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SUMMARY
Viruses lack their own translational machinery and rely exclusively on the host cell for synthesis of viral pro-
teins. Viruses have evolved diverse mechanisms to redirect the host cell translation apparatus to favor viral
transcripts. A unique mechanism employed by Kaposi’s sarcoma-associated herpesvirus (KSHV) involves
manipulation of cellular ribosome composition, producing virus-induced specialized ribosomes. These ribo-
somes scan through KSHV upstream open reading frames (uORFs) in late lytic genes, allowing efficient trans-
lation of downstream main KSHV ORFs. Here, we highlight the enhanced association of the ribosomal
biogenesis factor EMG1 with precursor-40S ribosome complexes during KSHV lytic replication. Depletion
of EMG1 results in significantly reduced expression of viral proteins and progression through the lytic
cascade, culminating in a dramatic reduction of infectious virus production. We further demonstrate that
the methyltransferase activity of EMG1 is required for effective regulation of translation of KSHV uORFs in
late lytic genes.
INTRODUCTION

Protein synthesis is a highly dynamic process constantly re-

sponding to changes in the environment to maintain cell homeo-

stasis.1,2 Historically, changes in protein synthesis were thought

to be due to either gene regulation or altered characteristics of

mRNAs, whereas ribosomes were considered ubiquitous, static,

machine-like entities with a passive role in translation. However,

emerging evidence supports an increasingly complex and dy-

namic network of translational regulation. Ribosome specializa-

tion offers the potential to selectively translate specific subsets

of mRNAs or open reading frames (ORFs), leading to altered

levels of protein expression and distinct phenotypes across

cell and tissue types.3,4 Mechanisms leading to heterogeneous

populations of ribosomes within the cell can involve changes

in ribosomal protein stoichiometry,5 paralog switching,6 post-

translational modifications,7 addition of ribosome-associated

proteins,8,9 and changes in rRNA genetic variation andmodifica-

tions.10 Evidence of specialized ribosomes is now being uncov-

ered in differing tissue types and developmental stages or due to

environmental factors such as stress, temperature, and infec-

tion.3 This is further highlighted in ribosomopathies, a group of

diseases caused by mutations or loss of ribosomal proteins

and biogenesis factors that lead to reduced or altered ribosome

functioning.11

The rapidly developing concept of specialized ribosomes

poses the intriguing question of whether viruses co-opt this
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cellular mechanism to enhance translation of their own mRNAs.

Viruses lack their own translational machinery, relying on host ri-

bosomes to synthesize their proteins. Therefore, viruses have

evolved diverse mechanisms to ensure translational efficiency

of viral mRNA above and beyond that of cellular mRNA.12,13

These processes serve to redirect the translation apparatus to

favor viral transcripts, often at the expense of the host cell.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a large

double-stranded DNA virus associated with Kaposi’s sarcoma

(KS) and two lymphoproliferative disorders: multicentric Castle-

man disease and primary effusion lymphoma.14,15 KSHV, like all

herpesviruses, exhibits a biphasic life cycle encompassing latent

persistence and lytic replication.16 During latency, the virus re-

mains transcriptionally dormant, with expression limited to a

few latent genes, enabling long-term persistence of the viral

episome.17 Under various stimuli, the KSHV episomes are reac-

tivated into lytic replication, leading to the ordered expression of

over 80 viral proteins, culminating in the production of infectious

virions.18 This dramatic shift in viral gene expression during lytic

replication from the relative dormancy of latency puts a high

demand on the cellular translational machinery, and one way

in which KSHV circumvents this issue is by producing special-

ized virus-specific ribosomes that preferentially translate viral

mRNAs.19 Quantitative proteomic affinity pull-down has previ-

ously identified changes in the stoichiometry and composition

of pre-40S ribosomal complexes between latent and lytic

KSHV replication cycles. Analysis identified two ribosomal
pril 22, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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complexes that have increased association with the pre-40S

ribosomal subunit during lytic KSHV replication: BUD23-

TRMT112 and NOC4L-NOP14-EMG1. In addition, ribosome

profiling has shown that these virus-induced specialized ribo-

somes reduce the translation of specific uORFs present in

KSHV late lytic transcripts, which, in turn, enhances the transla-

tion of the downstream CDSs.19 Interestingly, both the BUD23-

TRMT112 and NOC4L-NOP14-EMG1 complexes contain meth-

yltransferases, which methylate specific residues on the 18S

rRNA. BUD23 mediates the N7 methylation of 1639G,20 whereas

EMG1 catalyzes the N1 methylation of 1248J.21 Notably, both

BUD23 and EMG1 also have additional roles in ribosome biogen-

esis, acting as assembly scaffold proteins.22,23

Here, we aimed to examine the specific role of EMG1 in virus-

induced specialized ribosome function. We show enhanced as-

sociation of EMG1 with the pre-40S ribosomal subunit during

KSHV lytic replication, resulting in a modest increase in total

cellular 18S rRNA 1248 m1acp3J (1-methyl-3-a-amino-a-

carboxyl-propyl pseudouridine) modification.24 We also confirm

that EMG1 is essential for KSHV lytic replication and infectious

virion production. Importantly, we demonstrate that the methyl-

transferase activity of EMG1 is necessary for reduced occu-

pancy at KSHV uORFs, allowing enhanced translation of the

downstream viral CDS. This provides evidence that modification

of rRNA can affect the activity of ribosomes during infection.

RESULTS

EMG1 has increased association with the pre-40S
ribosomal subunit during KSHV lytic replication
We have previously characterized the changes to the pre-40S ri-

bosomal subunit during the course of KSHV lytic replication by

generating overexpression cell lines of FLAG-2xStrep-tagged

ribosomal biogenesis proteins.19 Specifically, DIMT1, PNO1,

TSR1, and LTV1 were selected as the bait proteins due to their

temporal and spatial distribution across pre-40S ribosomal sub-

unit biogenesis and nuclearmaturation. Co-immunoprecipitation

coupled with quantitative mass spectrometry was performed in

cells harboring latent KSHV or 24 h post induction of lytic replica-

tion, and changes in protein interactions between the two condi-

tions were assessed. The NOC4L-NOP14-EMG1 complex was

shown to have substantially increased stoichiometry with pre-

40S complexes during KSHV lytic compared to latent replication

cycles. EMG1 is the methyltransferase within the complex that

catalyzes the N1 methylation of J1248 residues on the 18S

rRNA.21 Therefore, we aimed to determine whether the catalytic

activity of EMG1 is required for KSHV-mediated specialized ribo-

some function.

