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ABSTRACT Relatively little is known of the mechanisms underlying hepatitis A virus
(HAV) genome replication. Unlike other well-studied picornaviruses, HAV RNA replication
requires the zinc finger protein ZCCHC14 and non-canonical TENT4 poly(A) polymerases
with which it forms a complex. The ZCCHC14-TENT4 complex binds to a stem-loop
located within the internal ribosome entry site (IRES) in the 5’ untranslated RNA (5'UTR)
and is essential for viral RNA synthesis, but the underlying mechanism is unknown. Here,
we describe how different ZCCHC14 domains contribute to its RNA-binding, TENT4-bind-
ing, and HAV host factor activities. We show that the RNA-binding activity of ZCCHC14
requires both a sterile alpha motif (SAM) and a downstream unstructured domain (D4)
and that ZCCHC14 contains two TENT4-binding sites: one at the N-terminus and the
other around D4. Both RNA-binding and TENT4-binding are required for HAV host factor
activity of ZCCHC14. We also demonstrate that the location of the ZCCHC14-binding
site within the 5'UTR is critical for its function. Our study provides a novel insight into
the function of ZCCHC14 and helps elucidate the mechanism of the ZCCHC14-TENT4
complex in HAV replication.

IMPORTANCE The zinc finger protein ZCCHC14 is an essential host factor for both
hepatitis A virus (HAV) and hepatitis B virus (HBV). It recruits the non-canonical TENT4
poly(A) polymerases to viral RNAs and most likely also a subset of cellular mRNAs. Little
is known about the details of these interactions. We show here the functional domains
of ZCCHC14 that are involved in binding to HAV RNA and interactions with TENT4
and describe previously unrecognized peptide sequences that are critical for the HAV
host factor activity of ZCCHC14. Our study advances the understanding of the ZCCHC14-
TENT4 complex and how it functions in regulating viral and cellular RNAs.

KEYWORDS hepatitis A virus, noncanonical poly(A) polymerase, RNA-binding proteins,
zinc finger proteins

H epatitis A virus (HAV) is a positive-strand RNA virus classified in the Hepatovirus
genus within the Picornaviridae family. It is distinct from other well-studied human
picornaviruses in its phylogeny, structure and replication strategy (1, 2). The virus
is highly hepatotropic and infects the liver in a stealth-like manner, with the newly
replicated virus released from the liver through the biliary tract (3, 4). HAV is noncyto-
pathic, and the acute liver injury that results from infection is due to both adaptive
and innate immune responses (5-9). Newly replicated viral progeny are released from
infected hepatocytes as quasi-enveloped virions, in which the capsid is cloaked in
membranes (10, 11). High concentrations of bile salts disrupt membranous vesicles,
leading to shedding of canonical ‘naked’ viruses in feces (4). Despite good vaccines, the
virus remains a common cause of enterically transmitted hepatitis in many countries,
with resurgent community outbreaks causing large numbers of hospitalizations in the
United States in recent years.
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The human terminal nucleotide transferase 4 (TENT4) paralogs, TENT4A and TENT4B,
are noncanonical poly(A) polymerases with relaxed nucleotide substrate preferences that
extend and incorporate occasional non-adenosine bases into the 3’ poly(A) tails of celluar
mRNA (12). Well-conserved among mammals, they form a “TRAMP complex” with the
zinc finger CCHC-domain containing protein 7 (ZCCHC7) and the exosome RNA helicase
MTR4 in the nucleus that polyadenylates tRNAs, rRNAs, snRNAs, and snoRNAs, thereby
regulating nuclear RNA processing and decay (12). In the cytoplasm, TENT4A/B functions
redundantly in a TRAMP-like complex involving a different zinc finger protein, ZCCHC14,
that catalyzes mixed 3’ tailing, incorporating occasional guanines in poly(A) tails that
impede mRNA degradation by deadenylases (13). Hepatitis B virus (HBV) and human
cytomegalovirus (HCMV) exploit the ZCCHC14-TENT4 complex to extend poly(A) tails
on viral mRNAs that enhance their stability (14-16). Depletion of ZCCHC14 or TENT4A/B
suppresses HBV replication and expression of its envelope protein, HBsAg (15), in cell
culture. RG7834, a small-molecule inhibitor of TENT4A/B enzymatic activity, potently
suppresses HBV replication both in vitro and in vivo (16, 17). Recently, TENT4-responsive
RNA elements have also been found in norovirus, kobuvirus, and saffold virus (18),
although the importance of these elements to the replication of these viruses is yet to be
determined.

