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ABSTRACT Human adenoviruses (HAdVs) are widespread pathogens causing a vari-
ety of diseases. A well-controlled expression of virus capsid mRNAs originating from
the major late transcription unit (MLTU) is essential for forming the infectious virus
progeny. However, regulation of the MLTU mRNA metabolism has mainly remained
enigmatic. In this study, we show that the cellular RNA-binding protein FXR1 controls
the stability of the HAdV-5 MLTU mRNAs, as depletion of FXR1 resulted in increased
steady-state levels of MLTU mRNAs. Surprisingly, the lack of FXR1 reduced viral capsid
protein accumulation and formation of the infectious virus progeny, indicating an oppos-
ing function of FXR1 in HAdV-5 infection. Further, the long FXR1 isoform interfered with
MLTU mRNA translation, suggesting FXR1 isoform-specific functions in virus-infected cells.
We also show that the FXR1 protein interacts with N6-methyladenosine (m6A)-modified
MLTU mRNAs, thereby acting as a novel m6A reader protein in HAdV-5 infected cells.
Collectively, our study identifies FXR1 as a regulator of MLTU mRNA metabolism in the
lytic HAdV-5 life cycle.

IMPORTANCE Human adenoviruses (HAdVs) are common pathogens causing various
self-limiting diseases, such as the common cold and conjunctivitis. Even though
adenoviruses have been studied for more than 6 decades, there are still gaps in
understanding how the virus interferes with the host cell to achieve efficient growth.
In this study, we identified the cellular RNA-binding protein FXR1 as a factor manipu-
lating the HAdV life cycle. We show that the FXR1 protein specifically interferes with
mRNAs encoding essential viral capsid proteins. Since the lack of the FXR1 protein
reduces virus growth, we propose that FXR1 can be considered a novel cellular proviral
factor needed for efficient HAdV growth. Collectively, our study provides new detailed
insights about the HAdV-host interactions, which might be helpful when developing
countermeasures against pathogenic adenovirus infections and for improving adenovi-
rus-based therapies.
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Human adenoviruses (HAdVs) are widespread pathogens causing ocular, respiratory,
and gastrointestinal diseases (1, 2). Essential for HAdV pathogenesis is a tempo-

rally ordered viral gene expression. The early genes (e.g., E1A, E1B, E2, E3, E4) have indi-
vidual transcription units and encode proteins involved in the suppression of the host
cell response, deregulation of the cell cycle, and inducing virus DNA replication (3–5).
In contrast, almost all HAdV late genes are expressed from a single transcription unit,
the major late transcription unit (MLTU). The HAdV-5 MLTU encodes a 27,000-nucle-
otide-long major late pre-mRNA. Five families of viral mRNAs (the L1 to L5 mRNAs;
Fig. 1A) are generated through alternative polyadenylation (6). These transcripts are
further processed by alternative pre-mRNA splicing into multiple mature MLTU
mRNAs (6–8). Even though there is an enormous accumulation of various alternatively
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processed and modified MLTU transcripts during infection (6–8), only a fraction encode
proteins with well-established functions. Almost all these proteins are viral structural pro-
teins, collectively known as the capsid proteins (9).

Processing of the MLTU transcripts is under rigorous control mechanisms involving
both viral and cellular proteins. This includes the viral E4orf4 and L4-33K and the cellu-
lar PP2A and p32/C1QBP proteins, which regulate alternative splicing of the L1 family

FIG 1 The FXR1 protein accumulates during the late phase of a HAdV-5 infection. (A) Schematic overview of the HAdV-5 genome and transcription units.
Modified from reference 8, the image was created with BioRender.com. Early (green) and late (blue) expressed genes are indicated, and genes analyzed in
the present study are shown in red. Three tripartite leader exons are indicated with numbers (1 to 3). The numbers below the double line represent the
HAdV-5 nucleotides marking the MLTU transcription start site (TSS) and known polyadenylation signals (pA) based on reference 6. (B) The FXR1 protein
accumulates in HAdV-5-infected HeLa cells. Cells were harvested at the indicated hours postinfection (hpi). Proteins were detected with Western blotting
(WB) using the anti-FXR1, anti-HAdV capsid, and anti-actin antibodies. Short (s-FXR1) and long (l-FXR1) FXR1 isoforms are indicated. (C) FXR1 mRNA accumulation.
qRT-PCR data are shown as the relative expression of the FXR1 mRNA in noninfected (mock) and HAdV-5-infected (MOI, 5) HeLa cells at 24 hpi. The FXR1 primers
used do not discriminate between s-FXR1 and l-FXR1 mRNAs. Bars represent relative FXR1 expression (mean 6 standard deviation [SD]) after normalization to the
GAPDH mRNA; ns, nonsignificant.
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mRNAs in a temporal manner during the virus life cycle (10–15). Virus pre-mRNA proc-
essing is further influenced by the cellular RNA-binding proteins RALY and hnRNP-C,
which inhibit virus MLTU mRNA splicing in infected cells (16). In addition to the proc-
essing by polyadenylation and splicing, many MLTU transcripts undergo N6-methyla-
denosine (m6A) modifications (7). A recent study has shown that the cellular m6A writer
enzyme METTL3 specifically modifies the MLTU transcripts, such as the fiber (L5) pre-
mRNA, and thereby controls its splicing efficiency (7).

Fragile X mental retardation protein 1 (FXR1) is a multifunctional RNA-binding pro-
tein involved in different steps of posttranscriptional gene regulation (17, 18). The FXR
family of proteins also includes the highly homologous fragile X messenger ribonu-
cleoprotein 1 (FMR1) and FMR1 autosomal homolog 2 (FXR2) proteins (19). All the fam-
ily members share significant structural similarities by containing two Tudor domains,
the K homology (KH) domains, and an arginine-glycine-glycine repeat (RGG) (20, 21).
FXR1 is a cytoplasmic RNA-binding protein with the best-known function as an mRNA
translation regulator (22–24). In addition, the FXR1 protein has been implicated in
regulating transcription, mRNA transport, and mRNA stability (25–28).

