/mL DAPI. Cells were analyzed on a BD Fortessa flow cytometer and the data were

analyzed using FlowJo v9.
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Colorflu infection and FACS detection
MEF cell lines expressing CMTR1 WT, 15A or empty vector control (pINI) were infected at 80%–90% confluency with PR8 ColorFlu

expressing a mCherry reporter gene fused to the viral NS1 gene at a MOI of 1 for 17 or 24hs. Post-infection, infected and mock-in-

fected cells were collected into single cell suspension for analysis via flow cytometry using the LSRFortessa (BD Biosciences). The

Percentage of infected cells was determined by calculating the percentage of mCherry positive cells within the total population of

single alive cells. The average geometric mean of the mCherry signal in this population was also calculated. Analysis was carried

out with FlowJo software version 10.9.0.

Mass spectrometry
HeLa cells were transfected with HA-CMTR1WT or S/T to A mutants. 24hrs after transfection, cells were lysed in 50mM Tris/HCl pH

7.5, 0.5M NaCl, 1mM EGTA, 1mM EDTA, 1mM sodium orthovanadate, 10mM b-glycerophosphate, 50mM NaF, 5mM sodium pyro-

phosphate, 0.27M sucrose supplemented with 1% (v/v) Triton X-100, 2mM DTT, 1% (v/v) Apoprotin, 10mM Leupeptin and 1mMPep-

statin (all Sigma). Extracts were centrifuged at 16200 g at 4�C for 15 min and supernatant retained. Cell extracts were subject to

immunoprecipitation using anti-HA agarose affinity gel (Sigma). IPs were resolved by SDS-PAGE and proteins stained with Novex

Colloidal blue (Invitrogen). Bands corresponding to the size of CMTR1 were excised and washed sequentially on vibrating platform

with 0.5mL water, 1:1(v/v) water and acetonitrile (AcN), 0.1M ammonium bicarbonate, 1:1(v/v) 0.1M ammonium bicarbonate and

AcN. Protein samples were reduced in 10mMdithiothreitol (20 min, 37�C), alkylated in 50mM iodoacetamide/0.1M ammonium bicar-

bonate (20 min, dark), and washed in 50mM ammonium bicarbonate and 50mM ammonium bicarbonate/50% AcN. On becoming

colourless, gel pieces were washed with AcN for 15min and dried. Gel pieces were digested by incubation in 5 mg/ml trypsin/

25mM triethylammonium bicarbonate (16h, 30�C). Tryptic digests were analyzed by liquid chromatography–mass spectrometry

on Applied Biosystems 4000 QTRAP system (Foster City, CA) with precursor ion scanning. Resulting MS/MS data searched using

the Mascot search algorithm (http://www.matrixscience.com).

In vitro kinase assay
200ng CK2a, 1mg substrate (CMTR1 or OTUB1) and 10 mM 32P ATP (50cpm/pmole), was incubated at 30�C for 30 min or the time

indicated, in 50mMTris/HCl, pH 7.5, 0.1mMEGTA, 10mMMgCl2, 0.1%betamercaptoethanol. The reaction was stopped by dilution

in Lamelli buffer. Products were resolved on 10% SDS PAGE, stained with Coommassie Blue and exposed to film. When indicated,

IPs were incubated with 20U/ml Lambda phosphatase for 1 h at 30�C.

Molecular biology
In vitro mutagenesis was performed using the Qiagen Quick Change mutagenesis protocol by the Division of Signal Transduction

Therapies. Constructs were sequence verified by Sanger Sequencing.

Cell lysis and Co-immunoprecipitation
Cells were lysed in lysis buffer (10mM TRIS pH 7.05, 50mMNaCl, 30mMNa4 pyrophosphate, 50mMNaF, 5mMZnCl2, 10% glycerol,

0.5% Triton X-100 1mM DTT; supplemented with protease and phosphatase inhibitors) and cleared by centrifugation. For immuno-

precipitation (IP) of HA-tagged proteins, anti-HA antibody-conjugated agarose (Sigma) or Pierce Anti-HAMagnetic Beadswere used.

10–20 mL antibody beads were incubated with 0.1-1mg protein for 1-2 hrs at 4�C. Beads were washed 3–5 times in lysis buffer, then

resuspended in 30-50uls 2x loading buffer, and 8-15ul was resolved by SDS-PAGE. Endogenous CMTR1 immunoprecipitation was

conducted as above except, 1mg anti-CMTR1 antibody (sheep polyclonal) was pre-incubated with 10mL protein-G Sepharose

packed beads and washed to remove non-bound antibody. 0.5–2.5mg cell extract was precleared with 10-30mL protein-G Sephar-

ose (GE Healthcare), then incubated with antibody–bound beads for 2 h at 4�C, prior to bead washing and protein elution.

Antibody production
pCMTR1 antibodies were raised in sheep by the Division of Signal Transduction Therapies, University of Dundee. The human CMTR1

peptide, 23LALSLSSTSDDEPP36, phosphorylated on S28, T30 and S31 was the immunogen. Sera were purified on this peptide.

Dot blot
Recombinant CMTR1 was dropped onto PVDF and allowed to dry. Blots were probed using a western blotting protocol. Briefly blots

were probed with polyclonal anti-pCMTR1 antibody or (pan) CMTR1 antibody (in-house), washed, then probed with secondary anti-

body: HRP-linked anti-sheep antibodies and washed again. ECL (Pierce) was used to visualise HRP-antibody binding.

Western Blot and quantification
Western blotting was performed by standard protocols using antibodies indicated and bands quantitated using ImageJ software.

RNA sequencing analysis
MEF RNA was extracted using GenJET RNA purification kit (ThermoFisher). The quality and quantity of RNA were assessed using

Tapestation (Agilent) and Qubit (ThermoFisher) measurements. The libraries were prepared using rRNA depletion protocol and
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sequenced by Novogene using mRNA Seq Illumina PE150, Q30 P 80% (30M reads, 9Gb data). Lexogene SIVR-Set3 spike-ins

were used.

The reads were quality and adapter trimmed using TrimGalore (0.6.4) before the read alignment. Then the processed reads were

aligned to the mouse reference genome GRCm38/mm10 using STAR (2.7.3a). For the aligned reads, PCR duplicates were removed

using Picard tool (2.23.3). Then the reads on each transcript were quantified using HTseq (0.12.4) package. Libraries normalization

and differential expression analysis were performed using the exactTest in edgeR (3.11). Only transcripts expressed above the

threshold of 3 reads per million in all replicates were considered for analysis. The gene ontology of the differentially expressed genes

were analyzed using Enrichr (3.0). The dot plots and boxplots of RNA-seq data were generated using ggplot2 (3.4.0). All analysis

packages were run using the default settings from their user manuals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis was performed as described in the figure legends using processing tools in GraphPad Prism 10 or Microsoft

Excel. p values are stated on the figures. Where relevant, the number of independent experiments performed is indicated. Indepen-

dent experiments with respect to tissue culture mean cells treated and harvested on independent occasions.
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