PNAS

MICROBIOLOGY

s OPEN ACCESS I l)

Check for
updates

RNA-targeted proteomics identifies YBX1 as critical for efficient

HCMV mRNA translation

Rebekah J. Dickmander?, Erik M. Lenarcic?, John D. Sears?® ¥, Andrew E. Hale?

, and Nathaniel J. Moorman®'

Edited by Thomas Shenk, Princeton University, Princeton, NJ; received October 15, 2024; accepted January 17, 2025

Viruses have evolved unique strategies to circumvent host control of protein synthesis
and enable viral protein synthesis in the face of the host response. Defining the factors
that regulate viral messenger RNA (mRNA) translation is thus critical to understand how
viruses replicate and cause disease. To identify factors that might regulate viral mRNA
translation, we developed a technique for identifying proteins associated with a native
RNA expressed from its endogenous promoter and genomic locus. This approach uses a
guide RNA to target dCas13b fused to a biotin ligase domain to a specific RNA, where it
covalently labels proteins in close proximity. Using this approach, we identified multiple
proteins associated with transcripts encoding the human cytomegalovirus (HCMYV)
IE1 and IE2 proteins and found that several associated proteins positively or negatively
regulate HCMYV replication. We confirmed that one such protein, the cellular Y-box
binding protein 1 (YBX1), binds to HCMV immediate early mRNAs and is required
for efficient viral protein expression and virus replication. Ablating YBX1 expression
reduced the association of HCMV immediate early mRNAs with polysomes, demon-
strating a role for YBX1 as a positive regulator of viral RNA translation. These results
provide a powerful tool for unraveling RNA—protein interactions that can be used in a
wide range of biological processes and reveal a role for YBXI1 as a critical regulator of
HCMYV immediate early gene expression.

RNP proteomics | RNA-binding proteins | mRNA translation | human herpesvirus |
protein synthesis

Human cytomegalovirus (HCMYV) is an opportunistic betaherpesvirus that infects the
majority of the human population by adulthood, with at least 60% prevalence in devel-
oped countries and over 90% in developing countries (1). HCMV infection is typically
asymptomatic in healthy individuals but can cause severe disease in neonates (2-4) and
in immunocompromised patients (5-8). To date, no approved vaccine exists to prevent
HCMYV infection or disease (9—15). Current therapeutics are not recommended for use
during pregnancy due to limited safety and efficacy data (16, 17) or embryonic toxicity
in preclinical studies (18, 19). Likewise, toxicity, adverse events, and antiviral resistance
(20-22) limit the use of current therapeutics in immunocompromised patients. Safe and
effective therapeutics are therefore urgently needed to treat HCMV disease in at-risk
populations.

During lytic infection, HCMYV gene expression occurs in a temporal cascade of three
kinetic classes of viral genes: immediate-early (IE) genes, early (E) genes, and late (L)
genes (23-25). HCMV immediate early genes are rapidly transcribed upon uncoating
of the viral genome in the nucleus, and typically act to modulate the cellular response
to infection and facilitating the expression of viral early genes. Two critical HCMV
genes, UL123 and UL122, encode the IE1 and IE2 proteins respectively, which each
play critical roles in the earliest stages of infection. IE2 is essential for HCMV replica-
tion, as deletion or disruption of the UL122 gene results in a failure to express viral
early genes (26, 27). Disruption or deletion of UL123 is tolerated at a high multiplicity
of infection (MOI), but results in a significant growth defect at lower MOIs (28). Both
IE1 and IE2 are expressed to high levels within hours of infection and together act to
induce the expression of viral and cellular genes required for virus replication (25). IE1
is involved in histone deacetylation (29) and modulation of the type I interferon response
(30-33), and with IE2 promotes HCMYV replication by stimulating the transcription
of viral (34-40) and host (41-45) genes. Understanding the regulation of IE1 and IE2
expression is thus an important step in understanding the mechanisms underlying
HCMYV replication and pathogenesis.

While the transcriptional regulation of IE1 and IE2 expression has been well studied
(46-66), posttranscriptional events also regulate IE1 and IE2 protein levels during infec-
tion. Transcripts encoding IE1 or IE2 are differentially associated with polysomes during
different stages of infection, suggesting temporal regulation of translation also controls
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IE1 and IE2 expression (59). The shared major immediate early
5’ untranslated region (MIE 5" UTR) of transcripts derived from
the MIEP also regulates IE1 and IE2 expression by promoting the
efficient translation of the UL122 and UL123 mRNAs during
infection (67). Presumably, this effect is due to interaction with
specific factors that enhance ribosome recruitment, however, the
mechanism by which the MIE 5> UTR enhances UL122 and
UL123 mRNA translation has not been defined.

To begin to understand how the MIE 5" UTR regulates the
translation of UL122 and UL123 transcripts, and thus IE1 and
IE2 protein expression, we developed a proteomics approach to
specifically identify proteins that bind the MIE 5° UTR in
HCMV-infected cells. Using dCas13 fused to a biotin ligase
domain together with a guide RNA (gRNA) specific to the MIE
5" UTR, we identified multiple host and viral proteins that interact
with the MIE 5" UTR in infected cells. Several of the identified
proteins influenced HCMYV replication, both positively and neg-
atively. Further studies confirmed that the cellular YBX1
RNA-binding protein binds to transcripts encoding IE1, IE2, and
other HCMV immediate early transcripts in infected cells.
Depletion or disruption of YBX1 reduced HCMV replication,
which could be rescued by restoring YBX1 expression in trans.
YBX1 regulates IE1 and IE2 expression at the posttranscriptional
level, as loss of YBX1 expression decreased IE1 and IE2 protein
levels despite efficient expression of the UL122 and UL123 tran-
scripts. We found that YBX1 is required for the efficient transla-
tion of multiple HCMV immediate mRNAs, as depletion or
disruption of YBX1 decreased their association with polysomes,
which could be rescued by restoring YBX1 expression. Together,
these results reveal a posttranscriptional mechanism controlling
the expression of HCMV immediate early gene expression and
HCMYV replication and provide a sensitive approach for identify-
ing functional RNA:protein interactions in a biologically rele-
vant context.