Alternative splicing of the FXR1 pre-mRNA generates a variety of FXR1 protein iso-
forms in murine and human cells (19, 29). Since the FXR1 isoform nomenclature is per-
plexing, we refer to the two human FXR1 proteins studied in the present report as the
short FXR1 (s-FXR1) and long FXR1 (l-FXR1) based on the length of their C-terminal
intrinsically disordered domain (IDD) (see below). The abundant s-FXR1 (539 amino
acids, also known as human isoform B, FXR1a, transcript variant 2) has been characterized
as an RNA-binding protein regulating translation and cell migration (22, 24, 28). The bio-
logical role of l-FXR1 (621 amino acids, also known as isoform A) is less well characterized,
although it has been shown to specifically regulate cell proliferation (26).

Since most MLTU mRNAs accumulate at high levels in infected cells, different RNA-
binding proteins likely control their synthesis and stability. However, there is limited
knowledge about the cellular RNA-binding proteins involved in these processes. Therefore,
the present study aimed to elucidate if and how the known RNA-binding protein FXR1
interferes with HAdV-5 MLTU mRNA metabolism.

RESULTS
The FXR1 protein accumulates during the late phase of a HAdV-5 infection.

HAdV type 5 (HAdV-5) early and late gene transcripts undergo extensive processing to
achieve a temporal expression pattern in the infected cells (Fig. 1A). In search for
potential cellular RNA-binding proteins targeting HAdV-5 transcripts, we analyzed the
available HAdV-2 proteomics data sets for proteins showing an upregulation during
infection (30, 31). This search strategy was based on our previous study, where we
showed that upregulation of the cellular RNA-binding protein ZC3H11A correlated
with an efficient nuclear export of the HAdV-5 fiber mRNA, a member of the MLTU L5
family (32). Among the different upregulated RNA-binding proteins, our attention was
caught by the FXR1 protein (30). To investigate whether HAdV-5 impacts FXR1, we ana-
lyzed the FXR1 protein accumulation in virus-infected HeLa cells. HAdV-5 was chosen
as it is highly similar to HAdV-2 (95% homology at the genome level) and due to our
previous studies with this particular virus type (32–35). As shown in Fig. 1B, the FXR1
protein exhibited increased accumulation starting at 24 h postinfection (hpi) (lanes 3
to 5) when also the late phase of infection commenced (capsid protein staining as the
read-out). Notably, accumulation was more prominent for the s-FXR1 isoform than for the
l-FXR1 isoform in HeLa cells. This increase was not due to enhanced FXR1 gene transcrip-
tion, as total FXR1 mRNA levels did not change considerably at 24 hpi (Fig. 1C).

Taken together, these data indicate that HAdV-5 infection causes an upregulation
of the FXR1 protein during the late phase of infection.

FXR1 deficiency affects virus capsid protein accumulation and reduces the
formation of infectious progeny. Since the endogenous FXR1 protein accumulated
during infection (Fig. 1B), we hypothesized that FXR1 might have an essential role dur-
ing HAdV-5 infection. To this end, we used the CRISPR/Cas9 genome editing approach
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to generate an FXR1 knockout A549 cell line (FXR1-KO). The control (wild type [WT],
transfected with the Cas9 protein-expressing plasmid) and FXR1-KO cells were infected
with HAdV-5, and accumulation of the viral capsid proteins was monitored as the read-
out of productive virus growth. The virus capsid proteins, among them the essential
fiber (L5) and pVII (L2) proteins, showed reduced accumulation in the FXR1-KO cells
compared to the control A549 (WT) cells (Fig. 2A). Reduced capsid protein amount
should affect the formation of infectious virus particles. To test this, HeLa cells were
treated with FXR1-specific small interfering RNA (siRNA) (siFXR1) (Fig. 2B), followed by
infection with the replication-competent Ad5-Luc3 virus expressing the luciferase re-
porter gene (36). The cell lysates (i.e., intracellular virus, read-out of particle formation)
and cell culture supernatants (i.e., extracellular virus, read-out of particle release) from
siScr- or siFXR1-treated and Ad5-Luc3-infected cells were used to reinfect HeLa cells.
Quantification of the luciferase activity was used to measure infectious virus particles in
the reinfected HeLa cells. If the lack of FXR1 affected infectious progeny, it should correlate
with reduced luciferase activity in the reinfected cells. Indeed, both intracellular virus and
extracellular reporter virus signals were significantly decreased in the siFXR1-treated cells
compared to the siScr-treated cells (Fig. 2C). We have used the knockdown approach in
the HeLa cell because siRNA treatments worked better (i.e., knockdown efficiency was
best) in this cell line, whereas specific CRISPR/Cas9 editing at the FXR1 locus was only
achieved in A549 cells. Another reason for using both experimental approaches was to
avoid potential off-target effects caused either by siRNA or CRISPR/Cas9.

FIG 2 FXR1 deficiency affects HAdV-5 capsid protein accumulation and reduces the formation of infectious progeny. (A)
Unmodified A549 (WT, expressing Cas9) and CRISPR/Cas9-modified A549 (FXR1-KO) cells were infected with HAdV-5 (24 hpi), and
the proteins were detected with WB using the anti-FXR1, anti-capsid, anti-pVII (L2), anti-fiber (L5), and anti-GAPDH antibodies. (B)
WB shows the efficiency of the FXR1 siRNA (siFXR1) in HeLa cells. siScr, scrambled siRNA. (C) Reduced formation of the infectious
virus particles in the siFXR1-treated cells. Cell lysates (intracellular virus) or cell growth medium (extracellular virus) from siRNA-
treated and Ad5-Luc3 virus-infected HeLa cells were used to reinfect fresh HeLa cells. The enzymatic activity of the luciferase
(Luc) protein was used to measure virus infectivity. Data (mean 6 SD) are shown as relative luciferase activity after considering
the siScr sample as 1; ****, P , 0.0001.
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Overall, our data indicate that FXR1 is needed for the accumulation of the capsid
proteins and the efficient formation of infectious virus particles.