To first confirm an increased association between EMG1 and

the pre-40S ribosomal subunit during KSHV lytic replication,

FLAG affinity pulldown was performed, using one of the bait

protein cells lines used previously in the quantitative pull-down

(TREx-BCBL1-Rta cells stably expressing FLAG-2xStrep-

PNO1), during latent and lytic replication phases. PNO1 is an

essential ribosome biogenesis protein that binds pre-40S com-

plexes before nuclear export and aids in structural configuration

of the subunit during both nuclear and cytoplasmic maturation.25

Immunoblot analysis confirmed a 3-fold increase in association
2 Cell Reports 44, 115516, April 22, 2025
between EMG1 and PNO1 during KSHV lytic replication

compared with cells harboring latent KSHV, while no change in

association was observed in the control core ribosomal protein

eS19, confirming the previous quantitative proteomics results

(Figure 1A). To confirm that these results were not due to the arti-

ficial doxycycline-induced reaction system of TREx-BCBL1-Rta

cells, native PNO1 pulldown was also performed in BCBL1 cells

reactivated with sodium butyrate and tetradecanoyl phorbol

acetate (TPA) (Figure S1). Once again, PNO1had an increased as-

sociation with EMG1 (3.8-fold) during lytic KSHV replication

compared to cells harboring latent KSHV. Previous research has

identified the viral protein ORF11 as the mediator for specialized

ribosomes during lytic replication19; therefore, the association be-

tween EMG1 and ORF11 was probed via FLAG co-immunopre-

cipitation in the TREx-BCBL-Rta FLAG-ORF11 overexpression

cell line (Figure 1B). ORF11 associates with EMG1 during both

latent and 24 h lytic conditions. ORF11 is not expressed during la-

tency and is only present due to the overexpression construct;

however, this interaction in latency suggests that ORF11 does

not require other lytically expressed factors to bindwith ribosomal

factors. However, the 2- to 3.5-fold increase in association with

EMG1/NOC4L/NOP14 during lytic replication suggests that other

viral factors may enhance this interaction.

Surprisingly, while EMG1 has an enhanced association with

the pre-40S during KSHV lytic replication, EMG1 mRNA levels

are reduced by 40%,whereas EMG1 protein levels remain stable

after 24 h of lytic replication (Figures 1C and 1D), suggesting that

the increased association of EMG1 is directly driven by the virus

at early stages of replication. EMG1methylates base 1248 of the

18S rRNA within a three-part modification, which also includes

pseudouridinylation and the addition of an acp moiety.24 While

themethylation cannot be investigated in isolation, an aminocar-

boxyl propyl reverse-transcription PCR (aRT-PCR) assay has

been developed that measures 18S rRNA 1248m1acp3Jmodifi-

cation.24 Upon KSHV reactivation, a decrease in total cellular un-

modified18S rRNA1248U isobserved, from18%to8%after 48h

of lytic replication (Figure 1E), which suggests that the increased

association of EMG1 increases 18S rRNA 1248m1acp3Jmodifi-

cation. This leads to an increase inmodified ribosomes from82%

to92%duringKSHV lytic replication. Polysomeprofilingwasalso

utilized to isolate 40S ribosomal subunits, and then the levels of

18S rRNA 1248m1acp3J modification were analyzed. Interest-

ingly, there was a larger change in unmodified 18S rRNA 1248U

after 24 h of lytic replication (7% unmodified) compared to cells

harboring latent KSHV (33% unmodified) (Figure 1F), confirming

an increase in modified ribosomes from 67% to 93% during

KSHV lytic replication. Overall, this shows a modest increase in

total cellular 18S rRNA 1248 m1acp3J modification during lytic

replication, which is seen to a greater extent in isolated 40S ribo-

somal subunits. Overall, the results suggest that KSHV enhances

the association between EMG1 and pre-40S during ribosomal

biogenesis in the early stages of lytic replication, resulting in a

modest increase in 18S rRNA 1248m1acp3J modification in

40S ribosomal subunits.

EMG1 is essential for efficient KSHV lytic replication
To determine whether the increased association of EMG1 with

the pre-40S subunit is important for KSHV lytic replication,



Figure 1. Increased association of EMG1

with pre-40S complexes during KSHV lytic

replication

(A and B) TREx-BCBL1-Rta cells stably expressing

a FLAG-PNO1 overexpression construct or wild-

type TREx-BCBL1-Rta cells were induced for KSHV

lytic replication for 24 h or remained latent.

(A) FLAG(PNO1) trap elution was performed on the

whole-cell lysates and probed via immunoblotting

alongside the whole-cell lysate inputs with EMG1,

FLAG, eS19, and GAPDH antibodies (n = 3). Shown

is densitometry analysis of the FLAG trap pulldown

normalized to the levels of the bait protein PNO1

(FLAG). Unpaired, two-tailed Student’s t test was

used (n = 3).

(B) FLAG(ORF11) trap elution was performed on the

whole-cell lysates and probed via immunoblotting

alongside the whole-cell lysate inputs with EMG1,

NOC4L, NOP14, Lamin B, FLAG, ORF57, and

GAPDH antibodies (n = 3). Shown is densitometry

analysis of the FLAG trap pulldown normalized to

the levels of the bait protein ORF11(FLAG). Un-

paired, two-tailed Student’s t test was used (n = 3).

(C and D) TREx-BCBL1-Rta cells were reactivated

for 24 h or remained latent. RNA (C) and protein

(D) from cell lysates were probed for EMG1

expression, normalized to GAPDH (n = 3). Shown is

densitometry analysis of EMG1 protein expression,

normalized to GAPDH. Unpaired, two-tailed Stu-

dent’s t test was used (n = 3).

(E and F) Aminocarboxyl propyl reverse-transcrip-

tion PCR (aRT-PCR) was performed on (E) whole

cell lysates and (F) isolated 40S ribosomal subunits

via polysome profiling. Significance was calculated

by one-way analysis of variance (ANOVA) (E) or

unpaired, two-tailed Student’s t test (F).

