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Human ZAP inhibits many viruses, including HIV and coronaviruses, by binding to
viral RNAs to promote their degradation and/or translation suppression. However, the
regulatory role of ZAP in host mRNAs is largely unknown. Two major alternatively
spliced ZAP isoforms, the constitutively expressed ZAPL and the infection-inducible
ZAPS, play overlapping yet different antiviral and other roles that need further charac-
terization. We found that the splicing factors hnRNPA1/A2, PTBP1/2, and U1l-snRNP
inhibit ZAPS production and demonstrated the feasibility to modulate the ZAPL/S bal-
ance by splice-switching antisense oligonucleotides in human cells. Transcriptomic anal-
ysis of ZAP-isoform—specific knockout cells revealed uncharacterized host mRNAs
targeted by ZAPL/S with broad cellular functions such as unfolded protein response
(UPR), epithelial-mesenchymal transition (EMT), and innate immunity. We established
that endogenous ZAPL and ZAPS localize to membrane compartments and cytosol,
respectively, and that the differential localization correlates with their target-RNA specif-
icity. We showed that the ZAP isoforms regulated different UPR branches under resting
and stress conditions and affected cell viability during ER stress. We also provided evi-
dence for a different function of the ZAP isoforms in EMT-related cell migration, with
effects that are cell-type dependent. Overall, this study demonstrates that
the competition between splicing and IPA is a potential target for the modulation of the
ZAPL/S balance, and reports new cellular transcripts and processes regulated by the
ZAP isoforms.

zinc finger antiviral protein | alternative splicing | splice-switching antisense oligonucleotides |
unfolded protein response | epithelial-mesenchymal transition

The RNA-binding protein (RBP) zinc finger antiviral protein (ZAP, alias PARP13/
ZC3HAV1) binds to many viral RNAs, including alphaviruses, filoviruses, and retrovi-
ruses, and targets them for RNA degradation or translational suppression (1-5). The
two major isoforms ZAP-Long (ZAPL) and ZAP-Short (ZAPS) are, respectively, gener-
ated by alternative splicing and intronic polyadenylation (IPA) (87 Appendix, Fig. S1A).
ZAPL and ZAPS share the same RNA-binding domain, but ZAPS lacks the enzymati-
cally inactive poly(ADP ribose) polymerase (PARP)-like domain and the C-terminal
prenylation motif (6-8). Although the cis-acting elements responsible for the infection-
mediated transcription induction reside in the ZAP promoter, only ZAPS is
up-regulated upon infection (9). Knowledge of the regulation of ZAPL/S synthesis is
limited to the transcription termination factors SCAF4/8, the cleavage factor CPSF2,
and the ZAP-binding partner TRIM25 (10-12).

The distinct functions of ZAPL and ZAPS are poorly understood. All ZAP isoforms
have antiviral activity, and among these, ZAPL appears to be the most potent (13), yet
ZAPS exerts a stronger severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2)
suppression (14, 15). ZAPS was reported to both augment and mediate the resolution
of interferon (IFN) responses (11, 16). Most studies focused on the function of ZAP in
immunity, and little is known about its roles in other processes. Only few cellular
RNA targets of ZAP have been identified: TRAILR4 (the decoy receptor of proapop-
totic cytokine TRAIL [tumor necrosis factor-related apoptosis-inducing ligand]), the
host IFNs (/FNB and [FNL1/2/3), and ZMAT3 (11, 17, 18). Identifying more cellular
target RNAs of ZAPL/S and their isoform specificity are essential to understanding
their distinct functions.