Materials and Methods

Cells and Viruses. MRC-5, 293T, and Hela cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine
serum (FBS, Gibco) and penicillin-streptomycin (Sigma) and cultured at 37 °C.
Virus stocks were grown on MRC-5 fibroblasts, and titer determined using the
50% tissue culture infectious dose assay (TCIDy;). hTERT-MRC5-DYBX1 cells
were routinely passaged in the presence of doxycycline. Cells were plated and
infected at confluence for all experiments to control for the impact of YBX1
disruption in cell proliferation. ADinGFP (68) or TB40/E (69) was used as the
wild-type HCMV as indicated. The HCMV luciferase experiments used HCMV
TBA0/E expressing luciferase from the UL18 promoter which was gifted from
Christine 0’ Connor (70).

Recombinant CAA virus was made as previously described (67). Briefly,
Escherichia coli (SW105) isolates containing the ADinGFP bacterial artificial
chromosome (BAC) were made recombination competent by incubation at
42 °C for 15 min prior to electroporation with a kanamycin-levansucrase
(KanSacB) expression cassette with 50 nucleotides flanking the insertion
site of the HCMV genome. Oligonucleotides "Full CAA Oligo F" and "Full
CAAOligo R" were annealed and amplified using primers “IE UTR CAAF" and
“IE UTR CAAR" (SI Appendix, Table S1). The PCR product was electroporated
into recombination-competent KanSacB bacteria, and colonies selected on
LB + 6% sucrose plates and removal of kanamycin resistance confirmed via
replica plating. Colonies were screened for gross recombination by restriction
digestand the +500 to —500 nucleotides surrounding the insertion site were
PCR amplified using "IE Mutant Seq F" and "IE Mutant Seq R" (S Appendix,
Table S1) and sequenced to confirm insertion into the HCMV genome. BAC
DNA was Nucleobond purified and electroporated into MRC-5 fibroblasts.
Two independent isolates were generated and used in this study.
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Lentivirus Transduction. Lentiviruses were made by transfecting 500 ng
of DNA per 6-well of HEK293T cells using polyethlyenimine (PEl; Sigma) and
MISSION Lentiviral Packaging Mix (Sigma). At 24 h posttransfection, the medium
was discarded and replaced with fresh DMEM supplemented with 10% FBS and
penicillin-streptomycin. Medium was collected at 48- and 72-h posttransfec-
tion, filtered with a 0.45 uM filter, aliquoted, and stored at —80 °C until use.
Low-passage cells were transduced with 10 mLs of lentivirus per 15 cm plate of
subconfluent MRC-5s using polybrene (hexamethrine bromide, 8 ug/mL) and
incubated overnight at 37 °C. The next morning, the lentivirus was aspirated
from the cells and replaced with fresh DMEM supplemented with 10% FBS and
penicillin-streptomycin. When the cells reached 70% confluency, cells were
selected with puromycin. Cells were checked for dPspCas13-TurbolD expression
and function and kept under puromycin selection until used for experiments.
Stable MRC-5 cells expressing dPspCas13-TurbolD were transduced with len-
tivirus for the gRNAs and transduction efficiency determined via fluorescence.

Disruption of YBX1. MRC5 hTERT cells were reverse transfected with Cas9
2NLS nuclease (Synthego) and a pool of gene-specific gRNAs targeting YBX1
(UUUUCCAGCAACGAAGGUUU, UUCAUCAACAGGUGAGCUGC) or a nontargeting
scrambled control gRNA using Lipofectamine CRISPRMAX transfection reagent
(Invitrogen). Clonal cell lines were generated by seeding transfected cells into
96-well plates at 0.7 cells per well together with wild-type MRCS5 cells at 1,000
cells per well. MRC5-hTERT cells express the hygromycin resistance gene. To
remove wild-type cells from the coculture, 25 pg/mL Hygromycin (47 uM) was
added to the wells at 80 to 90% confluency. YBX1 expression in surviving clonal
cell lines was measured by western blot. A PCR fragment spanning the target
site was generated using the following primers (FWD: CAGACTCACCCACGTGIGC,
REV: AGCTGCAAAACAAAGGCATTCT) and then sequenced by Sanger sequencing
(sequencing primer: CAGACTCACCCACGTGTGCG). The ICE CRISPR analysis tool
(ice.synthego.com) was used to confirm YBX1 disruption.

Generation of Recombinant Plasmids. PspCas13band dPspCas13b (PspCas13b-
NES-3xHA #103862, dPspCas13b-NES-3xHA #103865), TurbolD [C1(1-29)-
TurbolD-V5_pCDNA3 #107173], and PCW (PCW-Cas9 #50661) plasmids were
purchased from Addgene. Both PspCas13b and dPspCas13b plasmids were amplified
using primers "PCW-PspCas13b F"and "PspCas13b-Linker R" TurbolD was amplified
using primers "Linker-TurbolD F" and “TurbolD-PCW R." PCRs were treated with Dpnl
forThat37°Cand PCR purified (QlAquick PCR Purification Kit), and product was run
outona 1%agarose gel to confirm product size. The PCW-Cas9 plasmid was digested
with BamHI and Nhel, and the 7.5 kb PCW band was gel purified (QlAquick Gel
Extraction Kit). Fragments were assembled using Gibson Assembly (NEB; M5510AA).
75 ng of backbone was incubated with 5x molar ratios of each PCR product and
1x Gibson Assembly Mastemix at 50 °Cfor 1 h. The luciferase reporter vectors were
made as previously described (67). Briefly, the WT IE1/2 5" UTR was PCR amplified
from template cDNA from HCMV-infected cells using primers "IE UTR pGL3 F" and
"IE UTR pGL3 R." The CAA reporter was PCR amplified from the annealed CAA ultram-
ers "Full CAA Oligo F" and "Full CAA Oligo R" using primers "IE UTR pGL3 F" and “IE
UTR pGL3 R." The PCR products were cloned into the Hindlll and Ncol cut sites of the
pGL3-control plasmid (Promega; E1741). For gRNAs, a lentivirus vector was purchased
from Addgene (Paw13 lentiguide.mCherry #104375)and PCR amplified with primers
"pAW13 F" and "pAW13 R Multiple gRNAs were designed with a 30 nucleotide
sequence to specifically target the MIE 5" UTR or scrambled sequence, ordered as
gblocks to contain homology to the amplified lentivirus backbone, and assembled
using Gibson Assembly. Colonies were selected and sequenced with “gRNA sequenc-
ing primer F" and "gRNA sequencing primer R" to confirm cloning reaction. Cloning
reactions were transformed into DH5oc competent cells (NEB; C29871) according to
the manufacturer's protocol and all sequences confirmed by Sanger sequencing using
primers “gRNA Sequencing primer F" and “gRNA Sequencing primer R." Primer and
gBlock sequences used in this study are listed in S/ Appendix, Table S1.