Data are presented as mean ± SD. Asterisks denote

a significant difference between the specified

groups (*p % 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001).
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TREx-BCBL1-Rta cells were stably transduced with lentivirus-

based EMG1-targeting shRNAs, depleting EMG1 mRNA levels

by 70% (KD1) and 60% (KD2) and protein levels by 98%

(KD1) and 96% (KD2), respectively (Figures 2A and 2B). To

confirm that depletion of a host ribosome biogenesis factor

had limited effect on TREx-BCBL1-Rta cells, a series of assays

measuring protein turnover, ribosome population, and transla-

tional capacity were performed, comparing the two EMG1-

depleted TREx-BCBL1-Rta cell lines and a scr control.

Polysome profiling (Figure 2C) was also used to compare the

ribosome population, showing that levels of 80S ribosomes

and polysomes upon EMG1 knockdown are similar to the
C

control, indicating that loss of EMG1

had little effect on ribosome biogenesis

or overall ribosome levels in KSHV latently

infected cells (Figure 2D). The 40S ribo-

somal subunits were isolated, and 18S

rRNA 1248m1acp3J modification was

probed via an aRT-PCR assay (Figure 2E),

in which both cell lines showed a modest
decrease in modification compared to scr (16% and 7%,

respectively). This suggests that EMG1 depletion decreases

the modification efficiency from 82% to 65.6% for KD1 and

90%–83.7% for KD2. Global protein turnover was also

measured, using CDK1 as a marker, with immunoblot analysis

showing no significant change in CDK1 protein levels in scr

shRNA-treated control cells compared to cells depleted of

EMG1 (Figure 2F). Finally, EMG1 depletion had no significant

effect on global translational output, as assayed by labeling

nascent proteins with click-iT L-azidohomoalanine and quanti-

fying by flow cytometry (Figure 2G). Based on these assays, no

significant adverse effects on TREx-BCBL1-Rta ribosome
ell Reports 44, 115516, April 22, 2025 3



Figure 2. EMG1 depletion does not affect global translation in KSHV-infected TREx-BCBL1-Rta cells

(A and B) TREx-BCBL1-Rta cells containing shRNAs targeting EMG1 or a scr shRNAwere used to study the effects of EMG1 depletion. Shown are mRNA (A) and

protein (B) expression of EMG1 in EMG1-depleted TREx-BCBL1-Rta cells compared to the scr control during latent and lytic KSHV replication (n = 3). Also shown

is densitometry analysis of EMG1 protein expression in TREx-BCBL1-Rta cells depleted of EMG1 compared to the scr control, normalized to GAPDH. Signif-

icance was calculated by one-way ANOVA (n = 3).

(C–E) Polysome profiling traces of (C) latent TREx-BCBL1-Rta cells depleted of EMG1 or containing scr plasmid (n = 3) and (D) densitometry analysis of the area of

each polysome fraction, measured relative to the 80S subunit. The densitometry value of each peak was measured in triplicate and averaged on each biological

repeat. Significance was calculated by one-way ANOVA (n = 3). The 40S subunit was isolated, and aRT-PCR was performed, measuring changes in m1acp3

modification (E). Significance was calculated by unpaired two-tailed Student’s t test (n = 3).

(F) Protein lysates of latent TREx-BCBL1-Rta cells depleted of EMG1 or a scr control were probed via immunoblotting with CDK1 and GAPDH antibodies (n = 3).

Shown is densitometry analysis of CDK1 expression in EMG1-depleted cells, normalized to GAPDH. Significance was calculated by one-way ANOVA (n = 3).

(legend continued on next page)
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population and translational capacity were observed upon

EMG1 depletion.

To assess the effect of preventing the enhanced association of

EMG1 with pre-40S ribosomal complexes upon KSHV lytic repli-

cation, the transcription and translation of viral early and late

genes was assessed in EMG1-depleted TREx-BCBL1-Rta cell

lines compared to a scr control. It would be predicted that modi-

fication of the host cell ribosome population to produce virus-

induced specialized ribosomes during infection would impact

late viral protein production rather than the early stages post re-

activation. To this end, mRNA and protein levels of the early

KSHV ORF57 and K8 and late ORF26 and ORF65 genes were

compared 24 h post reactivation (Figures 3A–3D). The results

showed no statistically significant decrease in mRNA expression

of any of the viral gene panels. In contrast, while early ORF57 and

K8 protein levels remained relatively stable 24 h post lytic induc-

tion (Figure 3E), EMG1 depletion significantly inhibited late

ORF26 (53% and 35%) and ORF65 (77% and 49%) protein pro-

duction 48 h post lytic induction (Figure 3F). RT-qPCR of poly-

some fractions was then used to observe changes in active

translation of viral ORF57 and ORF65 transcripts upon EMG1

depletion compared to the scr control during KSHV lytic replica-

tion (Figure 3G). Highly active translating mRNAs with three or

more ribosomes bound were collected, and the levels of

ORF57 andORF65 transcripts in these fractions were quantified.

EMG1 depletion did not cause reduced translation of ORF57

mRNA, with KD1 showing a 50% increase in polysome associa-

tion and KD2 retaining stable levels of polysome association.

Conversely, ORF65 mRNA was dramatically reduced by 60%

and 48% (Figure 3G), suggesting that EMG1 knockdown results

in reduced translation of late viral transcripts. Interestingly, a

consistent increase in mRNA expression of viral transcripts

was observed, which could be due to positive feedback from

the loss in protein production. It is hypothesized that KSHV in-

creases viral mRNA expression to resolve this loss of late viral

protein production.

Finally, to confirm that EMG1 depletion affected later stages of

KSHV lytic replication, infectious virion production was as-

sessed. Here, TREx-BCBL-Rta cells depleted of EMG1 or con-

taining an scr plasmid were reactivated for 72 h. Cells were har-

vested, and the DNA was collected from cell pellets to assess

viral load (Figure 3H), while the supernatant containing any infec-

tious virion was introduced to naive HEK293T cells in a dose-

dependent manner. Total RNA (Figure 3I) and DNA (Figure 3J)

were isolated, and ORF57 expression or genomic DNA was

probed to analyze the capability of virions to re-infect naive

HEK293T cells. TREx-BCBL-Rta cells depleted of EMG1 had a

modest but significant reduction in viral load (Figure 3H) of

21% (KD 1) and 25% (KD 2). Upon reinfection, the presence of

KSHV genomes was markedly reduced by 69% (KD 1) and

37% (KD 2) in a dose-dependent manner. The viral RNA expres-

sion corroborated this trend, with a 57% (KD 1) and 49% (KD 2)

reduction in viral RNA expression relative to scr, also dose
(G) A methionine chase experiment measured global translation by depleting

L-azidohomoalanine (AHA). The abundance of AHA was measured via flow cyto

ANOVA (n = 3).