Surprisingly, genome-wide CRISPR screens for HAV host factors have found the
ZCCHC14-TENT4 complex to be essential for HAV replication (19, 20). Targeted knockout
of ZCCHC14 or TENT4 proteins in hepatoma cells blocks HAV replication, and RG7834
possesses potent anti-HAV activity both in cell culture and in murine models of hepatitis
A (20, 21). However, unlike its activity against HBV, inhibiting TENT4 with RG7834 does
not reduce the length of the HAV poly(A) tail, suggesting a distinct antiviral mechanism
of action (21). We have shown that ZCCHC14 binds to a small stem-loop, SL-Vb, within
the 5’ untranslated RNA (5'UTR) of HAV, to which it recruits TENT4 (21). This ZCCHC14-
TENT4 complex is required for efficient viral RNA synthesis. Although located within the
viral internal ribosome entry site (IRES), the presence or absence of the complex has no
impact on HAV protein synthesis (21). The precise function of ZCCHC14-TENT4 in viral
RNA synthesis is yet to be determined.

ZCCHC14 is a key adapter protein that bridges TENT4 with its target RNAs: HAV, HBV,
HCMYV, and possibly others. It contains a sterile alpha motif (SAM) (Fig. 1A), which may
be an RNA-binding domain (22) but has not been validated experimentally. ZCCHC14 is a
large protein (1,086 amino acids), and the functions of the SAM motif and other domains
within the protein have not been studied. Here, we describe an analysis of ZCCHC14 and
the function of its different domains in RNA-binding, TENT4-binding, and HAV replica-
tion. Our results reveal a previously unrecognized domain (D4) that is important for both
RNA-binding and TENT4-binding activities of ZCCHC14 and the surprising presence of
two distinct TENT4-binding sites within ZCCHC14: one at the N-terminus and the other
adjacent to D4. Both RNA-binding and TENT4-binding activities are required for optimal
HAV host factor activity of ZCCHC14. In addition, we demonstrate that the position
within the genome to which ZCCHC14 recruits TENT4 is critical, as SL-Vb, the stem-loop
that binds ZCCHC14, fails to support viral replication when moved from the 5'UTR to a
position downstream within the genome. Our study helps understand the functions of
ZCCHC14-TENT4 in regulation of the RNA transcripts of HAV and other relevant viruses,
as well as cellular RNAs targeted by the complex.

RESULTS
ZCCHC14 domains required for RNA-binding activity

The structure of the ZCCHC14 protein is unknown. The AlphaFold 2.0 program (https://
alphafold.ebi.ac.uk/) predicts five structural domains (D1-D5) separated by disordered
regions within ZCCHC14 (Fig. 1B and C). D3 corresponds to the SAM motif, a putative
RNA-binding domain, whereas D5 contains the zinc knuckle motif (ZnK). The D2 domain
shares homology with a phosphoinositide (Pl)-binding module, whereas D1 and D4 have
no homology to known protein structures. The prediction confidence is high for D1-D3,
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FIG 1 (A) Linear sequence of ZCCHC14 showing the position of the SAM motif and zinc knuckle (ZnK) (B) Structure of human ZCCHC14 predicted by AlphaFold
2.0. Putative structural domains are numbered from 1 to 5, with model confidence coded by colors. (C) Diagram depicting the full-length ZCCHC14 and different

fragment constructs. (D) Immunoblots of 293T cell lysates transfected with indicated constructs with Flag (upper) or ZCCHC14 (lower) antibodies. (E) Structure
of the HAV stem-loop (SL) Vb (nts 644-661) and loop mutant (Vbmut) RNAs. (F) Pulldown of indicated ZCCHC14 constructs with a 3’ biotinylated synthetic RNA

probe representing SL Vb and Vb-mut, blotted with Flag (upper) or ZCCHC14 (lower) antibodies.