FXR1 protein elimination increases the stability of the MLTUmRNAs. Considering
that FXR1 deficiency affected viral capsid protein accumulation (Fig. 2A), we hypothe-
sized that FXR1 might specifically target the viral capsid mRNAs (i.e., MLTU). Surprisingly,
all tested MLTU transcripts showed enhanced, and not reduced, accumulation in the
A549 FXR1-KO cells compared to the control cells (Fig. 3A). The tested MLTU mRNAs
(pV [L2], pVII [L2], hexon [L3], L4-100K [L4], fiber [L5]) also showed an enhanced accumu-
lation in the siFXR1-treated HeLa cells (Fig. 3B). Overall, FXR1 seems to specifically target
MLTU transcripts, as the viral early/intermediate E1A, E2B, and pIX mRNAs were not con-
siderably affected (Fig. 3A and 3B).

FXR1 can regulate the stability of specific transcripts (27). Therefore, increased MLTU
mRNA steady-state levels might be due to increased mRNA stability. To test this hypothe-
sis, mRNA levels were monitored in siFXR1-treated and HAdV-5-infected HeLa cells follow-
ing inhibition of RNA synthesis with actinomycin D (ActD). Notably, increased stability of
some MLTU mRNAs in siFXR1-treated cells was observed (Fig. 3C). In particular, the
mRNAs originating from the L2 (pV, pVII) and L5 (fiber) regions (Fig. 1A) were resistant to
degradation in siFXR1-treated cells. Virus mRNAs originating from the early (E2B), interme-
diate (pIX), or late (L3; hexon, L4; L4-100K) did not show increased stability in FXR1 knock-
down cells (Fig. 3C). An exception was viral intermediate IVa2 transcript, which accumulated
specifically in the siFXR1-treated HeLa cells. Accumulation of the cellular peroxisome prolif-
erator-activated receptor-a (PPARa) mRNA, the stability of which is not regulated by FXR1
(27), was not altered in the siFXR1-treated cells, hence supporting the specificity of our
experiment.

Since FXR1 is an RNA-binding protein, we tested whether the FXR1 protein can
bind to MLTU mRNAs. For this experiment, an RNA cross-linking-immunoprecipitation
in virus-infected HeLa cells, followed by reverse transcriptase quantitative PCR (RT-qPCR;
CLIP-qPCR), was performed. Immunoprecipitation of the endogenous FXR1 protein showed
a striking enrichment of the MLTU mRNAs and some enrichment of the IVa2 mRNA
(Fig. 3D). Quantification of the data revealed that the FXR1 protein did not bind to the
early/intermediate E1A, E2B, and pIX mRNAs in the same experiment (Fig. 3D).

Taken together, our results suggest that the FXR1 protein preferably binds to and
regulates the stability of MLTU mRNAs.

Different roles of the s-FXR1 and l-FXR1 proteins in MLTU mRNA metabolism.
Alternative splicing of human FXR1 pre-mRNA generates the s-FXR1 and l-FXR1 isoforms
with different lengths of the C-terminal IDD (Fig. 4A) (37). To test how these isoforms tar-
get MLTU mRNAs, we generated three A549 FXR1-KO cell lines transduced either with a
non-FXR1 expressing lentivirus (referred to as “control”) or with the lentiviruses encoding
the Flag-s-FXR1 or Flag-l-FXR1 proteins. The l-FXR1 protein expression increased the pVII
and fiber protein accumulation in virus-infected cells (Fig. 4B). In contrast, the s-FXR1 did
not considerably affect the fiber protein accumulation. Quantitative analysis of the
Western blot indicated that although s-FXR1 did not increase the fiber protein level, it
still raised the pVII protein levels to some extent (Fig. 4B). Since FXR1 controls MLTU
mRNA stability (Fig. 3C), pVII and fiber mRNA accumulation was tested in the same lenti-
virus-transduced cell lines. As shown in Fig. 4C, fiber and pVII mRNA levels did not
increase in s-FXR1- or l-FXR1-expressing cells. Notably, expression of the s-FXR1 protein
seems to have a more general effect on mRNA metabolism, as its expression affected
the accumulation of all tested (E2B, pVII, fiber) viral mRNAs. To validate the RNA-binding
specificity of the FXR1 isoforms, we performed the CLIP-qPCR experiment in the same len-
tivirus-transduced A549 FXR1-KO cell lines. Interestingly, only the Flag-l-FXR1 protein inter-
acted specifically with the pVII and fiber mRNAs, whereas its binding to early E2B mRNA
was not detected (Fig. 4D). The s-FXR1 isoform showed essentially no binding to the tested
mRNAs.

Together, our results indicate that l-FXR1 specifically targets pVII and fiber mRNAs
and enhances the expression of these two viral proteins in A549 cells.
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FIG 3 FXR1 deficiency increases the stability of the MLTU mRNAs. (A) Accumulation of HAdV-5 early (E2B), intermediate (pIX), and late
(pV, pVII, hexon, L4-100K, fiber) mRNAs in control A549 (WT, expressing Cas9) and CRISPR/Cas9-modified A549 (FXR1-KO) cells. Data

(Continued on next page)
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The l-FXR1 isoform enhances the translation of HAdV-5 tripartite leader
element-containing reporter mRNA. One particular feature of the MLTU transcripts is
that they contain the tripartite leader (TPL) element as the 59 untranslated region (UTR)
of the mRNA (38). The TPL is a short, structured RNA element generated by constitutive
splicing of 3 exons (leader 1, 2, 3) (Fig. 1A) (39). The TPL is needed to translate viral

FIG 3 Legend (Continued)
(mean 6 SD) are shown as relative expression of a virus-specific transcript in A549 FXR1-KO cells compared to A549 WT cells after
normalization to 18S rRNA. (B) Accumulation of HAdV-5 early (E1A, E2B), intermediate (pIX), and late (pV, pVII, hexon, fiber) mRNAs in
the siScr- and siFXR-treated HeLa cells. Data (mean 6 SD) are shown as relative expression of a virus-specific transcript in the siFXR-
treated sample compared to the siScr-treated sample after normalization to 18S rRNA. (C) FXR1 knock-down increases HAdV-5 MLTU
mRNA stability. siRNA-transfected and HAdV-5-infected HeLa cells were treated with actinomycin D (ActD) to block transcription.
Cytoplasmic RNA was isolated at the indicated time points after ActD treatment, and mRNA abundance was analyzed with qRT-PCR as
in panel B. The relative accumulation of mRNA (mean 6 SD) after considering ActD addition time point (t = 0) is 1. (D) The endogenous
FXR1 protein was immunoprecipitated from HAdV-5-infected HeLa cells, and its bound mRNAs were detected using RT-qPCR (CLIP-qPCR
assay). A nonspecific antibody sample (IgG) was used as the immunoprecipitation specificity control. Data (mean 6 SD) are shown as a
relative enrichment of virus transcripts in the anti-FXR1 antibody sample after normalization to the IgG sample (IgG = 1).