Data are presented as mean ± SD. Asterisks denote a significant difference betw
dependent. This suggests that cells depleted of EMG1 produce

fewer infectious virions capable of successfully reinfecting naive

cells. This was further confirmed by the almost total loss of stain-

ing for the viral marker LANA in naive HEK293T cells, which were

re-infected with virus produced from cells depleted of EMG1

compared to the scr control (Figure 3K). Taken together, these

results suggest that EMG1 depletion significantly reduces the

translation of late viral proteins, which impacts downstream pro-

duction of new infectious virions.

EMG1 methyltransferase activity affects ribosome
occupancy at KSHV uORFs, impacting translation of the
downstream CDS
Ribosome profiling has revealed previously that KSHV special-

ized ribosomes scan through viral late-gene uORFs, overcoming

uORF-mediated repression and enhancing translation of the

downstream viral main ORFs.19 To determine whether EMG1

regulates ribosome occupancy at viral uORFs, dual-luciferase

reporter constructs were utilized, comprising ORF28, ORF34,

and ORF69 50 UTRs, each containing a uORF shown previously

to be regulated by KSHV-induced specialized ribosomes.19 The

uORF start codon of each construct has been mutated previ-

ously and resulted in increased translation of the downstream

luciferase reporter, thus confirming that the uORF regulates

the translation of the downstream coding sequence.19 These

50 UTR-luciferase reporter constructs were transfected into

HEK293T cells containing a scr shRNA or shRNAs targeting

EMG1. Similar to TREx-BCBL1-Rta cells, shRNA-mediated

depletion resulted in efficient EMG1 knockdown of >90% (Fig-

ure 4A). Notably, EMG1 depletion significantly reduced the

expression of the downstream luciferase reporter in the pres-

ence of all three 50 UTRs: ORF28 (25% and 34%), ORF34

(50%), and ORF69 (20% and 27%) compared to the scrambled

control (Figures 4B and S2).

To determine whether the reduction of luciferase activity

was dependent on the methyltransferase activity of EMG1,

an EMG1 mutant construct was generated that replaced the

previously characterized catalytic loop (RPDI- arginine, pro-

line, aspartate, isoleucine, residues 84–88) with alanine resi-

dues to produce a catalytically inactive EMG1 construct.26

Two rescue cell lines were generated by expressingan

shRNA-resistant construct of either a catalytically inactive

mutant EMG1 (Figure 4C) or wild-type EMG1 (Figure 4E) in

EMG1 shRNA-depleted cells. The ORF34 50 UTR containing

the dual-luciferase plasmid was then transfected into each

cell line to assess translation regulation. The results showed

that rescue of EMG1 knockdown with wild-type EMG1 allevi-

ated this repression and upregulated downstream luciferase

reporter expression compared to the scr control. In contrast,

expression of the EMG1 catalytic mutant was unable to

rescue the reduced luciferase expression in the presence of

the KSHV 50 UTR containing the ORF34 uORF (Figures 4D

and 4F). Interestingly, TREx-BCBL1-Rta EMG1 knockdown
methionine from the cells and then labeling nascent peptides with click-iT

metry using alkyne Alexa Fluor 488. Significance was calculated by one-way

een the specified groups (*p % 0.05, ***p < 0.001, and ****p < 0.0001).

Cell Reports 44, 115516, April 22, 2025 5



Figure 3. EMG1 is required for efficient KSHV lytic replica-

tion

(A–F) Latent and 24 h reactivated cell lysates from TREx-BCBL1-Rta

cells depleted of EMG1 or a scr control were analyzed for mRNA

expression of (A) K8, (B) ORF57, (C) ORF26, and (D) ORF65,

normalized to GAPDH. Significance was calculated by one-way

ANOVA (n = 3).

(E) ORF57 and K8 protein expression was measured in cell lysates

after 24 h of lytic replication or harboring latent KSHV. Densitometry

analysis of protein expression was normalized to GAPDH, and sig-

nificance was calculated by one-way ANOVA (n = 3). (F) Protein

expression of ORF26 and ORF65 was measured in cell lysates after

48 h of lytic replication or harboring latent KSHV. Densitometry

analysis of protein expression was normalized to GAPDH, and sig-

nificance was calculated by one-way ANOVA (n = 3).

(G) Polysome profiling was performed in TREx-BCBL1-Rta cells

depleted of EMG1 or a scr control after 24 h KSHV lytic replication.

Total RNAwas isolated from traces containing 3 or more polysomes,

and expression of the viral genes ORF57 and ORF65 was analyzed

via qPCR and normalized to housekeeping genes. Significance was

calculated by one-way ANOVA (n = 3).

(H–K) TREx-BCBL1-Rta cells depleted of EMG1 or a scr control were

reactivated for 72 h DNAwas isolated from cell lysates, and viral load

was measured by qPCR, normalized to GAPDH (H). Significance

was calculated by one-way ANOVA (n = 3). Supernatant containing

infectious virions was introduced to naive HEK293T cells in doses of

either total supernatant, 0.5-fold total, or 0.1-fold total for 48 h, and

total (I) DNA and (J) RNA were isolated. ORF57 expression was

measured via qPCR, normalized to GAPDH. Significance was

calculated by one-way ANOVA (n = 3).

(K) Reinfected HEK293T cells were permeabilized and stained for

LANA (green) and DAPI (blue). The cells were mounted on coverslips

and visualized using an inverted LSM800 confocal microscope.Data

are presented as mean ± SD. Asterisks denote a significant differ-

ence between the specified groups (*p % 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001).
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cells did not decrease the level of ORF34 mRNA (Figure S3);

therefore, these changes in uORF reporter expression are

not due a reduction in expression of the viral RNA transcripts.