Luciferase Assays. Luciferase assays were performed as described previously
(67). Briefly, Helas were transfected with 250 ng of PspCas13-TurbolD, 250
ng of gRNA, and 50 ng of pGL3 reporter using polyethylenimine (PEI; Sigma).
Doxycycline was added to a final concentration of 1 ug/mLat 1 h posttransfection.
Samples were lysed in passive lysis buffer (Promega) for 20 min at room tempera-
ture at 24 h posttransfection. 8 uL of lysate was incubated with 40 uL of luciferase
reagent (Promega) for 2 min at room temperature and read on luminometer
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with a 5-s integration (Promega GlowMax Navigator). Luminescence readings
were normalized to protein concentration, determined via Bradford assay (VWR;
E350-1L). HCMV luciferase assays were performed by infecting MRC-5 cells with
HCMV atan MOl of 0.1 and incubated at 37 °Cfor 72 h. Samples were lysed and
read as described above.

Western Blot Analysis. Western blots were performed as described previously
(71). Briefly, cells were scraped and pelleted at the time of harvest and resus-
pended in radioimmunoprecipitation assay buffer (50 mM Tris-HCI [pH 7.4], 150
mM NaCl, T mM EDTA, 1% NP-40, 1% sodium deoxycholate) supplemented with
protease inhibitor cocktail (Roche cOmplete EDTA-free protease inhibitor cocktail).
Cells were lysed on ice for 10 min and centrifuged at 15,000 rpm for 10 min
at 4 °C to pellet debris. The supernatant was removed and protein concentra-
tion determined via the Bradford Assay (VWR; E350-1L). 6x loading dye was
added to samples prior to boiling, and equal amounts of protein were resolved
ona 10% SDS-PAGE gel and transferred to PYDF membrane (BioRad TurboBlot).
Membranes were blocked in 5% milk (AmericanBio) in TBS-T (20 mM Tris-HCI
[pH 6.8], 140 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. Blots
were washed with TBS-Tand incubated with primary antibodies for 1 h at room
temperature (mouse antibodies) or overnight at 4 °C (rabbit antibodies). Blots
were washed and developed with appropriate horseradish peroxidase (HRP)
conjugated secondary antibody in 1% TBS-T for 1 h at room temperature and
washed once more with TBS-T before imaging. Western blots were developed by
chemiluminescence using a digital imager (BioRad). Antibodies used in this study
were as follows: 1E1[1:1,000 (72)], IE2 [1:500 (73)], UL44 (1:1,000; Virusys),
UL99 [1:1,000 (74)], EEF1D (1:1,000, Proteintech), RPS6KB1 (1:1,000, Cell
Signaling Technology), TRST[1:100 (75)], IRS1[1:100 (75)], UL38[1:100 (76)],
YBX1(1:1,000, Proteintech), B-actin (1:500; SantaCruz), a-rabbitHRP (1:10,000;
SeraCare), and a-mouse HRP (1:10,000; SeraCare). Primary mouse antibodies
were diluted in 1% BSA in TBS-Twhile primary rabbit antibodies were diluted in
5% BSA in TBS-T. All experiments were performed in biological triplicate; repre-
sentative western blots shown.

Nucleic Acid Abundance. RNA was extracted as previously described (61, 77).
Briefly, cells were scraped and pelleted and resuspended in Trizol (Ambion) and
extracted with chloroform. RNAwas precipitated overnight with isopropanol and
washed with cold 70% ethanol. RNA pellets were treated with DNAse solution
(TURBO DNase free kit, Ambion). Equal amounts of RNA were reverse tran-
scribed according to the manufacturer's protocol (High Capacity cDNA Reverse
Transcription Kit, ThermoFisher). The thermocycler parameters for reverse tran-
scription were as follows: 25 °Cfor 10 min, 37 °Cfor 120 min, 85 °Cfor 5 min. gRT-
PCR was performed using SYBR Green Select Master Mix (Applied Biosystems)
and 0.5 uM of gene-specific primers (S/ Appendix, Table S1). Absolute quantifi-
cation of the qPCR data was achieved by comparing CT values to a standard curve
generated for each specific pair of primer sets.

Proteomic Analysis MIE 5' UTR-Associated Factors. MRC-5 cells stably
expressing dPspCas13b-TurbolD and a gRNA specifically targeting the MIE 5'
UTR were kept under selection with puromycin and seeded at 80% confluency at
the time of infection. Doxycycline was added at a final concentration of 1 ug/mL
the following moming, and the cells were infected 6 h later with an equivalent
number of viral genomes to a WT MOI of 3 for 1 h at 37 °C. After 1 h, the inocu-
lum was replaced with fresh DMEM supplemented with 10% FBS and penicillin-
streptomycin and returned to incubate at 37 °C. At 23 hours postinfection (hpi),
biotin was added at a concentration of 50 uM, and samples were harvested by
scraping at 24 hpi, pelleted, and stored at =80 °C until use. Cells pellets were
resuspended in 1 mL of fresh resuspended in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCI [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate,
150 mM NaCl, T mM EDTA[pH 8.0], 2 M urea) supplemented with 1x complete
protease inhibitor cocktail (Roche). Cells were lysed on ice for 15 min and then
sheared by passing through a 27-gauge needle 5 times. Samples were centri-
fuged at 4 °C for 10 min to pellet debris and the clarified lysate nutated with
StreptavidinT1 Dynabeads (Thermo; 65601)for 3 h at 4 °C. Beads were washed 3
times with RIPA buffer followed by 3 washes with 10 mMTris HCI (pH 7.8). Beads
were resuspended in 50 uL of 10 mMTris HCI (pH 7.8) for on-bead trypsin diges-
tion as previously described (78). Briefly, after the last wash during affinity puri-
fication, beads were resuspended in 100 pL of 50 mM ammonium bicarbonate
(pH 8.0). On-bead digestion was carried out overnightat 37 °Cwith 1 ug trypsin,
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followed by an additional 3-h incubation the next day with another 1 ug trypsin.
Beads were pelleted, and the supernatants collected in fresh tubes. The beads
were washed twice with 100 pL LC-MS grade water, and washes were combined
with the original supernatants. Samples were acidified with trifluoracetic acid at
afinal concentration of 2%, dried, desalted using peptide desalting spin columns
(Pierce), lyophilized, and stored at —80 °C until further analysis.