FIG 4 Different roles of the s-FXR1 and l-FXR1 proteins in MLTU mRNA metabolism. (A) A schematic overview of the long FXR1 (l-FXR1)
and short FXR1 (s-FXR1) proteins. The indicated Tudor (amino acids [aa] 4 to 50 and aa 6 to 115), KH (aa 222 to 251 and aa 285 to 314),
RGG (aa 442 to 457), and IDD (aa 381 to 530 and aa 545 to 621) domains are based on uniprot.org annotation (P51114). (B) Lentivirus-
transduced A549 FXR1-KO cells expressing the Flag-s-FXR1 or Flag-l-FXR1 proteins. Cells were infected with HAdV-5 for 24 h, and total cell
lysates were analyzed by Western blotting using the anti-Flag, anti-pVII, anti-fiber, and anti-GAPDH antibodies. Control, A549 FXR1-KO
transduced with non-FXR1 expressing lentivirus. (C) Virus mRNA (E2B, pVII, fiber) expression in lentivirus-transduced A549 FXR1-KO cells.
**, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, no significant difference. (D) Binding of the Flag-s-FXR1 or Flag-l-FXR1 proteins to viral
mRNA (E2B, pVII, fiber). The CLIP-qPCR data (mean 6 SD) are shown as relative mRNA enrichment after considering the anti-Flag
immunoprecipitation reaction in the control sample (A549 FXR1-KO transduced with non-FXR1 expressing lentivirus) as 1. ****, P , 0.0001;
ns, no significant difference.
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capsid mRNAs during the late phase of the HAdV infection (40, 41). Since the accumu-
lation of the pVII and fiber proteins was reduced in A549 FXR1-KO cells (Fig. 2A), we
hypothesized that the FXR1 isoforms might target the TPL element to regulate protein
synthesis. To test this hypothesis, a NanoLuc (NLuc) reporter or a TPL-containing NLuc
(TPL-NLuc) reporter mRNA (Fig. 5A) was synthesized in vitro and transiently transfected
along with the s-FXR1- or l-FXR1-expressing plasmids into HeLa or A549 FXR1-KO cells.
Translation of the transfected NLuc and TPL-NLuc reporter mRNAs were detected by
measuring NLuc enzymatic activity. Expression of the s-FXR1 or l-FXR1 proteins did not
significantly change NLuc mRNA translation in HeLa (Fig. 5B) or A549 FXR1-KO (Fig. 5C)
cells. In contrast, TPL-NLuc mRNA translation was significantly enhanced in the pres-
ence of the l-FXR1 protein in both tested cell lines (Fig. 5B and C).

Together, our data suggest that the l-FXR1 protein can enhance TPL-containing
mRNA translation in HeLa and A549 cells.

The s-FXR1 protein forms distinct subcellular condensates in HAdV-5-infected
cells. A recent study has shown that mouse FXR1 isoforms exhibit altered subcellular
localization depending on the length of their IDD (29). To test the subcellular localiza-
tion of the human FXR1 isoforms, immunofluorescence experiments were performed
both in lentivirus-transduced A549 FXR1-KO and in plasmid-transfected HeLa cells.
Wide-field microscopy showed that the Flag-FXR1 isoforms were predominantly local-
ized to the cytoplasm in both cell lines (Fig. 6A). Remarkably, the Flag-s-FXR1 protein
formed distinct enlarged cytoplasmic condensates in noninfected and HAdV-5-infected
cells (Fig. 6A). A similar staining pattern was not observed in the Flag-l-FXR1-expressing
A549 FXR1-KO and HeLa cells. The formation of these condensates in A549 FXR1-KO
cells was not due to differences in the FXR1 protein expression, as both isoforms were
detected at similar intensities by Western blotting (Fig. 4B). Reanalysis of the same
A549 FXR1-KO cell samples (Fig. 6A, left panel) with confocal microscopy confirmed

FIG 5 The l-FXR1 protein enhances the translation of HAdV-5 tripartite leader-containing reporter mRNA. (A)
Schematic overview of the NanoLuc (NLuc) and tripartite (TPL) element-containing NLuc (TPL-NLuc) mRNAs. (B
and C) HeLa cells (B) or A549 FXR1-KO cells (C) were transiently transfected with the respective Flag-tagged
FXR1 plasmids for 24 h, followed by NLuc or TPL-NLuc mRNA transfection for 16 h. Quantitative measurement
of the NLuc activity was regarded as the mRNA translation read-out. Data are shown as the mean 6 SD;
relative NLuc activity was calculated after considering pcDNA plus the NLuc sample as 1. *, P , 0.05; ****,
P , 0.0001.
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that the s-FXR1 condensates did not overlap the virus nuclear replication centers
(72K staining) (Fig. 6B).

Overall, our results suggest that the s-FXR1 and l-FXR1 proteins show different
cytoplasmic accumulation patterns in HAdV-infected cells.