Taken together, these findings support the hypothesis that the

methyltransferase activity of EMG1 enables reduced transla-

tion at KSHV uORFs, allowing enhanced translation of down-

stream CDSs.

DISCUSSION

Like all viruses, KSHV lacks its own translational machinery and

therefore must manipulate the host cell translational apparatus

to enable preferential translation of viral mRNAs over host
6 Cell Reports 44, 115516, April 22, 2025
mRNAs.12,19 KSHV produces virus-induced specialized

ribosomes by enhancing the recruitment of specific

ribosomal biogenesis factors to the pre-40S ribosomal

subunit during early stages of lytic infection through

the activity of the KSHV ORF11 protein.19 However,

the precise role of these ribosome-associated factors

has yet to be determined. A clue may lie in the com-

plexes that have been identified: BUD23 and its co-

factor TRMT112, and the NOC4L-NOP14-EMG1 com-

plex. Interestingly, both of these complexes contain

methyltransferase activities that modify the 18S rRNA.
BUD23 methylates m7-G1639, whereas EMG1 methylates N1-

1248J.20,21 However, it is unknown whether the methyltransfer-

ase activity of these complexes is essential for KSHV specialized

ribosome function. Here, we demonstrate that the methyltrans-

ferase activity of EMG1 is essential to regulate KSHV-mediated

specialized ribosome association with viral uORFs that regulate

translation of the downstream CDSs.

Surprisingly, EMG1 was dispensable for host cell proliferation,

having little effect on ribosome biogenesis or global translation in

latently KSHV-infected TREx-BCBL1-Rta cells. This may sug-

gest tissue- or cell-specific differences in the essential nature

of EMG1, similar to other ribosomal biogenesis factors. This is

emphasized by a single amino acid mutation (aspartate to



Figure 4. EMG1 methyltransferase activity

is required to regulate viral uORF ribosome

occupancy

Protein lysates of HEK293T cells expressing scr

shRNA, (A) EMG1 shRNA, (C) catalytically inactive

EMG1 (mut), or (E) wild-type EMG1 overexpression

plasmids (O/E) were probed for expression of

EMG1 via western blot (n = 3). Shown is densi-

tometry analysis of EMG1 expression relative to

GAPDH in varying HEK293T cell lines. Significance

was calculated by one-way analysis of variance

(ANOVA) (n = 3). A dual-luciferase reporter

construct containing the 50 untranslated region

(UTR) of ORF34 was transfected into (B) EMG1-

depleted cells, (D) EMG1-depleted cells rescued

with a catalytically inactive EMG1 construct (mut),

and (F) EMG1-depleted cells recovered with a wild-

type EMG1 overexpression construct (O/E). Lucif-

erase activity was normalized to the scr shRNA

control cell line. Significance was calculated using

one-way ANOVA (n = 3). Data are presented as

mean ± SD. Asterisks denote a significant differ-

ence between the specified groups (*p % 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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glycine) at position 86 within EMG1, associated with Bowen-

Conradi syndrome.27 This rare ribosomopathy is characterized

by moderate to severe prenatal and postnatal growth retarda-

tion, microcephaly, a distinctive facial appearance, profound

psychomotor delay, hip and knee contractures, and rocker

bottom feet.28 Mutation at residue 86 does not affect the meth-

yltransferase catalytic activity but is thought to lead to its nuclear

aggregation and degradation, resulting in reduced nucleolar

recruitment.29 This emphasizes the scaffolding function of

EMG1, and presencewithin the pre-ribosomal complex is essen-

tial, whereas the N1 methylation of J1248 on the 18S rRNA is a

non-essential modification. This leads to the hypothesis that the

methyltransferase activity of EMG1 could be a preferential modi-

fication triggered under different conditions, serving to modify

the 18S rRNA and contributing to the regulation of translation.

In contrast, EMG1 is required for efficient KSHV lytic replication

and infectious virion production. Notably, EMG1 depletion had lit-

tle effect on KSHV K8, ORF57, ORF26, and ORF65mRNA levels;

however, translation and protein production of the late viral

ORF26 and ORF65 proteins was dramatically reduced. Together,

these results demonstrate that EMG1 enhances the translation of

late viral proteins, resulting in the collapse of the late lytic gene

cascade and culminating in dramatically reduced levels of

KSHV infectious virions. As the EMG1 depletion phenotype is

similar to BUD23 depletion, it is possible that both of these meth-

yltransferases are modifying the 18S rRNA, resulting in a cumula-

tive effect that changes which ORFs ribosomes preferentially

translate. While there have been no other published examples
Ce
linking viral translation and EMG1, viruses

have been reported to modify ribosomes

via multiple mechanisms. Therefore, it is

possible that EMG1 and BUD23 enrich-

ment at the pre-40S ribosomal subunit is

not unique to KSHV and employed by
other viruses as a strategy to enhance translation of viral tran-

scripts and, ultimately, virion production.

Through ribosome profiling, we have shown previously that

KSHV-induced specialized ribosomes prevent occupancy and

thereby reduce translationof viral uORFs in late lyticKSHVmRNAs

and, consequently, the efficient translation of the downstream

CDS.19We therefore investigatedwhether EMG1, and specifically

its methyltransferase activity, is involved in this regulatorymecha-

nism. Importantly, luciferase reporter assays confirmed that

EMG1depletion resulted in a decrease in downstreamCDS trans-

lation, likely due to an increase in uORF translation. Of key impor-

tance is the finding that the methyltransferase activity of EMG1 is

the essential aspect for KSHV replication and infectious virionpro-

duction.Notably, the18S rRNAbase1248hasa three-part tempo-

ral modification in which it is initially pseudouridinylated, followed

by Tcr adding an acp3 modification, and finally EMG1 enables N1

methylation.24 The modified 1248J base sits in the P site, adja-

cent to the codon:anti-codon interface, which suggests that these

modificationsareessential for allowingcognatecodon:anti-codon

pairings.30 Recent dynamic simulations suggest that addition of

this methyl group stabilizes the interaction of the ribosome with

tRNA.24Therefore,without thismethylation, theremaybe reduced

restriction on codon:anti-codon pairing, allowing more non-ca-

nonical base pairing to occur and leaky codon pairings to pass

through the ribosome.