moderate for D5, and relatively low for D4, suggesting that D4 may be unstructured
under physiological conditions or only structured within a protein complex. To define the
function of these different ZCCHC14 domains, we constructed plasmids expressing
different FLAG-tagged fragments of ZCCHC14 (Fig. 1C), including an N-terminal fragment
(Z14-N, aa 1-350, D1 +D2), a middle fragment containing the SAM domain (Z14-M, aa
351-700, D3), and C-terminal fragment containing the ZnK motif (Z14-C, aa 701-1,086,
D4 +D5). An additional construct spanned the SAM and ZnK motifs (Z14-MC, aa 351-
1,086, D3 +D4+D5). These constructs were FLAG-tagged at the N-terminus, as was the
full-length ZCCHC14 (Z14), and were expressed as expected in 293T cells (Fig. 1D). The
Z14-C fragment was not efficiently detected by the FLAG antibody, likely due to the
instability of the amino-terminus of this fragment, but was readily detected by the
ZCCHC14 antibody, which recognizes the carboxy-terminal ZnK domain (Fig. 1D, bottom
panel).

To test the ability of these different ZCCHC14 fragments to bind RNA corresponding
to the SL-Vb stem-loop, we used an RNA pulldown assay described previously (21).
Briefly, a 3’ biotin-labeled synthetic SL-Vb RNA probe was incubated with lysates of
293T cells transfected with these expression vectors. Proteins binding the probe were
isolated on streptavidin beads and assayed for FLAG and ZCCHC14 by immunoblotting.
As a negative control for these experiments, we used a mutant SL-Vb probe with a loop
sequence altered to remove the CNGGN motif required for ZCCHC14 binding (Fig. 1E)
(21). Surprisingly, none of the Z14-N, Z14-M, or Z14-C fragments bound SL-Vb (Fig. 1F),
even though Z14-M contains the SAM motif, a putative RNA-binding domain. This was
not due to degradation of the fragments during the assay as the fragments were readily
detected in the residual post-pulldown material (Fig. S1A). Only Z14-MC could bind SL-Vb
(Fig. 1F), indicating that the sequence outside the D3 SAM domain is required for the
specific SL-Vb RNA-binding activity of ZCCHC14.

To better define the requirements for RNA binding, we deleted amino acids 648-814
between the D3 SAM and D4 domains in Z14-MC (MCA648-814) (Fig. 2A). This construct
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FIG 2 (A) Diagram depicting the different mutations/deletions made to the Z14-MC construct and their SL-Vb binding activities. (B) and (C) RNA pulldown assay

as in Fig. 1F with indicated ZCCHC14 constructs in (A). (D) Diagram depicting constructs with deletions around D4 and their SL-Vb binding activities. (E) RNA

pulldown assay as in Fig. 1F with indicated constructs in (D). (F) Sequence of the predicted D4 structure (Fig. 1B, purple) and its downstream disordered region

(red) required for SL-Vb binding. All blots are carried out with the Flag antibody.

preserved SL-Vb binding (Fig. 2B; Fig. S1B). The SAM domain contains a conserved RLHKY
motif (aa 446-450 in ZCCHC14) that is considered to be critical for RNA-binding activity
(22). We mutated these arginine and lysine residues to alanine in the Z14-MCA fragment
(SAMmut) (Fig. 2A). This resulted in a substantial loss of RNA binding (Fig. 2B) without
affecting the stability of the protein (Fig. S1C), confirming that the SAM maotif is indeed
necessary, but not sufficient for SL-Vb binding. The ZnK motif contains conserved CCHC
residues. We mutated the first two Cs (C1045 and C1048 in ZCCHC14) to alanine in
Z14-MCA648-814 (ZnKmut) (Fig. 2A). The ZnKmut fragment readily bound SL-Vb (Fig.
2B), indicating that the zinc finger motif is not required for RNA binding. Consistent
with this, a complete deletion of ZnK did not affect SL-Vb binding (Z14-MCA-1044R)
(Fig. 2A and Q). By contrast, extending the C-terminal deletion to include D4 resulted in
a complete loss of SL-Vb binding (Z14-MCA-647R) (Fig. 2A and C), indicating that the
region around D4 is essential for the RNA-binding activity of ZCCHC14. To further dissect
the region around D4, we made additional deletions between D4 and the ZnK motif
(Fig. 2D). While deleting amino acids 990-1,044 (990R) had no effect on SL-Vb pulldown,
deleting amino acids 937-990 (937R) completely abolished RNA-binding activity (Fig. 2E).
This sequence corresponds to a segment of the protein that is predicted to be disordered
immediately downstream of D4 (Fig. 2F). A larger deletion involving D4 (897R) also led
to a loss of RNA-binding activity (Fig. 2E). Taken collectively, these data show that the
stem-loop Vb binding activity of ZCCHC14 requires both the SAM motif in D3 and a
disordered segment of the protein downstream of D4.