Cells activate different adaptive responses to cope with various stressors, such as the
unfolded protein response (UPR) upon protein misfolding in the endoplasmic reticu-
lum (ER) and the epithelial-mesenchymal transition (EMT) during wound healing.
UPR signals via the IRE1, PERK, and/or ATF6 arms to induce the transcription of
UPR target genes such as ER chaperones, ER-associated degradation, and quality con-
trol factors, to attenuate global translation and enhance IRE1-dependent decay of
ER-bound mRNAs (19). UPR ensures cell survival in the case of manageable stress,
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but it activates apoptosis in prolonged ER stress. EMT is the
process by which epithelial/endothelial cells transdifferentiate into
mesenchymal/fibroblast cells, and involves the loss of epithelial/
endothelial markers and cellular contacts and the simultaneous
acquisition of mesenchymal/fibroblast markers and migration
capability (20). The roles of ZAP in the regulation of cellular
responses such as UPR and EMT are completely unexplored.
Here, we demonstrated that splicing-versus-IPA competition
determines the ZAPL/S balance, and that the targeting of cis-
acting elements of splicing or IPA by splice-switching antisense
oligonucleotides (ssASOs) enables a shift in ZAPL/S produc-
tion. We also identified several splicing factors—heterogeneous
nuclear ribonucleoprotein A1/A2 (hnRNPA1/A2), polypyrimi-
dine tract-binding protein 1/2 (PTBP1/2), and Ul small
nuclear RNP (snRNP)—as suppressors of ZAPS production.
Using ZAPS and ZAPL knockout cells, we identified new host
mRNAs regulated by these isoforms, with roles in UPR, EMT,
and innate immunity. We established that endogenous ZAPL
and ZAPS respectively localize to membranes and cytosol, and
the disparities in subcellular localization correlate well with
their target RNA selectivity. Lastly, we provided experimental
evidence for the role of ZAP isoforms in UPR by regulating
various arms and in EMT through affecting cell migration.

Results

Competition between Splicing and IPA Regulates ZAPL and
ZAPS Balance. We used the exon/intron annotations and polya-
denylation signals of the canonical ZAPL isoform as reference.
ZAPL is generated by inclusion of all exons 1-13, while ZAPS
is formed by IPA using an IPA signal (iPAS) within intron 9;
hence, ZAPS lacks exons 10-13. We hypothesize that the
ZAPL/S ratio is dictated by the competition between intron 9
splicing and IPA. The sequences of the 5" splice site (5'ss,
AGA/gtaagt) and the iPAS (agtaaa) in ZAP intron 9, henceforth
called ZAP 19-5'ss and iPAS, differ from the consensus 5'ss
(CAG/gtaagt) and PAS (aataaa) (S Appendix, Fig. S1A). To
test whether these sequences regulate the ZAPL/S ratio, we
mutated the ZAP 19-5'ss and iPAS in a ZAP-splicing minigene
(ZAPmg) (Fig. 1A). As expected, upon strengthening of the
5'ss (CAG) or weakening of the iPAS (AGG), the percentage of
ZAPS strongly decreased in HEK293T cells (Fig. 14). Con-
versely, weakening of the 5’ss (5C) or strengthening of the
iPAS (AAT) led to predominant ZAPS (Fig. 14).

Moreover, we tested whether the binding of U1 to the ZAP
19-5 ss suppressed IPA in addition to promoting splicing. For
loss-of-function studies, we overexpressed a Ul-decoy, which
bears a consensus 5'ss, to bind and block endogenous U1 (21).
While transient HEK293T transfection with the plasmid
encoding Ul-decoy increased ZAPS, the control decoy with
a mutation that reduces binding to Ul had no effect (57
Appendix, Fig. S1B and C). For gain-of-function experiments,
we transiently overexpressed a suppressor-U1 with perfect base
pairing to ZAP I9-5'ss, and observed a reduction in the percent-
age of ZAPS, while an unrelated suppressor-U1 did not have
any effect (81 Appendix, Fig. S1D and E). Similar results were
observed with the ZAPmg upon Ul-decoy or suppressor-Ul
overexpression (SI Appendix, Fig. S1F). Together, our data
show that the competition between splicing and IPA is fine-
tuned by the sequences of ZAP [9-5 ss and iPAS.