Enhanced binding of l-FXR1 to m6A-modified MLTU mRNAs. A recent study has
shown that many HAdV-5 MLTU mRNAs are m6A-modified (7). Notably, specific m6A
reader proteins recognize the m6A-modified mRNAs (42). The FXR1 protein has been
shown to interact with m6A-modified RNAs and has therefore been proposed as a
potential novel m6A reader protein (43). To test whether the endogenous FXR1 protein
binds to m6A-modified MLTU mRNAs, the CLIP-qPCR was performed (Fig. 7A). As a

FIG 6 The s-FXR1 protein forms distinct subcellular condensates in HAdV-5-infected cells. (A, left panels) Lentivirus-transduced A549
FXR1-KO cells expressing the Flag-s-FXR1 or Flag-l-FXR1 proteins. (A, right panels) HeLa cells were transiently transfected with the
Flag-s-FXR1 or Flag-l-FXR1 protein-expressing plasmids. Both cell lines were infected with HAdV-5 (MOI, 5; 24 hpi). Indirect
immunofluorescence was done using the anti-Flag (detects Flag-tagged FXR1) and anti-E2-72K (marker for virus infection) antibodies.
Cells were analyzed with a wide-field microscope and counterstained with DAPI. Scale bar = 10 mm. (B) The same A549 FXR1-KO
experiment as in panel A, but cells were analyzed with a confocal microscope.
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specificity control, the m6A modification was eliminated by treating the cells with an
siRNA against the m6A writer protein METTL3 (Fig. 7B). The endogenous FXR1 protein
binding to different viral mRNAs was lost in the absence of the m6A modification
(Fig. 7A). The m6A modification is a dynamic process controlled by an interplay
between different m6A writer, reader, and eraser proteins (42). Considering FXR1 as an
m6A reader protein, we tested whether individual FXR1 isoforms influence the m6A

FIG 7 FXR1 binds to m6A-modified HAdV-5 transcripts. (A) Endogenous FXR1 was immunoprecipitated from siScr- or siMETTL3-treated and HAdV-5-
infected (48 hpi) A549 cells. CLIP-qPCR results (mean 6 SD) are shown as a relative enrichment of specific virus mRNA in the FXR1 antibody sample after
normalization to the control IgG sample (IgG = 1). (B) Western blot showing the efficiency of siMETTL3. (C) Lentivirus-transduced A549 FXR1-KO cells
expressing the Flag-s-FXR1 or Flag-l-FXR1 proteins were infected with HAdV-5 (MOI, 5; 24 hpi). m6A-containing RNAs were immunopurified from total RNA
with an anti-m6A antibody in all three cell samples. RT-qPCR results (mean 6 SD) are shown as a relative enrichment of m6A-modified viral transcripts in the
Flag-s-FXR1 or Flag-l-FXR1 samples compared to the control sample (control = 1). Control, A549 FXR1-KO transduced with non-FXR1 expressing lentivirus.
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modification on HAdV-5 mRNAs. To this end, we used an anti-m6A antibody to immuno-
purify viral m6A-containing mRNAs from the lentivirus-transduced A549 FXR1-KO cells.
Expression of the Flag-s-FXR1 or Flag-l-FXR1 proteins increased the m6A signal in the pVII
and fiber transcripts (Fig. 7C). Noticeably, the l-FXR1 protein expression correlated with a
more drastic increase of the m6A signal compared to the s-FXR1 protein expression.

Overall, our results suggest that the m6A modification is needed for FXR1 binding
to the MLTU mRNAs and that expression of the FXR1 isoforms protects m6A modifica-
tion in the pVII and fiber transcripts.

DISCUSSION

FXR1 is an RNA-binding protein that regulates mRNA localization, stability, and trans-
lation (22–25, 27, 44). Moreover, FXR1 controls muscle and neuron development and has
a potential oncogenic role in many cancers (17, 29, 45). Despite a detailed knowledge of
the role of FXR1 in cellular gene expression, very little is known about its exact functions
in virus infections (46, 47). Notably, more is known about the functions of the FXR1 hom-
olog FMRP1 protein in virus-infected cells. For example, the FMRP1 protein has been
described as a Zika virus (ZIKV) restriction factor since it interacts with and blocks the
ZIKV RNA translation (48). Here, we investigated the role of FXR1 during lytic HAdV-5
infection. We show that the FXR1 protein can bind to the MLTU mRNAs (Fig. 3D and 4D)
and reduce their stability (Fig. 3C) and that it is needed for the formation of infectious
progeny (Fig. 2C). In addition, we show that the l-FXR1 isoform is specifically targeting
MLTU mRNA (pVII, fiber) and the TPL element, hence suggesting its dedicated involve-
ment in HAdV-5 capsid mRNA translation.

HAdV MLTU mRNAs accumulate in massive amounts during the late phase of infec-
tion because virus DNA replication produces hundreds of thousands of new templates
for the transcription (49). However, our data indicate that the MLTU mRNA levels are
also controlled by the FXR1 protein-mediated mRNA degradation. First, the steady-
state levels of virus late (i.e., MLTU), but not early/intermediate, mRNAs were higher in
the FXR1 knockout and knockdown cells (Fig. 3A and 3B). Second, several MLTU
mRNAs showed extended stability in the FXR1-deficient cells (Fig. 3C). Notably, the
decay of the pV, pVII, and fiber mRNAs correlated with the FXR1 protein binding to
these viral mRNAs (Fig. 3D). Although the endogenous FXR1 protein interacted with all
tested viral MLTU mRNAs (pV, pVII, hexon, L4-100K, fiber), only three of them (pV, pVII,
fiber) showed remarkably different stability in the FXR1-deficient cells (Fig. 3C). This
may indicate that additional cellular or viral proteins are involved in FXR1-dependent
MLTU mRNA turnover. In line with our study, Herman et al. demonstrated that FXR1
binds to several inflammatory mRNAs and decreases their stability (27). Mechanistically,
counteracting interactions between the RNA-destabilizing FXR1 and RNA-stabilizing HuR
proteins on AU-rich element (ARE)-containing transcripts were suggested to cause the
mRNA decay. A previous study showed that the HuR protein stabilizes canonical ARE-
containing reporter gene transcripts in HAdV-infected cells (50). The HuR protein can also
stabilize HAdV IVa2 mRNA, as it contains a canonical ARE (50). Therefore, we considered a
potential FXR1-HuR interaction on ARE-containing transcripts as a mechanism for MLTU
mRNA turnover. This hypothesis was supported by our ActD-treatment experiment, which
showed that the HuR-regulated, ARE-containing IVa2 transcript was indeed more stable
in the FXR1 knockdown cells (Fig. 3C). The observation that endogenous FXR1 interacted
with the IVa2 mRNA (Fig. 3D) further supported the hypothesis that FXR1 might target
ARE-containing mRNAs in HAdV-5-infected cells. However, our bioinformatics analysis did
not identify any canonical or noncanonical AREs in the MLTU mRNAs. Based on our study
and the report by Jehung et al. (50), it is possible that FXR1 targets IVa2 mRNA in an ARE-
dependent manner, whereas the MLTU mRNAs are targeted in an ARE-independent man-
ner. Although most of the MLTU transcripts contain TPL, there are additional sequence
elements that may control MLTU mRNA stability, for example, the noncoding linker
sequence between TPL and the first AUG of the respective MLTU mRNA, the coding
sequence of particular MLTU mRNA, and the 39 end of the MLTU mRNA. It is possible that
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these sequence elements are targeted by the FXR1 protein. Overall, the exact mecha-
nism(s) of how the FXR1 protein targets defined MLTU mRNAs for degradation
remains elusive.