ZCCHC14 contains two TENT4-binding sites

Next, we tested the ability of the different ZCCHC14 fragments to associate with TENT4
proteins using a co-immunoprecipitation (co-IP) assay. For this purpose, 293T lysates
expressing HA-tagged ZCCHC14 fragments were incubated with purified recombinant
FLAG-tagged TENT4 protein fragments (aa 226-558 of TENT4A or aa 186-518 of
TENT4B) representing the catalytic domains of these noncanonical polymerases (kindly
provided by Arbutus Biopharma) or a bovine serum albumin (BSA) control and immu-
noprecipitated with anti-FLAG magnetic beads. We focused on the catalytic domains
because the full-length TENT4 proteins are relatively large (80-90 kD) and not readily
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amenable to bacterial expression and purification. Immunoprecipitants were blotted
with the FLAG antibody to detect TENT4 proteins and the HA antibody to detect the
ZCCHC14 fragments. As anticipated, full-length ZCCHC14 protein co-precipitated with
both TENT4A and TENT4B (Fig. 3A). Surprisingly, however, both the Z14-N and Z14-C
fragments were pulled down by TENT4 (Fig. 3B), whereas Z14-M was not. Both of these
interactions appear to be RNA-independent, as neither was abolished by pretreating the
lysates with RNase 1 (Fig. 3C). These data suggest the surprising conclusion that there
are two discrete TENT4-binding sites within ZCCHC14. We made further deletions in the
Z14-N and Z14-C fragments to assess the ability of individual domains (D1, D2, D4, and
ZnK) to bind TENTA4. These results suggest that peptide sequences around D1 (Fig. 3D)
and D4 (Fig. 3E) are important for TENT4 binding. Interestingly, the same disordered
region that is required for RNA binding (aa 937-990) is also required for TENT4 binding.
A partial deletion of this sequence (fragment aa 701-937) (Fig. 3E) substantially reduced
the interaction with TENT4, which was completely abolished by further deletion of D4
(fragment aa 701-897) (Fig. 3E).

The HAV host factor activity of ZCCHC14 requires both RNA and TENT4
binding

We next assessed the capacity of the different ZCCHC14 constructs to support HAV
replication. We depleted endogenous ZCCHC14 in 293T cells by transfecting specific
siRNAs and then reconstituted the expression of the protein by transfecting vectors
expressing the different ZCCHC14 fragments. The cells were then infected with HAV/
18f-NLuc recombinant virus, which expresses nanoluciferase as a reporter (19). Lucifer-
ase activities were measured at 48 or 72 hours post-infection as an indication of HAV
replication. As expected, the expression of Z14-N, Z14-M, and Z14-C fragments did not
rescue HAV replication in ZCCHC14-depleted cells (Fig. 4A and B). Alanine substitutions
within the SAM motif abolished the capacity of ZCCHC14 to support HAV replication
(Fig. 4C), consistent with its role in binding SL-Vb. In contrast, ablating the ZnK motif
had no effect on the ability of ZCCHC14 to support replication (Fig. 4C). Expression of
the Z14-MC fragment partially restored HAV replication (Fig. 4C), suggesting that the
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FIG 3 (A) Immunoprecipitation of 293T lysate expressing HA-ZCCHC14 with purified recombinant FLAG-TENT4A or FLAG-TENT4B proteins. BSA is used as a
negative control. (B) IP as in (A) with indicated ZCCHC14 constructs. (C) IP as in (B) with RNase 1 treatment. (D) (left) Diagram depicting deletions made in the
Z14-N fragment and (right) their interaction with TENT4 in the co-IP assay. (E) (left) Diagram depicting deletions made in the Z14-C fragment and (right) their
interaction with TENT4 in the co-IP assay.
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FIG 4 (A) Immunoblots of ZCCHC14-depleted 293T cells expressing indicated FLAG-ZCCHC14 constructs with Flag (upper) or ZCCHC14 (lower) antibodies.
The arrow denotes the full-length ZCCHC14 protein. (B) (upper) Organization of the HAV 18f-NLuc reporter virus genome and (lower) NLuc expression 48
hrs following 18f-NLuc infection of ZCCHC14-depleted 293T cells with and without the overexpression of indicated ZCCHC14 constructs. Data representative
of three experiments, each with three technical replicates. ****P < 0.001 relative to the mock reconstituted sample (). (C) (left) Diagram depicting the
mutations/deletions made to the ZCCHC14 construct. (right) NLuc expression 48 hours following 18f-NLuc infection and immunoblots of ZCCHC14-depleted
293T cells with and without the overexpression of indicated ZCCHC14 constructs. Data representative of two experiments, each with three technical replicates.
*#**P < 0.005, ****P < 0.001 relative to the mock reconstituted sample (@). (D) (left) Diagram depicting the D4 deletion construct. (right) NLuc expression 48
hours following 18f-NLuc infection and immunoblots of ZCCHC14-depleted 293T cells with and without overexpression of indicated ZCCHC14 constructs. Data
representative of two experiments, each with three technical replicates. ****P < 0.001 relative to the mock reconstituted sample (). (E) SL-Vb RNA pulldown assay
as in Fig. 1F with indicated mutations/deletions made within the full-length ZCCHC14 construct. Blot was with ZCCHC14 antibody.