Next, we designed various ssASOs to block the ZAP iPAS or
the nearby splice sites to shift toward either splicing or IPA,
respectively (Fig. 1B). On one hand, ssASOs blocking ZAP-
iPAS (iPASI or iPAS2 or in combination) suppressed the
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Fig. 1. The competition between splicing and IPA determines the balance
of ZAP isoforms. (A) Left, schematic of the ZAP minigene to test the role of
cis-acting elements in the generation of ZAPL or ZAPS. Boxes, exons; black
lines, introns; black box, sequence before IPA; arrows, the strengths of
mutated sequences. Right, qRT-PCR results of ZAPL/S in HEK293T cells
transfected with the indicated ZAPmg versions. We normalized the %ZAPS
mMRNA to HPRT1 and SDHA as reference genes. (B) Schematic of ssASOs tar-
geting ZAP intron 9 5'ss (/9-5), intron 9 3'ss (/9-3), intron 10 5’ss (/70-5), the
cryptic 5'ss in exon 9 (19-Cry5), and iPAS (iPAST and iPAS2). (C, D) Representa-
tive blots of ZAP proteins in MCF7 (C) or MDA-MB-231 (D) cell lines trans-
fected with ctrl-ssASO or ssASOs blocking ZAP-iPAS (iPAS2) or ZAP splice sites
(/9-5 and [9-3). We treated cells with IFN-p for 24 h as indicated by +.
GAPDH, protein loading control; We quantified the density of protein bands
using a densitometer, normalized to that of the loading control. %ZAPS as
ZAPS over sum of ZAPL and ZAPS (mRNA or protein). One-way ANOVA with
Dunnett's test; n > 3; means + SDs. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; ns P > 0.05.

percentage of ZAPS in both untreated and IFN-f-treated
HEK293T cells (SI Appendix, Fig. S2A and B). On the
other hand, blocking ZAP exon 9-10 splicing by various ssA-
SOs against the 79-5'ss, [9-3'ss, or 110-5 ss alone, or against the
19-3ss in combination with either the ssASOs for 19-5ss or
110-5ss, showed that the 770-5 and the combination of the
19-5 plus 19-3 significantly increased the percentage of ZAPS
(ST Appendix, Fig. S2C). This enhancement of the /9-5 plus
19-3 combination over single ssASOs was not due to a higher
overall dose, because the half-dose of each ssASO showed simi-
lar effects (S Appendix, Fig. S2D). We inadvertently discovered
a cryptic 5'ss located 30 nucleotides upstream of the authentic
5’ss, being activated in the 79-5 ssASO treatment, and this
cryptic 5'ss could be blocked by an ssASO as well (S7 Appendix,
Fig. S2F and F). In the human breast cancer cells MCF7 and
MDA-MB-231, the ssASO blocking ZAP iPAS (iPAS2)
also efficiently suppressed the ZAPS percentage (Fig. 1C and
D, except in MCF7 without IFN-f), while the /9-5 and 79-3
ssASOs increased the ZAPS percentage (Fig. 1Cand D, except
in MDA-MB-231 with IEN-B). Experiments in the human
muscle cells SJCRH30 showed the same trend (S Appendix,
Fig. S20).
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Fig. 2.

PTBP1/2 and hnRNPA1/A2 suppress ZAP IPA. (A, B) Representative blots (left) and quantification (right) of %ZAPS mRNA and protein upon knockdown

of PTBP1/2 by two shRNA mixtures (s1 or s2) (A) or hnRNPA1/A2 by DsiRNAs (B) in HEK293T cells. Scrb, scrambled sh/DsiRNA. DsiRNA, Dicer-Substrate Short
Interfering RNA. Cells were also treated with IFN- for 8 h. (C) Representative blots (left) and quantification (right) of %ZAPS mRNA and protein upon overex-
pression of PTBP1 or hnRNPA1 or both in HEK293T cells treated with IFN-p for 24 h. We used p-act as the western blot loading control of ZAPL/S proteins
(A, B) and vinculin (Vin) as loading control for ZAPL/S (C), PTBP1, and hnRNA1/A2 proteins (A-C). We quantified the density of protein bands using a densitometer,
normalized to that of the loading control. We used HPRT1 and SDHA as reference genes ZAPL/S mRNAs for qRT-PCR. %ZAPS as ZAPS over sum of ZAPL and ZAPS
(MRNA or protein). One-way ANOVA with Dunnett’s test (A, ) and two-tailed t test (B); n > 3; means + SDs. *P < 0.05; **P < 0.01; ***P < 0.001; ns P > 0.05.