Recent studies have shown that FXR1 is a novel m6A reader protein (43, 46).
Notably, Price and colleagues (7) demonstrated that elimination of the m6A catalyzing
enzyme METTL3 drastically reduced capsid protein accumulation and significantly lowered
infectious HAdV-5 progeny due to reduced splicing of MLTU pre-mRNAs. Surprisingly, the
elimination of the cytoplasmic m6A readers YTHDF1, YTHDF2, and YTHDF3 had a minimal
effect on the HAdV-5 infectious cycle in their study (7). These observations may suggest
that another cytoplasmic m6A reader protein, such as FXR1, targets m6A-modified MLTU
mRNAs and controls their stability and translation. Indeed, endogenous FXR1 specifically
binds to m6A-modified MLTU transcripts (Fig. 7A), and both s-FXR1 and l-FXR1 protect
m6A signal on the pVII and fiber mRNAs (Fig. 7C). Notably, the l-FXR1 protein had a more
dominant effect on the fiber protein (Fig. 4B) and on m6A-modified fiber mRNA (Fig. 7C)
compared to s-FXR1. This might indicate that l-FXR1 regulates fiber mRNA translation, par-
ticularly in an m6A-dependent manner.

Our study is the first to shed light on two human FXR1 isoforms, s-FXR1 and l-FXR1,
in virus-infected cells. Most human FXR1 studies have been carried out using s-FXR1,
leaving l-FXR1 functions relatively unexplored. Since both isoforms contain the same
Tudor, KH, and RGG domains (Fig. 4A), it is intuitive to think that both isoforms bind
equally well to mRNA. However, based on our experiments, only the l-FXR1 protein,
and not s-FXR1, interacted with the pVII and fiber mRNAs in A549 cells. Furthermore,
l-FXR1 MLTU mRNA binding correlated with the increased translation of the TPL-con-
taining reporter mRNA (Fig. 5). These observations may suggest that l-FXR1 binding to
TPL enhances viral capsid mRNA translation. Since the s-FXR1 and l-FXR1 differ in the
length of their C-terminal IDD (Fig. 4A), we speculate that the posttranslational modifi-
cations within the IDD domain permit l-FXR1 to bind better to MLTU mRNAs than
s-FXR1. Indeed, the extended IDD in l-FXR1 is serine/threonine- and lysine rich, which
theoretically supports its posttranslational modification by phosphorylation and acety-
lation, respectively. In contrast to l-FXR1, expression of the s-FXR1 protein induced the
formation of the enigmatic biomolecular condensates (Fig. 6). A recent study has
shown that the longest mouse FXR1 protein, known as isoform E, can promote the for-
mation of biomolecular condensates, similar to what we see in our study (Fig. 6) (29).
Since the function of these FXR1 condensates remains unclear, further studies are war-
ranted to understand the exact constituents and role of these condensates in both non-
and virus-infected cells.

Surprisingly, MLTU mRNA and protein expression in FXR1-depleted cells did not cor-
relate: tested MLTU mRNAs (i.e., pVII, fiber) showed enhanced accumulation, whereas the
respective protein levels were reduced (Fig. 2A, 3A, and 3B). We speculate that this might
be due to opposing functions of the s-FXR1 and l-FXR1 proteins in infected cells. We envi-
sion that the multifunctional l-FXR1 protein can bind to and enhance translation of the
TPL-containing (i.e., MLTU) mRNAs during infection. In contrast, the s-FXR1 protein is
more efficient than l-FXR1 in reducing the viral mRNAs’ stability. Accordingly, the elimina-
tion of both isoforms, by either siRNA or CRISPR/Cas9, will generate a situation whereby
MLTU mRNAs are stabilized due to the lack of the s-FXR1 protein. At the same time, the
pVII and fiber mRNAs will not be translated due to the lack of the l-FXR1 protein. Hence,
the proper balance between the l-FXR1 and s-FXR1 proteins or possibly even between
the different members of the FXR protein family (FXR1, FXR2, FMR1) may fine-tune MLTU
metabolism in infected cells.

The majority of HAdV-5 infections cause self-limiting diseases. However, life-threat-
ening HAdV-5 infections occur, particularly among solid organ transplant recipients
(51). Based on our study, the l-FXR1 protein acts as the cellular proviral factor enhanc-
ing the translation of viral capsid proteins. Therefore, specific targeting and elimination
of the l-FXR1 protein might be considered as a potential therapeutic option to treat
life-threatening HAdV-5 infections.
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Taken together, our study identifies FXR1, and particularly l-FXR1, as a novel regula-
tor of the MLTU mRNA metabolism during the lytic HAdV-5 life cycle.

MATERIALS ANDMETHODS
Cell lines. The HeLa and A549 cells were obtained from ATCC. The cell lines were grown in

Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and penicillin-streptomycin solution (PEST; Gibco) at 37°C in a 5% CO2 incubator. CRISPR/Cas9 ge-
nome editing was used to generate the FXR1 protein-deficient A549 cell line (FXR1-KO). The guide RNA
(59-CAAATGACCAAGAGCCATGT-39) was designed and cloned into the pSpCas9 (BB)-2A-Puro (PX459)
V.2.0 (Addgene no. 62988) plasmid as described previously (52). Individual clones were isolated using
puromycin selection (1 mg/mL final concentration [conc.]). The control A549 cell line (WT) was trans-
fected with the pSpCas9 (BB)-2A-Puro (PX459) V.2.0 plasmid, which expresses the Cas9 protein but lacks
the specific guide RNA sequence.