N-terminal region of ZCCHC14, which contains one of the TENT4-binding sites, is needed
for optimal host factor activity. As expected, deleting the region around D4 (aa 897-990,
Z14-ADA4) resulted in a complete loss of host factor activity (Fig. 4D). We confirmed
that mutationally ablating the SAM domain and deleting D4 in the full-length ZCCHC14
protein abolished binding to SL-Vb (Fig. 4E), consistent with results described previously
in experiments with truncated versions of the protein (Fig. 2). By contrast, ablating the
ZnK domain had no effect on SL-Vb binding. Importantly, none of these mutations
promoted degradation of the protein (Fig. S1D).

SL-Vb function in HAV replication is position-dependent

The SL-Vb sequence is highly conserved among different HAV strains and contains
a penta-nucleotide loop sequence motif matching ZCCHC14-binding stem-loops in
HBV and human cytomegalovirus (HCMV) mRNAs (14, 21). CLIP-seq experiments have
identified SL-Vb as the major site of ZCCHC14 binding within the HAV genome (21).
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The stem-loop is located within the IRES, but studies done years ago demonstrated that
it is not required for HAV IRES activity (23, 24), whereas other studies show that it is
critical for optimal replication of the HAV genome (21). It is not known whether the
location of SL-Vb within 5’'UTR is critical for its function in replication or whether it could
function like the cis-acting replication element (cre) stem-loop in a position-independent
fashion (25). To better understand this, we relocated SL-Vb from the 5'UTR to a position
near the center of the genome in a replication-competent virus. To accomplish this,
we mutated the SL-Vb sequence in the 18f-NLuc reporter virus (Vbmut) (Fig. 5A) so
that it no longer binds ZCCHC14 or optimally supports replication (Fig. 1E, F and 5B)
(21). We then inserted the SL-Vb structure at the junction of the NLuc reporter and 2B
sequences in Vb-mut, in frame with the polyprotein sequence, to determine whether this
would recover replication (Vbmut-Vb) (Fig. 5A). We tested the replication competence
of these viral RNAs, together with a viral RNA containing both the authentic SL-Vb
and a second copy of SL-Vb inserted between NLuc and 2B (Vb-Vb), by monitoring
nanoluciferase expression after transfection into Huh-7.5 cells (Fig. 5B). Insertin of the
stem-loop sequence at the NLuc-2B junction (Vb-Vb) did not affect replication, indicating
that the insertion is well-tolerated. However, while the mutation of the authentic SL-Vb
(Vbmut) reduced HAV replication more than twofold, the downstream insertion of SL-Vb
(Vbmut-Vb) did not rescue virus replication. The infectious virus yields from these RNAs
were consistent with their replication levels (Fig. 5C). The relatively small difference in
replication capacity (about two fold) resulting from the deletion of SL-Vb in Vb-mut is
likely due to residual binding of ZCCHC14 to the 5'UTR upstream of SL-Vb (Fig. 5D). While
our previously published CLIP-seq data (21) suggest SL-Vb is the primary ZCCHC14-bind-
ing site, nucleotides upstream of SL-Vb (nts 169-598) also bind ZCCHC14, albeit with
lower efficiency (Fig. 5D). Taken collectively, these data indicate that SL-Vb is required for
optimal recruitment of ZCCHC14 to the 5'UTR and suggest furthermore that the position
of SL-Vb within the genome is critical for its function.