In summary, we show an enhanced recruitment of EMG1 to

newly synthesized ribosomes during early stages of KSHV lytic

replication. This enables the production of a virally induced
ll Reports 44, 115516, April 22, 2025 7
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specialized ribosome,whichpreferentially translates viral late pro-

teins.Mechanistic studiesdemonstrate that themethyltransferase

activity of EMG1 is required for reduced translation at KSHV

uORFs, allowing enhanced translation of the downstream CDSs.

Limitations of the study
This study has identified EMG1 as a ribosomal factor involved in

the formation of specialized ribosomes during KSHV lytic replica-

tion. Importantly, the aRT-PCR assay used in this study to identify

changes in modification to the 18S rRNA 1248U is not specific to

just theN1methylation. Being able tomeasure just the changes in

the N1 methylation would be an interesting next step in this

research; however, thismay require development of new technol-

ogy, asmethods such as direct RNA sequencing are currently un-

able to differentiate between the pseudouridinylation, methyl-

ation, and acp modification on the base.

The results here show a modest increase in the fraction of vi-

rus-induced modified ribosomes upon KSHV lytic replication.

While this indicates a small effect on the amount of modification

of the ribosome pool, it is significant enough to provide an

advantage for KSHV replication. However, it may also be the

case that thesemodified ribosomes already comprise the major-

ity of the ribosomal particles in the cell and that the virus is just

enhancing their production, although what the role the unmodi-

fied ribosomes play during infection is unclear.

Finally, we have now identified two ribosomal-associated fac-

tors involved in the formation of specialized ribosomes during

KSHV lytic replication. Both of these proteins were investigated

in isolation; however, future research could combine the two pro-

teins to explore the potential combinatorial effect of several

modifications on ribosomes, which is likely what is occurring

during viral infection.
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Antibodies

EMG1 Proteintech Cat: #11065-1-AP; RRID: AB_874093

FLAG Sigma Cat: #F7425; RRID: AB_439687

es19 Proteintech Cat: #15085-1-AP; RRID: AB_2180202

GAPDH Proteintech Cat: #60004-1-Ig; RRID: AB_2107436

CDK1/cdc2 Abcam Cat: #ab18; RRID: AB_2074906

Lamin B Proteintech Cat: #66095-1-Ig, RRID: AB_11232208

LANA Sigma Cat: #MABE1109

ORF65 Cambridge Research Biochemicals Cat: #crb2005224

ORF26 Novus Cat: #NBP1-47357, RRID:AB_10010311

K8 Santa Cruz Biotechnology Cat: #sc-69797, RRID:AB_1124280

ORF57 Santa Cruz Biotechnology Cat: #sc-135747; RRID: AB_2011973

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 Invitrogen Cat: #10696343

cOmpleteTM, EDTA-free Protease

Inhibitor Cocktail

Sigma-Aldrich Cat: #11873580001

Hygromycin B Fisher Scientific (Gibco) Cat: #10687010

Puromycin Fisher Scientific (Gibco) Cat: #12122530

DMEM, high glucose Fisher Scientific (Gibco) Cat: #41965062

RPMI 1640 medium Fisher Scientific (Gibco) Cat: #21875091

FBS Fisher Scientific (Gibco) Cat: #A5256701

Opti-MEM Fisher Scientific (Gibco) Cat: #31985070

Penicillin-Streptomycin Fisher Scientific (Gibco) Cat: #15070063

Fab-Trap beads Proteintech Cat: #ffa-100

GoTaq qPCR MasterMix Promega Cat: #A6002

PBS Fisher Scientific (Gibco) Cat: #10010001

Triton X-100 Thermofisher Cat: #FH10

Alexa Fluor 546 Fisher Scientific Cat: #10789154

Vectashield antifade mounting

medium with DAPI

Vector Laboratories Cat: #H-1200-10

Cyclohexamide Merck Cat: #C4859-1ML

Sucrose Merck millipore Cat: #107687

Tris-HCl Invitrogen Cat: #15567027

NaCl, RNase-free Thermofisher Scientific Cat: #AM9760G

MgCl2 Invitrogen Cat: #10418464

IGEPAL Thermofisher Scientific Cat: #15443719

Turbo DNase Invitrogen Cat: #10646175

RNasin Plus RNase inhibitor Promega Cat: #N2611

12.5 mL Ultraclear tubes Seton Scientific Cat:#7031

Ultrascript 2.0 PCR Biosystems Cat:#PB30.31–10

HinF1 New England Biolabs Cat:#R0155S

Critical commercial assays

Monarch Total RNA Miniprep Kit New England Biosciences Cat: #T2010S

Lunascript RT Supermix Kit New England Biosciences Cat:#E3010L

Click-iT L-azidohomoalanine reaction kit Thermo Fisher Cat: #C10102

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DNA blood and tissue extraction kit Qiagen Cat: #69504

Luciferase kit Promega Cat: #E1910

Experimental models: Cell lines

Human: TREx-BCBL1-Rta cells Gift from Professor JU Jung

(University of Southern California)

N/A

Human: HEK293T cells ATCC N/A

Human: TREx-BCBL1 cells Gift from A. Hislop (University

of Birmingham, UK)

N/A

Oligonucleotides (qPCR)

EMG1 fwd: CCACCAGAGTTTGCTGATGC rvs: ATTCGGGTCTGGGGATT

GAPDH fwd:GTGGTCATGAGTCCTTCCACGAT rvs: AGGGTCATC ATCTCTGCCCCCTC

ORF57 fwd: GCCATAATCAAGCGTACTG rvs: GCAGACAAATATTGCGGTGT

ORF65 fwd: AAGGTGAGAGACCCCGTGAT rvs: TCCAGGGTATTCATGCGAGC

K8 fwd: AGGACCACACATTTCGCAAC rvs: ACCCCTTGTCAGTTCTTC

ORF26 fwd: TTGTGCTCGAATCCAACGG rvs: ATGTGCGCCCCATAAATGAC

ORF34 fwd: TGCCCTGAAGTACACCAAGT rvs: CAGTAGGATTCCACCCACGT

Software and algorithms

GraphPad Prism 9 GraphPad https://graphpad.com

ImageJ National Institutes of Health https://imagej.net/ij/

Image Studio version 5.2.5 LicorBIO https://www.licor.com/bio/image-studio

Zen software: blue (2.5 lite) and black Zeiss https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html
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EXPERIMENTAL MODEL