Lc-Ms/Ms. Peptides were analyzed by liquid chromatography with tandem mass
spectrometry (LC/MS/MS) using an Easy nLc 1200 coupled to a QExactive HF
mass spectrometer (Thermo Scientific). Samples were injected onto an Easy Spray
PepMap C18 column (75 pm id x 25 cm, 2 pm particle size; Thermo Scientific)
and separated over a 2-h gradient method. The separation gradient of 5 to 48%
mobile phase B at a flow rate of 250 nL/min, where mobile phase A consisted
of 0.1% formic acid in water and mobile phase B was 0.1% formic acid in 80%
acetonitrile. The QExactive HF was operated in data-dependent mode, selecting
the 15 most intense precursors for subsequent fragmentation. The resolution
for the precursor scan (m/z 350 to 1700) was set to 60,000, while the resolution
for MS/MS scans was set to 15,000. The normalized collision energy for higher-
energy collisional dissociation (HCD) was set to 27%. Peptide matching was set
to preferred, and precursors with unknown charge states or those with a charge
state of 1and =7 were excluded.

Data Analysis. Raw data files were processed using MaxQuant version 1.6.15.0,
and searched against the UniProt human database (containing 20,381 entries,
downloaded October 2020) and the UniProt HCMV database (strain AD169, taxID:
10360, containing 190 entries, downloaded May 2021), supplemented with a
common contaminants database (245 sequences) using the Andromeda search
engine within MaxQuant. Trypsin was set as the enzyme specificity, allowing up to
two missed cleavage sites, with methionine oxidation and N-terminal acetylation
defined as variable modifications. A 1% false discovery rate was applied for data
filtering. Match between runs was enabled (5-min match time window, 20-min
alignment window), and a minimum of two unique peptides was required for
label-free quantification using the LFQ intensities. Further data processing was
carried out using Perseus software (79). Reverse hits and proteins identified by
only one unique+razor peptide were removed from the dataset. Proteins with less
than 50% valid data were excluded, and missing values were imputed based on a
normal distribution within Perseus. Log2 fold change (FC) ratios were calculated
using the average Log2 LFQ intensities, and Student's t test was performed for
each pairwise comparison, with P-values calculated. Proteins with P-values <0.05
and Log2 FC>1 were considered biological interactors.

siRNA Depletion. Dharmacon Horizon Discovery Cherry-Pick Custom Library
Tool was used to purchase small interfering RNAs (siRNAs) specific for genes
we identified in the proteomics screen and reverse transfected into MRC-5 cells
according to the manufacturer protocol (DharmaFECT reverse transfection of
siRNA). Briefly, Lipofectamine RNAiMax Transfection Reagent (Invitrogen) and
siRNAs were diluted in Optimem (Gibco) and added to empty wells in a 96-well
plate. MRC-5 cells were trypsinized and resuspended in serum-free DMEM and
added to the plate on top of the transfection mix and incubated at 37 °C for
72 h. Cells were infected with HCMV-luciferase at a MOI of 0.1, and the cells
were returned to incubate at 37 °C for 72 h. Luciferase assays were performed
as described above.

YBX1 Knockdown. MRC-5 cells were reverse transfected with ON-TARGETplus
Human YBX1 siRNA(Horizon Discovery; L-010213-00-0005) or ON-TARGETplus
nontargeting siRNA (Horizon Discovery; D-001810-10-05) using Lipofectamine
RNAiMax Transfection Reagent (Invitrogen) according to the manufacturer pro-
tocol and incubated at 37 °C for 72 h. Cells were seeded to be 80% confluent at
72 hpi and infected with WT HCMV at an MOI of 3. Knockdown efficiency was
determined at the time of infection via western blot analysis.

Immunoprecipitation. MRC-5 cells were infected with WTHCMV at an MOl of 3,
harvested by scraping, and cross-linked with 0.3% methanol-free formaldehyde
(Pierce) in PBS for 30 min at 4 °C.The reaction was quenched with 1/10 volume
of 2 M glycine with agitation for 5 min at room temperature. Cell pellets were
washed 3 times with cold PBS and resuspended in RIPA-IP buffer (50 mM Tris HCI
[pH 8.0], 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA,
150 mM KCl, 100 mM DTT) with 1x complete protease inhibitor cocktail (Roche)
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and SUPERaselIN (Promega). Cells were sonicated with the following parameters:
2x 305 on, 1 min off, 30% output, and centrifuged at 15,000 rcf for 15 min at
4 °C. A portion of the lysate was reserved to measure input protein levels, and
the rest of the supernatant was incubated with Protein A/G PLUS agarose beads
(Santa Cruz) for 1 h at 4 °C to remove nonspecific interactions. Protein A/G PLUS
beads were washed 3 times with RIPA buffer (50 mM Tris-HCI [pH 7.5], 140 mM
NaCl, T mM EDTA[pH 8.0], 1 mM EGTA [pH 8.0], 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 1x complete protease inhibitor cocktail [Roche]) prior
to use. The agarose beads were then removed by low-speed centrifugation, and
5 ng of antibody specific for YBX1 (Proteintech, 20339-1-AP) or rabbit 1gG (Cell
Signaling Technology, 2729) was added to the supernatant and nutated for 1 h
at4 °C. Protein A/G PLUS beads were then added and the samples were nutated
foradditional 1 h at4 °C. Samples were centrifuged for 1 min at 1,200 rcf at 4 °C
to pellet beads and washed with the following parameters: 1x with RIPA buffer,
3x with Pol Il ChIP buffer (50 mMTris-HCI [pH 7.5], 740 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, and 0.1% SDS), 2 x with
CLiP Salt Buffer (50 mMTris-HCI [pH 7.4], 500 mM NaCl, 1 mM EDTA, 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS), and 1x with LiCl wash buffer (20
mM Tris-HcL[pH 8.0], T mM EDTA, 250 mM LiCl, 0.5% NP-40, and 0.5% sodium
deoxycholate). The supernatant was removed after the final wash and the beads
resuspended in reverse crosslinking buffer (1x PBS, 2% N-lauroyl sarcosine, 10
mM EDTA [pH 8.0], 4 mM DTT, proteinase K, SUPERaseIN [Promega]) and incu-
bated for 1 hat 42 °C, 1 h at 55 °C, and 30 min at 65 °C with mixing every 15
min. RNAwas extracted from samples with Trizol according to the protocol above.
Fold enrichmentwas calculated using the comparative C, method of YBX1 signal
versus IgG, normalized to the level of GAPDH mRNA in each sample.