DISCUSSION

Despite being a well-established host factor for HAV and HBV replication, little is known
about the structure of the zinc finger RNA-binding protein, ZCCHC14. ZCCHC14 is known
to bridge TENT4 polymerases with their target RNAs (14, 21), but the details of this
interaction are also unclear. Here, we have used an AlphaFold predicted structure to
analyze the different putative domains of ZCCHC14 and their roles in RNA binding, TENT4
interaction, and HAV host factor activity. Our results reveal that the peptide sequence
near a previously unrecognized ZCCHC14 domain, D4 (Fig. 1B), is important for both
RNA binding and TENT4 interaction. This region is predicted to be unstructured by
AlphaFold2. Its sequence is rich in serines and glycines (Fig. 2F), which are considered
disorder-promoting amino acids. The serine-rich nature of the domain suggests this
region may contain phosphorylation sites, but there is no evidence of phosphorylation
in the PhosphoSitePlus database. Our functional assays confirm this region is critical for
supporting HAV replication (Fig. 4D).

In addition to classic globular RNA-binding domains, like RNA-recognition motifs
(RRM) and K-homology domain (KH), emerging evidence suggests that intrinsically
disordered regions (IDRs) may also contribute to RNA-binding activities (26). For
example, the flexible linker regions in the poly(A)-binding protein (PABP) and polypyr-
imidine tract binding protein 1 (PTBP1) facilitate RNA-binding activity (27, 28). RNA-
binding proteins may contain disordered regions along with well-defined RNA-binding
domains, such as the SAM motif and D4 in ZCCHC14. The disordered regions can
enhance the RNA-binding specificity and affinity by providing additional contact points
and facilitating dynamic interactions (26). How the disordered region in D4 facilitates
ZCCHC14 binding to the HAV SL-Vb RNA is unknown. One caveat of the biochemical
studies with ZCCHC14 fragments is that large truncations may disrupt the folding of
protein domains. In this regard, it is possible that the D4 region is involved in maintaining
the folding of the SAM domain, rather than direct RNA binding. Further structural studies
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FIG 5 (A) Diagram depicting the SL-Vb mutation/insertion made to the 18f-NLuc virus genome. (B) RNAs made from the
constructs in (A) were transfected into Huh7.5 cells, and luciferase activities were measured at 24, 48, and 72 hrs to determine
the levels of HAV replication. (C) Cell culture supernatants from (B) were collected at 72 hrs post-transfection and used to
re-infect Huh7.5 cells. Luciferase activities were measured at 48 hrs post-infection. Data representative of two experiments,
each with three technical replicates. (D) Pulldown of endogenous ZCCHC14 in the Huh7.5 lysate with 3’ biotinylated RNA
probes representing HAV 5'UTR (nts 1-751), 5’'UTR with mutated SL-Vb (Vb-mut), and upstream sequences (nts 1-598 and nts
169-598), blotted with the ZCCHC14 antibody.

with ZCCHC14 bound to its target RNAs are needed to elucidate the detail of this
interaction.