Opverall, these results suggest the importance of the competi-
tion between splicing and IPA in the ZAPL/S balance. ZAPL
was reduced by some of the splicing ssASOs in some cells, and
ZAPS was either reduced or increased by some of the iPAS or
splicing ssASOs, respectively. However, the iPAS ssASOs never
raised ZAPL. Despite the slight differences in the activity of the
ssASOs in different cell lines, we conclude that our ssASOs tar-
geting the ZAP cis-acting sequences effectively modulate the
ZAPS percentage by blocking the 7PAS or the splice sites.

Splicing Factors PTBP1/2 and hnRNPA1/A2 Repress ZAP IPA.
To identify rrans-acting RBPs regulating ZAP splicing and IPA,
we mined the Cross-Linking and Immuno-Precipitation data-
bases (22) for RBPs bound to the ZAP intron 9 and with roles in
alternative splicing and polyadenylation (SI Appendix, Fig. S3A4).

PNAS 2022 Vol. 119 No.31 2121453119

Then, we used loss- and gain-of-function experiments of a few
candidate splicing factors in HEK293T. Transient knockdown
of PTBP1/2 or hnRNPA1/A2 by RNA interference consis-
tently up-regulated the percentage of ZAPS mRNA and protein
(Fig. 24 and B and SI Appendix, Fig. S3B). Furthermore, tran-
sient overexpression of PTBP1 and/or hnRNPA1 was sufficient
to suppress the percentage of ZAPS on both mRNA and pro-
tein levels (Fig. 2C). These results strongly suggest that
PTBP1/2 and hnRNPA1/A2 suppress ZAP IPA, thus downre-
gulating the ZAPS mRNA and protein. PTBP1 and hnRNPALI
localize mainly in the nucleus but translocate to the cytoplasm
upon certain stimulations such as viral infection (23, 24). We
observed a predominant nuclear staining of both RBPs in
untreated cells, but IFN-f treatment neither altered the protein
levels of PTBP1 or hnRNPA1 significantly, nor induced their
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cytoplasmic translocation (SI Appendix, Fig. S3C and D). In
summary, we identified PTBP1/2 and hnRNPA1/A2 as sup-
pressors of ZAP IPA.

ZAPL and ZAPS Target Different Cellular Transcripts. We gen-
erated ZAP-isoform-specific knockout (KO) HEK293T cells
that produce only ZAPL or ZAPS by removing essential
sequences for IPA or generating unstable transcripts upon splic-
ing (S Appendix, Fig. S4A). We obtained two ZAPS-KO and
three ZAPL-KO clones that respectively expressed undetectable
ZAPS and ZAPL, whose deletion sites were verified by sequenc-
ing (SI Appendix, Fig. S4B-M). In the ZAPL/S-KO clones, the
level of the remaining ZAP isoform increased, consistent with
splicing-versus-IPA competition (SI Appendix, Fig. S4B-G),
and these cells retained the selective up-regulation of ZAPS by
IFN-B (S Appendix, Fig. S4N). RNA sequencing (RNA-seq)
analyses confirmed the strong up-regulation of many IFN-
stimulated genes (ISGs) among the total list of 389 ISGs (25)
in all genotypes upon IFN-f stimulation, indicating a robust
IEN response (SI Appendix, Fig. S5, ISGs labeled in blue and
green). While the /FN mRNAs (/FNB, IFNL1/2/3) previously
found as ZAPS targets (11) were expressed too low for statisti-
cal analysis, the known ZAPL-targeted transcript TRAILR4
(alias TNFRSF10D) (17) was among the differentially expressed
genes (DEGs) upon ZAPL loss (Fig. 34), supporting the reli-
ability of our RNA-seq dataset.