Plasmids, siRNA, and bioinformatics analysis. Plasmid expressing s-FXR as an N-terminal Flag-
tagged protein was generated by recloning the s-FXR cDNA from plasmid pFRT-TODestFLAGHAhFXR1
(Addgene plasmid no. 48694) into the pcDNA3-N-Flag background (pcDNA-Flag-s-FXR1). Plasmid
expressing l-FXR1 was generated by inserting l-FXR1 gBlock (IDT) sequence into PflMI (cleaves within
FXR1 cDNA) and XhoI (cleaves within pcDNA3 vector) sites in the pcDNA-Flag-s-FXR1. HAdV-5 tripartite
leader (TPL) element (203 bp, gBlock [IDT]) was inserted into the HindIII site in NanoLuc-expressing
pNL1.1.PGK (Promega) plasmid. Bioinformatics analysis regarding the ARE sequences in the HAdV-5 ge-
nome (AC_000008.1) was performed using CLC Main Workbench (Qiagen). siScr (59-AGGUAGUGUAAU
CGCCUUG-39), siFXR1 (59-CGAGCUGAGUGAUUGGUCAdTdT-39), and siMETTL3 (59-CUGCAAGUAUGUUCA
CUAUGAdTdT-39) were purchased from Eurofins Genomics.

Transfection. Plasmid transfections were performed with JetPrime (Polyplus) transfection reagent
according to the manufacturer’s protocol. Similarly, the siRNA transfections were done using JetPrime
reagent at a final concentration of 45 nM. For mRNA transfections jetMESSENGER reagent (Polyplus) was
used (see below).

Virus infection. Virus infections and titrations were carried out using replication-competent HAdV-5
as described previously (53). All of the HAdV-5 infections were performed at a multiplicity of infection
(MOI) of 5, defined as fluorescence-forming units (FFU/cell), in infection medium (DMEM plus 2% new-
born calf serum [NCS] without any supplements). After 1 h of incubation at 37°C in a 5% CO2 incubator,
virus-containing infection medium was replaced with the normal growth medium (DMEM containing
FBS and PEST).

Lentiviruses. Flag-s-FXR1 and Flag-l-FXR1 sequences were cloned into pLVX-EF1alpha-eGFP-2xStrep-
IRES-Puro transfer plasmid (Addgene no. 141395) using EcoRI and BamHI restriction enzymes. The control
transfer plasmid (pLenti_empty, does not express FXR1) was made by refilling BamHI and EcoRI cohesive
ends with the Klenow enzyme. Lentiviruses were produced by transfection of the respective transfer plas-
mid along with the envelope (pMD2.G, Addgene no. 12259) and packaging plasmids (psPAX2, Addgene
no. 12260) into Lenti-X 293T cells (TaKaRa). Cell supernatants were collected, filtrated, and used to infect
A549 FXR1-KO cells. Cells were selected with puromycine (1 mg/mL) for 4 days; after that, the surviving
cells were expanded.

Primary antibodies and reagents. The following antibodies were used for Western blotting experi-
ments: anti-rabbit HAdV capsid (Abcam, ab6982), anti-mouse Flag (Sigma, M2, F1804), anti-mouse pVII
(no. 2-14 [54]), anti-mouse fiber (Invitrogen, 4D2), anti-mouse FXR1 (Millipore, no. 05-1529), anti-mouse
GAPDH (Santa Cruz, sc-365062), anti-rabbit METTL3 (Abcam, ab240595), anti-goat actin (Santa Cruz). The
following antibodies were used for immunofluorescence experiments: anti-rabbit E2A-72K (kindly pro-
vided by Bruce Stillman; 1:1,000), anti-mouse Flag (Sigma, M2, F1804; 1:1,000). Actinomycin D was pur-
chased from Sigma (A1410) and was dissolved in dimethyl sulfoxide (DMSO).

Infectious virus determination. HeLa cells were transfected with siScr or siFXR1 for 48 h, followed
by infection with the Ad5-Luc3 virus (MOI, 5) (36). Both cell growth medium (extracellular virus) and cell
pellets (intracellular virus) were collected at 24 hpi and stored at 280°C. The cell pellet was resuspended
in 100 mL of 0.1 M Tris-HCl (pH 8.0), freeze-thawed three times, and centrifuged to separate cell super-
natant and cell debris. The same volume of the cell supernatant and the cell growth medium were
used to reinfect fresh HeLa cells in a 24-well plate for 1 h. Cells were lysed 24 hpi in passive lysis buffer
(Promega), and firefly luciferase reporter gene expression was detected using the Luciferase reporter
assay system (Promega) and analyzed on a TECAN Infinite M200 plate reader.

Western blotting. The whole-cell lysates were prepared as described previously (35). The proteins
were separated on AnyKD (Bio-Rad) SDS-PAGE, transferred to a nitrocellulose membrane, and incu-
bated with primary antibody at 4°C overnight. Proteins were detected by fluorescence-labeled second-
ary antibody IRDye 680 or IRDye 800 (LI-COR) and visualized with an Odyssey CLX imaging system
(LI-COR).

Immunofluorescence assays. Cells were grown on coverslips, transfected with plasmid DNA (HeLa
cells only), and infected with HAdV-5 (MOI of 5, 24 hpi). Lentivirus-transduced A549 FXR1-KO cells were
infected with HAdV-5 (MOI of 5, 24 hpi). Cells were fixed in 4% paraformaldehyde for 10 min, followed
by cell permeabilization with 0.1% Triton X-100 in PBST (phosphate-buffered saline [PBS] plus 0.01%
Tween20) for 10 min at room temperature. After blocking the cells with 2% bovine serum albumin
(BSA)/PBST solution for 1 h, the coverslips were incubated with the primary antibodies diluted in block-
ing solution overnight at 4°C. Proteins were visualized with the fluorescein isothiocyanate (FITC)- and
tetramethyl rhodamine isocyanate (TRITC)-conjugated secondary antibodies (Sigma, F6005 and T5393)
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for 1 h at room temperature. Nuclei were stained with DAPI (49,6-diamidino-2-phenylindole) supple-
mented in the Fluoromount-G mounting medium (Thermo Fisher). Slides were analyzed with a wide-
field fluorescence microscope (Nikon Eclipse 90i), and the images were analyzed with NIS-Elements
(Nikon) software. Some slides were analyzed with a confocal microscope (Zeiss LSM700) and analyzed
with Fiji software.