Several different adapter proteins have been identified for TENT4 polymerases,
including ZCCHC7, ZCCHC14, and ZCCHC2, all of which recruit TENT4 to different
RNA targets. In the nucleus, ZCCHC7 interacts with TENT4 to form the classic “TRAMP
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complex” that polyadenylates tRNAs, rRNAs, snRNAs, and snoRNAs (12). ZCCHC2 is a
recently identified TENT4 adapter protein that binds to distinct RNA motifs (18). ZCCHC7
binds the TENT4 protein through its zinc finger domains (29, 30), while the zinc finger
domain of ZCCHC2 is implicated in RNA binding (18). Surprisingly, the zinc finger domain
in ZCCHC14, ZnkK, (Fig. 1A) is not required for either RNA binding or TENT4 interaction
(Fig. 2B and 3E) and is moreover dispensable for HAV replication (Fig. 4C). ZCCHC2
interacts with TENT4 through its N-terminal domain (18). Interestingly, the N-terminal
domains of ZCCHC2 and ZCCHC14 share high sequence similarity (18). This is consistent
with our data indicating that the N-terminal domain of ZCCHC14, D1 (Fig. 3D) binds
TENT4 and is required for the optimal host factor activity of ZCCHC14 in HAV replication
(Fig. 4C). However, it is curious that the disordered region in D4 also forms a complex
with TENT4 (Fig. 3E). Given the highly flexible and dynamic property of IDRs, it is
not uncommon for them to enable proteins to interact with a wide range of binding
partners, and they often undergo induced conformational change upon binding to
specific proteins (31). Our observation that ZCCHC14 contains two TENT4-binding sites
is based on in vitro biochemical assays with ZCCHC14 fragments. It is unknown whether
in vivo these two sites function separately or alternatively fold together to form one
master TENT4 interaction site. Given the fact that D4 participates in both RNA binding
and TENT4 interaction, it is tempting to think that upon binding to its target RNA, D4
may undergo conformational change that promotes TENT4 interaction, or vice versa, that
binding of TENT4 to D4 facilitates RNA-binding activity.

HAV, like other picornaviruses, possesses a “cis-acting replication element,” or cre,
within the 3D coding sequence that is essential for uridylation of VPg, a viral protein
that functions as the primer for viral RNA synthesis (25, 32, 33). The cre folds into a
stem-loop structure with two conserved adenines in the loop segment that template the
uridylation reaction (25, 34). The function of the cre is position-independent: it remains
functional when placed at alternative positions within the genome (25). In contrast,
the function of SL-Vb, the binding site of ZCCHC14, is position-dependent: when SL-Vb
is inserted at the junction of the NLuc reporter and 2B sequence, it is incapable of
supporting HAV replication (Fig. 5). This result suggests the location of SL-Vb, and thus
the binding of ZCCHC14 to the 5'UTR is critical. It is suprsing that the mutation of SL-Vb
resulted in only moderate reduction (two to three fold) of viral replication, in contrast
to ZCCHC14 knockout, which nearly completely blocks replication (21). One possible
explanation is that accessory ZCCHC14 binding outside SL-Vb can partially support
replication when the high-affinity binding site SL-Vb is absent. This is consistent with our
data showing that the sequence upstream of SL-Vb (nts 169-598) can bind ZCCHC14 at
reduced efficiency (Fig. 5D). There is no SL-Vb-like motif within this upstream region, and
the specific sequences/motifs that confer this supplementary ZCCHC14 binding remain
to be determined.

TENT4 proteins, as 3’ polyadenylases, are known to recognize the 3’ ends of RNAs (35).
The apparent importance of ZCCHC14 binding to 5'UTR is consistent with a model we
have previously proposed (21) in which the ZCCHC14-TENT4 complex forms a protein
bridge between 5" and 3’ ends of HAV RNA to functionally circularize the genome, with
ZCCHC14 binding near the 5’ end of the genome and TENT4 interacting with the 3’
UTR. This hypothesis is attractive because genome circularization has been demonstra-
ted to be important for other (+)-strand RNA viruses, including poliovirus, which like
HAV, is a picornavirus (36, 37). Circularization of the poliovirus genome is mediated
by PCBP2 and the viral 3 CD protein bound to a 5’ cloverleaf-like structure interacting
with poly(A)-binding protein (PABP) bound to the 3’ poly(A) tail (37). This enables the
3Dpol polymerase to position itself at the 3’ end of (+)-RNA for (-)-strand initiation. HAV
could adopt a similar strategy to initiate (-)-strand RNA synthesis using the ZCCHC14-
TENT4 complex. Although speculative, this hypothesis would provide a step in viral RNA
synthesis that has yet to be demonstrated for HAV but is known to be required for other
picornaviruses.
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MATERIALS AND METHODS
Cells and viruses

293T and human liver-derived Huh-7.5 cells were obtained from ATCC and Apath LLC,
respectively. The cell culture-adapted HAV variant HM175/18 f and its nanoluciferase
(NLuc) reporter virus derivative, 18f-NLuc, have been described previously (19).