Next, we derived the DEGs of either ZAPL- or ZAPS-KO
compared to wild-type (W7) cells, and either with or without
IFN-B. The loss of ZAPL or ZAPS modestly altered the RNA
abundance on a small fold change (FC) and/or on a small num-
ber of host genes, likely due to the partially compensative
effects of the remaining ZAP isoform, so we used moderate cut-

off values (P < 0.05 and |log2FC| > 0.5). The loss of ZAPL or

ZAPS significantly changed the expression of 11 (excluding
ZAP/IZC3HAVI) or 7 cellular transcripts, respectively (Fig. 34
and SI Appendix, Fig. S6A-D). We validated most DEGs of
the ZAPL/S-KO (SI Appendix, Fig. S6E-H), and the relative
gene expression changes of our RNA-seq highly aligned with
the RT-qPCR data (Fig. 3B). In addition, 7 of 12 DEGs from
our ZAPL-KO were also found in the total ZAP-KO dataset on
uninfected or human cytomegalovirus (HCMYV)-infected
human umbilical vein endothelial cells (18) (Fig. 3G full gene
list in SI Appendix, Dataset S1). Since ZAP destabilizes the tar-
get RNAs through direct binding (26), we performed native
RNA-protein immunoprecipitation (nRIP) to examine the
physical interaction between ZAP and up-regulated DEG tran-
scripts (81 Appendix, Fig. S61). Using a stringent cutoff (false
discovery rate [FDR] < 1%), we detected enrichment for sev-
eral ZAPL-KO DEGs (MYEF2, GET1, NT5DC2) and ZAPS-
KO DEGs (HSPAS, ZNFI21) (Fig. 3D). The interaction
between most DEGs and ZAP remained upon the loss of either
ZAPL or ZAPS, suggesting that both ZAPL/S are capable of
binding transcripts under nRIP conditions (S/ Appendix, Fig.
S6/-0). Together, we identified and validated new host tran-
scripts regulated by ZAPL/S, several of which are directly
bound by ZAP.

ZAPL and ZAPS Localize to Different Subcellular Compartments.
We sought to examine the localization of endogenous ZAPL
and ZAPS using the ZAPS-KO and ZAPL-KO cells, respec-
tively, upon IFN-f treatment to induce the expression of
ZAPS. We performed immunofluorescence with anti-ZAP anti-
body in cells transfected with fluorescent protein—tagged
markers for various cellular organelles. We observed that ZAPL
localized to plasma membranes (labeled by LCK), ER (CALR),
and mitochondria (TOMM20), more than ZAPS (Fig. 44-C
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Fig. 3. Different transcripts targeted by ZAPL and ZAPS. (A) Heatmap displaying the expression of DEGs (P < 0.05 and |log2FC| > 0.5) between the ZAPL- or
ZAPS-KOs and WT in both unstimulated and IFN-p-treated conditions. (B) Correlation of gene expression between RNA-seq versus RT-gPCR using Pearson’s
R? value. (C) Venn diagram showing the overlaps of DEGs identified from the isoform-specific KO versus WT in both untreated and IFN-p-treated cells, com-
pared with the DEGs for the full ZAP-KO in GSE159853 (RNA-seq, ZAP-KO g1/g3 versus WT, uninfected, or HCMV-infected human umbilical vein endothelial
cells for 24 h). (D) nRIP using whole-cell lysates from IFN-p-treated WT cells followed by RT-qPCR for the indicated genes, classified as DEGs for ZAPL or ZAPS.

Multiple t test with FDR of 1%. *, confirmed interaction. n > 3, means + SDs.
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and SI Appendix, Fig. S7A). ZAPL, but not ZAPS, localized to
early and late endosomes respectively labeled by RABS5 and
RAB7A, but neither localized to lysosomes (LAMP1) to peroxi-
somes (PTS1), or to nuclear inner membranes (LMNB1) (Fig.
4C and SI Appendix, Fig. S7B—F). Upon oxidative stress by
sodium arsenite, both ZAP isoforms were recruited to stress
granules (SGs) marked by G3BP1 (Fig. 4D and SI Appendix,
Fig. S7G). Unexpectedly, both ZAPL/S formed a ring sur-
rounding the P-bodies (PBs) marked by DCP1A (Fig. 4F and
SI Appendix, Fig. S7H). Overall, ZAPL localizes to some but
not all membranous compartments, while ZAPS localizes
throughout the cytoplasm, and both isoforms were recruited to
RNA granules upon cellular stress.