RNA isolation and qRT-PCR. Total RNA was isolated using TRIreagent (Sigma), and contaminating
genomic DNA was removed using a RapidOut DNA removal kit (Thermo Scientific). About 500 ng of RNA
was used for cDNA synthesis using SuperScript III reverse transcriptase (Invitrogen) and random primers.
Quantitative reverse transcription-PCR (qRT-PCR) reactions were performed using HOT FIREPoL
EvaGreen supermix (Solis BioDyne) in a QuantStudio 6 Flex real-time PCR system (Applied Biosystems).
Every sample was run in triplicate and normalized against the expression of housekeeping genes
(GAPDH [glyceraldehyde-3-phosphate dehydrogenase] or 18S rRNA). Sequences of the used viral and
cellular primers are available in Table S1 in the supplemental material.

mRNA transfection. To generate NLuc and TPL-NLuc mRNAs, the respective reporter gene sequence
was PCR amplified from pNL1.1.PGK and pNL1.1-Trip.PGK plasmids using T7 promoter containing primers T7-
NLuc and T7-TPL-NLuc (Table S1). Purified T7-containing PCR products were used as the templates for in vitro
transcription with the HiScribe T7 ARCA mRNA kit (with tailing; NEB) according to the manufacturer’s proto-
col. Synthesized reporter mRNAs were purified using an RNA cleanup and concentrator kit (Zymo), and the
integrity and polyadenylation of the mRNAs were verified by agarose gel electrophoresis. Semiconfluent
HeLa or A549 FXR1-KO cells on a 24-well plate were first transfected with 1 mg of the respective Flag-FXR1
plasmid using JetPrime reagent. Then, 24 h after plasmid DNA transfection, the cells were transfected with
1 ng of either NLuc or TPL-NLuc mRNA using jetMESSENGER reagent (Polyplus). Cells were lysed in passive
lysis buffer (Promega) 16 h after mRNA transfection. NLuc activity was measured in quadruplets with a
TECAN Infinite M200 plate reader using the Nano-Glo luciferase assay system (Promega).

Actinomycin D treatment. HeLa cells were transfected with siScr or siFXR1 for 48 h, followed by
HAdV-5 infection (MOI, 5) for an additional 24 h. Actinomycin D (ActD) was diluted to a final concentra-
tion of 5 mg/mL in cell growth medium and was added to the cells (t = 0). Total RNA was isolated from
the cells at defined time points (t = 2 h, 4 h, 8 h, 12 h) after ActD treatment. RNA extraction, cDNA syn-
thesis, and mRNA expression were carried out as described above.

RNA cross-linking immunoprecipitations followed by RT-qPCR (CLIP-qPCR). The CLIP-qPCR
experiments were done as described previously (32) with minor modifications. Cells were washed once
with ice-cold 1� phosphate-buffered saline (PBS) and irradiated three times with 400 mJ/cm2 (254 nm) in a
CL-1000 UV crosslinker (UVP). Cells were lysed in buffer 3 (50 mM HEPES-KOH, pH 7.9, 150 mM NaCl, 0.5%
Na-deoxycholate, 0.1% SDS) supplemented with Halt proteases (Thermo Scientific). The anti-FLAG M2 affin-
ity beads (A2220, Sigma) were used to immunopurify Flag-tagged FXR1 proteins by incubating cell lysates
with the beads overnight at 4°C. The beads were washed twice with high-salt wash buffer (50 mM HEPES-
KOH, pH 7.9, 1 M NaCl, 0.5% Na-deoxycholate, 0.1% SDS) and twice with low-salt wash buffer
(50 mM HEPES-KOH, pH 7.9, 10 mM NaCl, 0.5% Na-deoxycholate, 0.1% SDS). Afterward, the beads
were incubated with DNase I for 30 min at 37°C, followed by proteinase K (40 mg) digestion in buffer
K (125 mM Tris-HCl, pH 7.8, 62.5 mM NaCl, 12.5 mM EDTA) for 1 h at 56°C. RNA isolation, cDNA syn-
thesis, and RT-qPCR were carried out as described above. CLIP-qPCR with the endogenous FXR1 was
performed using rabbit IgG antibody (Cell Signaling Technologies, no. 2729S) and anti-FXR1 anti-
body (Millipore, no. 05-1529). The immunocomplexes were collected with protein G Sepharose
beads (GE Healthcare) for 2 h on a rotating wheel at 4°C. Primer sequences are shown in Table S1.

m6A RNA immunoprecipitation. Lentivirus-transduced A549 FXR1-KO cell lines (control [non-FXR1
expressing], Flag-s-FXR1, Flag-l-FXR1) were infected with HAdV-5 (MOI of 5, 24 hpi). Total RNA was
extracted with TRIreagent, and contaminating genomic DNA was removed with a RapidOut DNA re-
moval kit (Thermo Scientific). About 4 mg of an anti-m6A antibody (SySy, no. 202011) or normal rabbit
IgG antibody was added to 20 mg of total RNA in immunoprecipitation (IP) buffer (50 mM Tris pH 7.4,
100 mM NaCl, 0.05% NP40), and samples were incubated overnight at 4°C. The next day, protein G
Sepharose beads were added to the samples and incubated for 2 h on a rotating wheel at 4°C. The
beads were washed twice with high-salt buffer (50 mM Tris, pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP40,
0.1% SDS) and 4 times with IP buffer. RNA purification, cDNA synthesis, and RT-qPCR were performed as
described above. The primers used are shown in Table S1.

Statistical analysis. Data were analyzed with Prism 6.0c software (GraphPad Software, Inc.). Results
are expressed as the mean (n = 3) with standard deviation (SD). The nonparametric Kruskal-Wallis test or
independent-sample t test was used for statistical analysis.

SUPPLEMENTAL MATERIAL
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