Plasmids

Various ZCCHC14 fragments were generated by PCR with specific primers with a 5’'BamHI
site and 3’ Notl site and inserted into pcDNA3-FLAG or pCK-HA vector for the expression
of FLAG- or HA-tagged proteins. Mutations in SAM or ZnK domains were introduced
by the QuikChange Site-Directed Mutagenesis kit (Agilent, #200523). Plasmid expressing
deletion of D4 (Z14-AD4) was constructed by inserting the commercially synthesized
DNA fragment into the BsrGl and Mlul sites of the full-length ZCCHC14 plasmid.

Transfection

Plasmid transfection was carried out with Trans-IT LT1 reagent (Mirus Bio, # MIR 2304)
following the manufacturer’s instruction. Viral RNAs were transfected with the Trans-IT
MRNA reagent (Mirus Bio, # MIR 2225). siRNA pools targeting ZCCHC14(L-014086-01)
and a control (siCtrl) siRNA pool were purchased from Horizon Discovery. siRNAs were
transfected into cells with Lipofectamine RNAiMax reagent (Thermo Fisher, 13778075) at
a final concentration of 20 nM.

Western blot

Approximately 10° Huh-7.5 or 293T cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (20-188, Millipore) for 20 min on ice and clarified by centrifugation at
14,000 g for 10 min at 4°C. The lysate was mixed with 4 x Laemmli buffer, incubated
at 95°C for 5 min, and resolved in a 4-15% gradient SDS-polyacrylamide pre-cast gel
(4561086, BioRad). Proteins were transferred to a polyvinylidene fluoride membrane
by semi-dry transfer using the Trans-Blot Turbo apparatus (BioRad). Membranes were
blocked in Odyssey Blocking Buffer (LI-COR Biosciences) and probed with a 1:1,000
dilution of primary antibodies overnight. The membrane was washed with 0.05%
Tween-20 and probed with a 1:10,000 dilution of donkey anti-goat secondary antibodies
conjugated with IRDye 800 or IRDye 680 (LI-COR Biosciences) for 1 h at room temper-
ature. Excess secondary antibodies were removed by washing with 0.05% Tween-20,
and protein bands were visualized using an Odyssey Infrared Imaging System (LI-COR
Biosciences). The following antibodies were used: ZCCHC14 rabbit polyclonal antibody
(Bethyl Labs, A303-096A), mouse monoclonal antibody to FLAG (Cell Signaling Technol-
ogy #8146), rabbit polyclonal antibody to GAPDH (Proteintech, 10494-1-AP), and goat
polyclonal antibody to HA (Fortis Life, A190-138A).

Biotinylated RNA pulldown

3’ biotinylated HAV SL-Vb and SL-Vb mutant RNAs were commercially synthesized by
Integrated DNA Technology. Ten pmol of biotinylated RNAs was heated at 75°C for 5 min
and then cooled to room temperature. The annealed RNA baits were bound to magnetic
streptavidin T1 beads (Thermo Fisher, #65601) following the manufacturer’s protocol and
then incubated with the 293T cytoplasmic lysate overnight at 4°C. Proteins bound to
the beads were washed four times with PBS with 1% Triton and eluted with SDS-PAGE
sample buffer.

Co-immunoprecipitation

293T cells expressing HA-ZCCHC14 constructs were harvested in lysis buffer [150 mM
KCl, 25 mM Tris-HCl pH 7.4, 5 mM EDTA, 1% Triton X-100, 5 mM DTT, complete protease
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inhibitor cocktail (Roche)]. Lysates were centrifuged, and supernatants were incubated
with 1 ug of purified FLAG-TENT4A, TENT4B, or BSA control at 4°C for 2 h, followed by
addition of 30 uL of magnetic anti-FLAG beads (Millipore #M8823) for 1 h. The beads
were washed four times in lysis buffer and eluted with SDS-PAGE sample buffer.

Luciferase reporter assay

Cells infected with 18f-NLuc virus were lysed in 1 x passive lysis buffer (Promega) for
15 min at room temperature. Cell lysates were transferred to an opaque white 96-well
plate (Corning, 3912). Nluc assays were carried out with the Nluc GLOW Assay kit
(Nanolight Technology, #325). Luminescence was measured using a Biotek Synergy Il
multi-mode plate reader (BioTek Instruments).

Statistical analysis

Statistical analysis was carried out with Prism 10 software using one-way ANOVA with
correction for multiple comparisons; P-values were adjusted by the FDR method.
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