Translation Efficiency Analysis. Polysome analysis was performed as pre-
viously described (61, 67, 77, 80). Briefly, cells were treated with 100 pg/mL
cycloheximide at the time of harvestand incubated at 37 °Cfor 10 min. Cells were
washed with PBS containing cycloheximide, harvested by scraping, and pelleted
by centrifugation at 2,200 rpm for 5 min at 4 °C. Pellets were stored at —80 °C
until analysis. Pellets were lysed in polysome lysis buffer (20 mM Tris-HCI [pH
7.4],140 mM KCl, 5 mM MgCl,, 0.1%Triton X-100, and 10 mM DTT) and sheared
by passaging through a 27-gauge needle 5 times. Samples were centrifuged for
5 min at 2,500 rcf at 4 °C to pellet the nuclei followed by centrifugation for 10
min at 13,000 rcf at 4 °C to pellet the mitochondria. Protein concentration was
determined via Bradford assay (VWR), and equal amounts of protein were loaded
onto a 10 to 15% linear sucrose gradient. Gradients were centrifuged at 35,000
rpm for 2 h without brake, and then fractionated with continuous monitoring of
UV absorbance at 254 nm. RNA was extracted from equal volumes of gradient
fractions with Trizol as previously mentioned, and equal volumes of RNA were
added into the RT reaction. RNA abundance in each fraction was determined by
qRT-PCR using the absolute quantification method. Translation efficiency was
calculated by comparing the abundance of transcripts associated with polysomes
(fractions 7 to 12) and monosomes (fractions 2 to 5).

HCMV Replication Assays. MRC-5 primary fibroblasts were infected with HCMV
atan MOl of 3 for 1 h at 37 °Cwith rocking every 15 min. The inoculum was then
removed and replaced with fresh medium until the time of harvest. Supernatants
were collected and stored at —80 °C until analysis. Cell-free infectious virus in
the supernatants was quantified via the TCIDy, assay.

Results

Identification of Proteins Proximal to the MIE 5 UTR in HCMV-
Infected Cells. For many transcripts, the 5° UTR serves as a
binding site for factors that influence ribosome recruitment and
subsequent translation. To better understand factors involved
in the posttranscriptional regulation of IE1 and IE2 expression,
we developed a system to identify proteins in close proximity
to the MIE 5” UTR in infected cells. We took advantage of the
fact Cas13 can be programmed to bind to a specific RNA target
in the presence of a gRNA complementary to the target site.
Catalytically inactive Cas13 variants lose their ability to cleave
nucleic acid targets while retaining the ability to bind to a specific
RNA sequence in complex with a gRNA. While several Casl13
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orthologs exist, Cas13b from Prevorella sp. P5-125 (PspCas13b)
was selected for its increased stability in mammalian cells and
target specificity due to its relatively long gRNA spacer sequence
compared to other Cas13 orthologs (81-83). We took advantage
of these features of PspCas13b to develop a proteomics approach
to identify proteins that associate with specific RNA elements.

We designed a catalytically inactive PspCas13b protein fused to
a biotin ligase domain (dPspCas13b-TurbolD) under the control
of a doxycycline-inducible promoter, allowing for controlled
PspCas13b expression. We hypothesized that in the presence of a
specific gRNA (Fig. 14), dPspCas13b-TurbolD would localize to
a specific RNA sequence, allowing the biotin ligase to covalently
modify proteins in close proximity [within 10 nM; (84)] with
biotin. The biotinylated proteins would then be captured with
streptavidin beads and identified via mass spectrometry. To avoid
potential steric hindrances that might affect dPspCasl13b or
TurboID function, a flexible linker was included between the two
domains. The dPspCas13b-TurbolD fusion protein retained biotin
ligase activity in transfected cells, as shown by the nonspecific
increase in the abundance of biotinylated proteins in cells expressing
dPspCas13b-TurbolD in the absence of a specific gRNA (Fig. 1B).
To determine whether the presence of the TurbolD domain affected
PspCas13b function, we designed and tested the ability of gRNAs
to specifically target PspCas13b to the MIE 5> UTR. Cells were
transfected with a catalytically active PspCas13b-TurbolD expres-
sion construct along with gRNAs complementary to the MIE 5’
UTR and a vector expressing the MIE 5° UTR upstream of a lucif-
erase reporter. Catalytically active PspCas13b-TurbolD was used in
these experiments, as specific targeting of the active enzyme to an
mRNA should decrease its abundance without affecting other
mRNAs. Of 10 gRNAs tested, six significantly reduced the luciferase
signal of the MIE reporter and did not affect the activity of a control
reporter gene where the 5 UTR consisted of a series of CAA repeats
(Fig. 1C). These results demonstrate that a PspCasl3-TurbolD
fusion protein retains biotin ligase activity and the ability to target
a specific RNA. gRNA 4 was used in subsequent experiments due
to its ability to specifically target the MIE 5° UTR.