Cell culture
TREx-BCBL1-Rta cells, a B cell lymphoma cell line latently infected with KSHV engineered to contain a doxycycline inducible myc-

Rta were a gift from Professor JU Jung (University of Southern California). TREx-BCBL1-Rta cells were cultured in RPMI1640 with

glutamine (Gibco), supplemented with 10% Fetal Bovine Serum (FBS) (Gibco), 1% P/S (Gibco) and 100 mg/mL hygromycin B

(ThermoFisher). Virus lytic replication in TREx-BCBL1-Rta cells was induced via addition of 2 mg/mL doxycycline hyclate (Sigma-

Aldrich).31

BCBL1 cells were a gift from A. Hislop (University of Birmingham, UK). BCBL1 cells were cultured in the samemedia conditions as

TREx-BCBL1-Rta cells but omitting the hygromycin B. Virus lytic replication in BCBL1 cells was induced with the addition of 2 mM

sodium butyrate and 12-O-tetradecanoylphorbol 13-acetate (20 ng/mL; both Sigma-Aldrich).32 HEK293T cells were purchased from

the ATCC and cultured in DMEM (Lonza) and supplemented with 10% FBS and 1% P/S. All cell lines were tested negative for

mycoplasma.

Plasmid constructs
The packaging plasmids pVSV.G and psPAX2 were a gift from Dr Edwin Chen (University of Westminster, London). EMG1 shRNA

constructs were purchased from GE healthcare (KD1 clone ID: TRCN0000134434, KD2 clone ID: V3SVHSHC_8318171). The scr

sequence is: CCGCAGGTATGCACGCGT.

METHOD DETAILS

Co-immunoprecipitations
TREx-BCBL-Rta cell lines overexpressing FLAG-2xStrep tagged PNO1bait protein or a control TREx-BCBL1-Rta cell line were either

reactivated or remained latent.19 After 24 h, cell pellets were resuspended in 1 mL pre-cooled ribosomal lysis buffer (10 mM Tris

(pH 7.6), 100 mM KCl, 2 mM MgCl2, 0.5% (v/v) NP-40, 1 mM DTT, 1x protease inhibitor, 1% (v/v) phosphatase inhibitor), kept on

ice for 20 min then centrifuged at 5000 x g for 12 min at 4�C. FLAG-Trap co-immunoprecipitations were performed as per the man-

ufacturers protocol (Chromotek). Briefly, FLAG-Trap agarose beads (30 mL per sample) were combined with cell lysates, followed by

a 2 h incubation at 4 �C with rotation. The beads were washed three times with ribosomal wash buffer (10mM Tris-HCl (pH 7.6),

100 mM KCl, 2 mM MgCl2) and samples were analysed via western blotting.
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Strep-Tactin XT coated beads (Cambridge bioscience) (30 mL per sample) were washed with 1 mL lysis buffer (without protease

inhibitor, phosphatase inhibitor and DTT) 3 times and combined with BCBL cell lysate that had been reactivated for 24 h, or harbored

latent KSHV overnight at 4�C with rotation. Samples were washed 3 times with pre-cooled ribosomal wash buffer 1 (10mM Tris-HCl

(pH 7.6), 100 mM KCl, 2 mMMgCl2) and once with pre-cooled ribosomal wash buffer 2 (10 mM Tris-HCl (pH 7.6), 2 mMMgCl2) then

analysed via western blotting.

Immunoblotting
Cell lysates were separated using 8–12% polyacrylamide gels and transferred to Amersham Nitrocellulose Membranes (GE health-

care) via Trans-blot Turbo Transfer system (Bio-Rad). Membranes were blocked in TBS +0.1% tween with 5% (w/v) dried skimmed

milk powder. Membranes were probedwith appropriate primary antibodies andDylight800 and 600 secondary antibodies at 1/10000

dilution (ThermoFisher). Proteins were detected using the LICOR.

RNA extraction and qPCR
Total RNA was extracted using Monarch Total RNA Miniprep Kit (NEB) as per manufacturer’s protocol. 1 mg RNA was reverse tran-

scribed using LunaScript RT SuperMix Kit (NEB). qPCRwas performed using synthesised cDNA, GoTaq qPCRMasterMix (Promega)

and the appropriate primer. qPCR was performed on Rotorgene Q and analyzed by the DDCT method against a housekeeping gene

as previously described before plotting as fold.33

Aminocarboxyl propyl reverse transcription (aRT)-PCR assay
Levels of 18S.1248m1acp3J modification were measured by aRT-PCR as outlined in Babain et al., 2020 which provides compre-

hensive experimental evidence that the technique is both reproducible and quantitative within the cycles stated. Briefly, RNA was

isolated from cell lysates via TRIZOl extraction, or from 40S subunits via polysome profiling. An RT reaction (50�C for 30 min,

95�C for 10min) was carried out on 220 ng total RNAwith Ultrascript 2.0 (PB30.31-10, Invitrogen) using random hexamers. An aliquot

of 1 mL of cDNA product (pre-diluted 1/5) was used as a template for PCR (94�C for 5min, 25 cycles [94�C for 30 s, 55�C for 30 s, 72�C
for 30 s], 72�C for 7 min) and 5 mL of PCR amplification product was used for HinF1 digestion (NEB). For each sample two technical

repeats of HinF1 digestion were carried out and digested samples were run on a 2% agarose gel at 80V for 1hour.

Lentiviral expression and shRNA constructs
Lentiviruses were generated by transfection of HEK293T cells using two packaging plasmids pPAX.2 and pVSV-G, a gift from Dr Ed-

win Chen (University of Westminster). Per 12-well, 4 mL of lipofectamine 2000 (Thermo Scientific) were used together with 1.2 mg of

pLKO.1 plasmid expressing shRNA against the protein of interest, 0.65 mg of pVSV.G, and 0.65 mg psPAX2. Eight hours post-trans-

fection, media was changedwith 1.5mL of DMEM supplemented with 10% (v/v) FCS. Two days post-transfection, viral supernatants

were harvested, filtered through a 0.45 mm filter (Merck Millipore) and immediately used for transductions of TREx-BCBL1-Rta cells.