We next used lentivirus transduction to generate a human fibro-
blast cell line expressing dPspCas13b-TurbolD under the control
of a doxycycline-inducible promoter (MRC5-dPspCasl3b-
TurbolD) together with a gRNA specific for the MIE 5° UTR. To
identify proteins that are proximal to the MIE 5> UTR during
infection, cells were treated with doxycycline to induce dPspCas13b-
TurbolID expression prior to infection, and then infected with
either wild-type HCMV or a previously described recombinant
HCMYV in which the MIE 5" UTR sequence is replaced with CAA
repeats [CAA HCMV; (67, 85)] as a control for specificity. Biotin
was added 1 h prior to harvest at 24 h hpi to allow for proximity
labeling, and the labeled proteins were recovered by streptavidin
immunoprecipitation and identified by mass spectrometry.
Multiple proteins were significantly enriched in samples infected
with wild-type virus as compared to the control, suggesting our
approach specifically captured proteins associated with the MIE
5" UTR [Fig. 24 and SI Appendix, Table S2; (86)].

Analysis of the annotated function of enriched proteins revealed
that many of the factors were RNA-binding proteins with known
roles across the RNA lifecycle (Fig. 2B). Interestingly several
known HCMV RNA-binding proteins were identified [e.g.,
ULG69, UL84; (87-90)], suggesting a potential functional role for
these proteins in regulating RNA biology during infection
(SI Appendix, Table S2). Based on these results we chose 38 pro-
teins for further analysis. We used siRNAs to deplete each factor
from human fibroblasts, and then measured the effect on luciferase
expression from an HCMYV reporter virus encoding the luciferase
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yellow) via a flexible linker. In the presence of biotin (B, gold), and a gRNA specific to the RNA of interest, PspdCas13b targets TurbolD to a specific location on the
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gRNA). (n =3 + SEM, *P < 0.05, **P < 0.01, ***P < 0.001).

gene under the control of the UL18 late promoter (70) and com-
pared the results to control cells transfected with a nonspecific
siRNA control. In this system, luciferase activity serves as a meas-
ure of HCMYV replication, as UL18 promoter activity requires
prior genome replication. Transfection of siRNAs targeting the
cellular ERH, FAM120A, GEMIN5, HNRNPH2, IGF2BP1,
IGF2BP3, KHDRBS1, NONO, RNPS1, RPL35, RPL5,
SNRPD1, UPF1, YES1, and ZNF207 genes increased luciferase
activity, suggesting a potential role for these factors in suppressing
HCMYV replication. Transfection of siRNAs targeting six other
genes (EIF2S3, EIF4A3, HNRNPAO, PRMT1, PTBP1, and
YBX1) led to a significant decrease in luciferase activity as com-
pared to control cells, suggesting a requirement for these factors
for efficient HCMV replication (Fig. 2C). While enrichment in
the proteomics screen and altered replication in the siRNA screen
suggest important roles for these factors in HCMYV infection, the
results should be interpreted with caution without further studies
to confirm viral RNA binding and the specificity of observed
replication phenotypes. However, these results identify cellular
and viral genes of interest for further study in the regulation of
RNA biology during infection and suggest that host factors in
close proximity to the MIE 5> UTR in infected cells regulate
HCMYV replication.

YBX1 Is Critical for Efficient HCMV Replication. Based on
the defect in luciferase activity when YBX1 was depleted, we
further explored the role of YBX1 in HCMYV infection. Using
immunoprecipitation with antibodies specific for YBX1 and
quantitative reverse transcriptase PCR (qRT-PCR), we next
measured the association of YBX1 with transcripts encoding
HCMV immediate early mRNAs. Transcripts encoding five
immediate early RNAs (UL38, TRS1, IRS1, UL122, and UL123)
were significantly enriched in YBX1-specific immune precipitates
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compared to a nonspecific IgG at 24 h (Fig. 34) after infection.
The EEF1D and RPS6KB1 transcripts were used as positive and
negative controls for YBX1 binding, respectively, based on a
previous report (91).

We next measured the effect of YBX1 gene disruption on the
expression of viral proteins and the yield of infectious virus.
We used CRISPR-Cas9 to generate MRC-5 cells where the YBX1
gene was disrupted leading to loss of YBX1 protein expression
(hTERT-MRC5-AYBX1 cells). In parallel, we generated control
cells expressing a nonspecific gRNA (hTERT-MRC5-NT). To
allow for controlled reexpression of YBXI, we transduced
hTERT-MRC5-AYBX1 cells with a lentivirus expressing YBX1
under the control of a doxycycline-inducible promoter, allowing
for restored YBX1 expression in the presence of doxycycline. YBX1
disruption reduced cell proliferation, which was rescued by the
addition of doxycycline to restore YBX1 expression (SI Appendix,
Fig. S1). To control for the effect on proliferation, all experiments
were performed using fully confluent cultures. To measure the
impact of YBX1 HCMYV entry and initial viral transcription, we
measured the abundance of intracellular viral genomes and tran-
scripts encoding IE1 or IE2 at 24 h after infection. Depletion of
YBX1 did not impact intracellular HCMV genome abundance or
the abundance of transcripts encoding IE1 and IE2 (Fig. 3 Band
C, respectively), demonstrating that YBX1 was dispensable for
HCMYV binding, entry, and initial transcription from the viral
genome. Similar results were seen after infection with the HCMV
TB40/E strain (SI Appendix, Fig. S2), which is more closely related
to clinical viral isolates. Despite similar IE1 and IE2 transcript
levels, IE1 and IE2 protein levels were decreased at early times (6
and 24 hpi) after infection in the absence of YBX1 (Fig. 3D). We
also observed delayed and reduced expression of representative
HCMYV early and late proteins in the absence of YBX1, consistent
with the known role of IE1 and IE2 in positively regulating early
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Fig. 2. Multiple proteins associated with the MIE 5" UTR regulate HCMV replication. (A) MRC5-dCas13b-TurbolD cells expressing a gRNA specific to the MIE 5’ UTR
were infected with either WT virus or CAA recombinant virus with equivalent genomes equal to an MOI of 3 for WT virus. Volcano plot showing the proteomics
data from three independent replicates (Red = statistically significant). (B) Gene ontology (GO) analysis of the biological processes of proteins identified in (A). (C)
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MOI of 0.1. The luciferase assay was read and at 72 h after infection. The Log2Fold change in luciferase activity compared to cells transfected with a nonspecific
control siRNA. The results of four individual wells from two independent experiments are shown.

and late gene expression. Consistent with the defect in viral protein
expression, significantly less infectious virus was produced in
hTERT-MRC5-AYBX1 cells as compared to the hTERT-MRC5-
NT control cells (Fig. 3E). Similar results were seen when shRNAs
were used to deplete YBX1 prior to infection (SI Appendix, Fig. S3).
Depleting YBX1 prior to infection reduced IE1 and IE2 expression
without affecting transcript levels and delayed and reduced viral
protein expression and the accumulation of infectious virus.
Importantly, restoring YBX1 expression by adding doxycycline to
hTERT-MRC5-AYBX1 cells prior to infection rescued the defect
in viral gene expression and restored virus yield to levels similar to
those observed in control cells (Fig. 3 D and E), demonstrating
that the defect in HCMV protein expression and replication in
hTERT-MRC5-AYBX1 was specific to the absence of YBXI.
Together, these data show that YBX1 is critical for efficient IE1
and IE2 expression early after infection, and that reduced IE1 and
IE2 expression likely accounts for the decrease in early and late
gene expression and virus yield when YBX1 is absent.

YBX1 Is Required for the Efficient Translation of HCMV Immediate
Early RNAs. YBX1 regulates the translation of a subset of cellular
mRNAs associated with cell proliferation, apoptosis, DNA repair,
and stress response and the antiviral response by binding to their
5" UTRs (92-101). In addition, some viruses exploit YBX1 to
enhance viral mRNA translation (102—-106). The defect in viral
protein expression and virus replication suggested that YBX1 may
similarly regulate the translation of HCMV RNAs. To determine
the role of YBX1 in viral mRNA translation, we measured the
impact of YBX1 disruption on the association of viral RNAs with
polysomes. Control cells or hTERT-MRC5-AYBX1 cells were
infected with HCMYV for 24 h, and ribosomal subunits, individual
ribosomes, and polysomes were resolved through a sucrose
gradient, and the distribution of viral RNAs across the gradient
was measured by qRT-PCR. Transcripts encoding the HCMV
IE1 or TRSI proteins were less abundant in fractions containing
polysomes in " TERT-MRC5-AYBX1 cells as compared to control
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cells with a corresponding increase in transcript abundance in
earlier fractions of the gradient containing ribosomal subunits and
individual ribosomes (Fig. 44). The distribution of the negative
control RPS6KBI mRNA was similar in all conditions. Similar to
the viral transcripts, the positive control EEF1D transcript was less
abundant in polysomes in the absence of YBX1. Restoring YBX1
expression prior to infection increased the abundance of each viral
transcript and the EEF1D transcript in polysome fractions to
similar levels as in control cells, demonstrating that the change
in polysome association was dependent on the presence of YBX1
(Fig. 4A).

We used these data to calculate the translation efficiency of each
transcript in the presence and absence of YBX1 by comparing the
abundance of each RNA in fraction containing polysomes to its
abundance in fractions containing ribosomal subunits and indi-
vidual ribosomes. Loss of YBX1 expression led to a significant
decrease in the translation efficiency of transcripts encoding IE1,
1E2, UL38, TRS1, IRS1, and the EEF1D positive control without
affecting the translation efficiency of the RPS6KB negative control
(Fig. 4B). In each case, the decrease in translation efliciency in the
absence of YBX1 resulted in a corresponding decrease in protein
expression (Fig. 4C). Similar results were observed for transcripts
encoding IE1 and IE2 at 6 h after infection in cells where YBX1
had been depleted prior to infection using specific shRNAs. YBX1
depletion decreased the abundance of transcripts encoding IE1
and IE2 in fractions containing polysomes, with a corresponding
increase in transcript abundance in earlier gradient fractions con-
taining ribosomal subunits and monosomes as compared to con-
trol cells (S7 Appendix, Fig. S4A). YBX1 depletion significantly
reduced the translation efficiency of transcripts encoding both IE1
and IE2 at 6 h as compared to control cells with no significant
impacts on the translation efficiency of the cellular GAPDH
mRNA (8] Appendix, Fig. S2B). Together with the data from
YBX1 knockout cells, these data support the conclusion that
YBX1 enhances virus replication by facilitating the translation of
mRNAs encoding HCMV immediate early genes.
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Discussion

To identify potential regulators of HCMV mRNA translation, we
developed a proteomics approach to identify proteins in close prox-
imity to a target RNA in its normal physiological context inside the
cell. Using this approach, we identified potential cellular and viral
proteins associated with the 5> UTR of transcripts encoding the IE1
and IE2 proteins in HCMV-infected cells. We confirmed that one
interactor, YBX1, binds mature transcripts encoding IE1 and IE2
and positively regulates the translation of multiple HCMV imme-
diate early genes. YBX1 was necessary for the efficient expression
of HCMV immediate eatly, early, and late proteins and the produc-
tion of infectious virions, demonstrating a critical role for YBX1 in
HCMYV gene expression and replication.

Defining the complement of proteins associated with a specific
RNA provides a powerful system to identify factors that regulate
gene expression at the posttranscriptional level. Our approach
addresses several complications arising from the more traditional
approach of incubating in vitro transcribed labeled RNAs bait
with cell lysates, followed by mass spectrometry to identify asso-
ciated factors. While useful, this approach has several limitations,
including requiring supraphysiological levels of “bait” RNA, the
potential for false positive interactions with the affinity tag, and
the presence of spurious interactions that would not occur in the
spatial constraints of an intact cell. The approach described here
overcomes these challenges by identifying potential interactions
using the endogenous RNA expressed under the control of its
native promoter. This approach should be generally applicable for
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identifying RNA:protein interactions for any given RNAs that
can be specifically targeted by a gRNA but may be especially useful
for studying dynamic changes in RNA:protein interactions that
occur inside a cell in response to cellular stressors such as viral
infection.