Cells (500,000) in 12 well plates were infected by spin inoculation for 60 min at 800 x g at room temperature, in the presence of

8 mg/mL of polybrene (Merck Millipore). 3 mg/mL Puromycin (Gibco) was added 48 h after transduction before knockdown analyzed

via qPCR and western blot if appropriate.34

Global translation assay
TREx-BCBL1-Rta cells stably expressing scrambled shRNA or shRNAs targeting EMG1 were seeded into a 6-well plate at 1 3 106

cells/well with 2 mL RPMI selection media without methionine, which was chased out over 1 hr. Cells were treated with Click-iT

L-azidohomoalanine (AHA, 40 mM, Thermo Fisher) for 3 hrs, then washed in 1x PBS and fixed in PBS containing 4% (v/v) paraformal-

dehyde for 15 min. Cells were again washed in 1x PBS and permeabilised using 1x PBS containing 0.25% Triton X-100 for 15 min.

AHAwas stainedwith a Click-iT reaction kit (Thermo Fisher) using an alkyne Alexa Fluor 488, 1 mM, as described by themanufacturer.

Finally, cells were washed in PBS containing 1% BSA and resuspended in PBS containing 0.5% BSA before fluorescence quantifi-

cation by CytoFlex S Benchtop Flow Cytometer (Beckman Coulter).

Viral load and reinfection assays
TREx-BCBL1-Rta cells stably expressing scrambled shRNA or shRNAs targeting EMG1 were seeded in 2 mL of fresh RPMI media

(300,000 cells/mL) without puromycin into a 6-well plate. Lytic replication was induced by adding doxycycline (2 mg/mL) for 72 h, with

one scr well left uninduced as a control. Cell pellets were centrifuged at 500 x g for 5 min at 4�C and the pellet was collected for DNA

extraction. The supernatant, containing any released virion particles, was added in a 1:1, 1:0.5 or 1:0.1 ratio to HEK293T cells seeded

in thewells of 6-well plates at 50%confluency. The cells were incubated for 48 h, then harvested andDNA andRNAwas isolated from

the cell pellets. Purified RNAwas reverse transcribed, and RNA andDNA samples analyzed by qPCR for the levels ofORF57 to deter-

mine genome levels and infectious virion production.35

Immunofluorescence
Viral supernatant produced from viral reinfection assays were added to HEK293T cells grown on sterilised glass coverslips and incu-

bated for 48 h. The cells were fixed in PBS containing 4% paraformaldehyde (v/v) for 15 min, then permeabilised in PBS containing
12 Cell Reports 44, 115516, April 22, 2025
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1% Triton X-100 for 15 min. All the following steps were incubated for 1 h at 37�C. Coverslips were blocked in PBS containing 1%

BSA, incubated in anti-LANA (1/50), then incubated in Alexa Fluor 546 (1/500) before being mounted onto slides using Vectashield

hardset mounting medium containing DAPI. Slides were visualised on a Zeiss LSM880 laser scanning confocal microscope and pro-

cessed using ZEN 2009 imaging software.

Polysome profiling
TREx-BCBL1-Rta cells expressing scr shRNA or EMG1 specific shRNAs were treated with cycloheximide (Sigma) at 100 mg/mL for

3 min at room temperature. A total of �503 106 cells were pelleted and washed (1 x PBS) then lysed in ice-cold buffer [50 mM Tris-

HCl pH8, 150 mMNaCl, 10 mMMgCl2, 1 mMDTT, 1% IGEPAL, 100 mg/mL cycloheximide, Turbo DNase 24 U/mL (Invitrogen), RNa-

sin Plus RNase Inhibitor 90 U (Promega), 13 protease inhibitor cocktail (Roche)] for 45 min. Lysates were clarified by centrifugation

(12,000 3 g, 10 min, 4 �C) and the resulting supernatants applied to 5–45% continuous sucrose gradients (10 mM MgCl2, 50 mM

Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM DTT and 13 protease inhibitor cocktail). Gradients were then subjected to ultracentrifugation

(160,000 3 g, 3 hrs, 4 �C) in SW-40 rotor. Fractions from each gradient were collected using a Gradient Fractionator (BioComp) and

the RNA profile was measured by absorbance (254 nm) across the gradient in real time using an EM-1 Econo UV Monitor (Bio-Rad).

All fractions with large polysomes, 3 or more ribosomes per mRNA, were pooled and precipitated [0.3M NaCl, 50% isopropanol]

overnight at �80�C. Pellets were washed in 70% ethanol twice, left to air dry, then pooled and resuspended in nuclease-free water.

Samples were analyzed by qPCR or aRT-PCR assay.

Luciferase assays
Luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega). The 50 UTR of ORF28 (Sequence ID:

MZ712175.1, range: 49031–49090), ORF34 (Sequence ID: OR829374.1, range: 54523–54634) and ORF69 (Sequence ID:

MK876733.1, range: 116073–116300) was cloned upstream of the renilla reporter gene in the psiCHECK-2 vector dual-promoter

construct, with a control firefly reporter gene on a separate promoter. HEK293T cell lines stably expressing a scr shRNA or EMG1

shRNA plasmid and either a control or EMG1 mutant or wild type EMG1 overexpression construct were seeded in triplicate in

12-well culture plates (Thermo Fisher) at a density of 3 3 105 cells per well and grown for 24 h. Cells were transfected with

100 ng of respective plasmids (diluted in 100 mL Opti-mem) using 3 mL Lipofectamine 2000 (InvitrogenTM; diluted in 100 mL Opti-

mem) and incubated for a further 24 h. Media was removed from the wells and cells washed gently with 100 mL PBS. Aliquots

(100 mL) of 1x passive lysis buffer were added to the cell monolayers and rocked for 20 min at room temperature and then 10 mL

of each lysate was transferred to tissue culture treated white microplates (Greiner Bio-One). Luciferase measurements were carried

out using a FLUOstar Optimamicroplate reader (BMG Labtech Ltd), with injectors 1 and 2 being used to dispense 50 mL of Luciferase

Assay Reagent II and Stop & Glo Reagent respectively. Renilla luciferase activity was normalized to Firefly luciferase activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, graphical data shown represent mean ± standard deviation of mean (SD) using three biologically indepen-

dent experiments. Differences between means were analyzed by unpaired Student’s t test or one way analysis of variance (ANOVA)

calculated using Graphpad Prism 9 calculator and stated in the figure legend. Statistics were considered significant at p < 0.05, with

*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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