Our proteomics screen identified multiple cellular and viral
proteins likely associated with transcripts encoding IE1 and IE2
(81 Appendix, Table S2). Several identified HCMYV proteins have
defined roles in RNA biology during infection [e.g., pTRSI,
ULGY; (88, 89, 107-111)], while others such as UL29 and
UL112/113 have not previously been reported to bind nucleic
acids. These data could suggest a potential role for these factors
in regulating HCMV gene expression at a posttranscriptional level.
Similarly, many of the cellular factors identified in the screen are
known regulators of RNA biology or metabolism, suggesting a
role in RNA biology during infection. Interestingly siRNA’s tar-
geting several of the enriched cellular proteins enhanced HCMV
replication, implicating these factors in the host antiviral response.
In contrast, siRNAs targeting several other cellular genes decreased
HCMV replication. Two such genes, EIF4A3 and YBX1, regulate
HCMYV gene expression at a posttranscriptional level [Fig. 4 and
(112)], potentially suggesting similar roles for other factors
required for virus replication. While enrichment in the proteomics
screen and altered replication in the siRNA screen suggest impor-
tant roles in HCMYV infection, these results should be interpreted
with caution without further studies to confirm viral RNA binding
and the specificity of the observed replication phenotypes.
However, these cellular and viral genes may be of interest for

https://doi.org/10.1073/pnas.2421155122 7 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2421155122#supplementary-materials

>

o < 40 40
Q
09 m = EEF1D
g v ]2
£ o7 8 20 20
° >
9 05 )
2 =
< 03 S 0
135 7 911 135791
Fraction Fraction
8 < 40 40
g 09 \ AYBX1 E EEF1D
2 07 Dox | g 2 20
o 5
0 05 <)
P =
03 ° 0 0
135 7 91 135791
Fraction Fraction
] < 40 40
2 o9 avexi | 2 EEF1D
g 0.7 +Dox
= O 20 20
° 5
g 0.5 O
(J
< o3 = 0 0
135 7 91 1357 91
Fraction Fraction
>'4 NS NS
)
S 3 e
5 NS
&
c 2
K]
T 4
c
0
©
=0
<
& 8
Q.

40 40

RPS6KB1 IE1 TRS1
20 20
0 0

135791 1357 91 135791
Fraction Fraction Fraction
40 40
RPS6KB1 IE1 TRS1
20 20
0 0
135791 135791 135791
Fraction Fraction Fraction
40 40
RPS6KB1 IE1 TRS1
20 20
0 0
135791 135791 1357 91
Fraction Fraction Fraction

HCMV - + + +

C NT + + - -
mm NT AYBX1-Dox - - + -
—1 AYBX1 - Dox AYBX1+Dox - - - *+

'_l NS r—‘ == AYBX1 + Dox EEF1D [Ru i |

RPS6KB1 |*= W% == ==
IE1 Lo Bl i

IE2 ind -
UL38 - -
TRS1 - —
IRS1 .- -

YBX1 -
Actin| s e w w

Fig. 4. YBX1 regulates translation of HCMV immediate early transcripts. (A) CRISPR was used on hTERT-MRC5 fibroblasts to generate either a control cell line
(NT, black) or a YBX1-depleted cell line (AYBX1 -Dox, white). YBX1 was recovered in knockdown cells with a lentivirus expressing YBX1 under a dox inducible
promoter (AYBX1 +Dox, gray). Cells were infected with HCMV at an MOI of 3 and harvested at 24 hpi. Cytoplasmic lysates resolved over a 10 to 50% linear
sucrose gradient and RNA analyzed via qRT-PCR. (B) Translation efficiency was calculated by comparing the abundance of RNA transcripts with polysomes to
monosomes. (C) Cells were infected as in (B) and harvested for protein analysis via western blot. (n = 3 £ SEM, *P < 0.05, **P < 0.01).

further study in the regulation of RNA biology during infection,
and suggest that host factors in close proximity to the MIE 5’
UTR in infected cells regulate HCMYV replication.

Using this approach, we identified YBX1 as a cellular factor that
binds to viral immediate early transcripts. An interesting question
arising from this work is the nature of YBX1 recognition of HCMV
mRNAs. YBX1 typically binds to the 5’ and 3’ untranslated regions
of mRNAs, recognizing specific sequences and secondary structures
(93, 100, 113-116). The 5> UTR of mature transcripts encoding
IE1 and IE2 contain specific RNA structures that enhance the
translation of IE1 and IE2 encoding transcripts during infection
(85). Perhaps these structures serve as YBX1-binding sites. However,
mRNAs encoding the other HCMV immediate early genes have
unique 5" UTRs and do not share obvious sequence homology but
could potentially contain similar RNA structures that are recog-
nized by YBXI. Alternatively, YBX1 could recognize HCMV
RNAs as a result of their high GC content or the potential presence
of 5 methylcytosine modifications, both common features of
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cellular YBX1 cognate RNAs (95, 102). Additional studies to dis-
criminate between these possibilities and others will be needed to
define the sequences, modifications, and/or RNA structures that
YBX1 may recognize in viral RNAs.

Our data show that YBX1 is required for the efficient trans-
lation of multiple HCMV immediate early transcripts. While
often considered a translational repressor, YBX1 enhances the
translation of a specific subset of cellular mRNAs (117). For
example, YBX1 enhances the translation of mRNAs encoding
factors involved in stress response and proliferation (114, 115,
118), and some viruses exploit YBX1 to enhance viral mRNA
translation (102-106). Interestingly, YBX1 also promotes the
translation of specific mRNAs under conditions that impair
cap-dependent translation and also enhances the translation of
mRNAs with internal ribosome entry sites (IRES) activity (117).
We previously found that HCMV immediate early mRNA trans-
lation is resistant to disruption of the canonical eIF4F translation
initiation complex (77), and viral late protein synthesis proceeds
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unabated despite activation of the integrated stress response,
which severely disrupts protein synthesis in uninfected cells
(119). A model consistent with our data would be that YBX1
binds specific sequences or structures in HCMV mRNAs and
facilitates ribosome recruitment, perhaps independently of
elF4F, to enhance viral immediate early protein expression or
maintain viral protein synthesis in the face of the cellular stress
response. Future studies to define the molecular mechanisms(s)
by which YBX1 enhances viral protein synthesis will be needed
to explore these possibilities.
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