Should the ZAPS cytosolic and the ZAPL membrane locali-
zation confer their target-mRNA selectivity, we may observe
an increase in mRNAs encoding proteins residing in cytosol
or membrane in the ZAPS-KO or ZAPL-KO cells, respec-
tively. Gene Set Enrichment Analysis (GSEA) for Gene
Ontology Cellular Component (GOCC) using the expression
of all of the genes showed that compared to the ZAPL-KO
cells, the ZAPS-KO cells up-regulated genes in ribosome-
related terms (cytoplasmic ribosome and polysome) and
nuclear component terms (chromosomal telomeric region and

PNAS 2022 Vol. 119 No.31 2121453119

DNA package complex), while down-regulated genes in secre-
tory and membrane component terms (S/ Appendix, Fig. S84
and B and Dataset S2). Given the reported cytosolic localiza-
tion of the ribosomal protein encoded mRNAs (27) and the
ER association of most membrane/secretory protein mRNAs
(28), these enrichments support that the differential subcellu-
lar localization of ZAPL/S contribute to their preference on
host mRNA targets.

ZAP Regulates UPR. The total of 35 (excluding ZAP/
Z(C3HAVI) genes that were differentially regulated between the
ZAPL-KO and ZAPS-KO cells were enriched in the hallmarks
of UPR, UV response, and EMT, using low stringent cutoff
values (P < 0.1 and |log2FC| > 0.5) to obtain significant gene
numbers for reliable enrichment analysis (Fig. 54 and S/
Appendix, Dataset S3 and S$4). Since ZAP was already impli-
cated in the DNA damage response upon UV (29), we tested
the ZAP functions in UPR and EMT. We confirmed that the
UPR DEGs, including the transcription factor downstream of
the PERK arm A7F4, the cap-dependent translation suppressor
EIF4EBPI (alias 4E-BP1), the SKI RNA exosome component
TTC37 (alias SKI3), the ER-to-Golgi transporter COP-II com-
plex component SEC3IA necessary for the activation of the
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ATF6 arm of UPR, were up-regulated in ZAPS-KO cells, while
slightly reduced in ZAPL-KO cells (Fig. 5B). Moreover, GSEA
for Hallmark gene sets using the expression of all genes without
any cutoff revealed an overall down-regulation of genes in the
UPR hallmark of the ZAPL-KO relative to WT cells as indi-
cated by a negative Normalized Enrichment Score (NES) of
—1.7 (8] Appendix, Fig. S9 A and B and Dataset S5). We
observed an elevated basal UPR in ZAPS-KO but not ZAPL-
KO cells, as indicated by a size expansion of ER but not of
mitochondria or lysosomes (Fig. 5C and SI Appendix, Fig.
S90). Together, these results suggest different functions of the
ZAP isoforms in the regulation of basal UPR.

We next examined which UPR branches (IRE1/XBPls,
PERK/CHOP, and ATF6) were affected by the loss of ZAP iso-
forms. We triggered ER stress with Thapsigargin (Tg), an ER
Ca®" channel inhibitor, to induce the expression of UPR report-
ers, whose expression is normally kept low. We observed a general
trend toward increased expression of reporters from the IREI
(XBP1s) and the PERK (CHOP) arms (except one clone with 24
h Tg) in the ZAPS-KO cells during either acute or prolonged ER
stress (Fig. 5D and ). The ZAPS-KO in the ATF6 (EDEM1)
arm and two ZAPL-KO clones in all arms did not show consistent
changes (Fig. 5D and E). These results suggest a role of ZAPS in
dampening the UPR response during stress.

Since prolonged ER stress triggers cell death, mainly through
the PERK/ATF4/CHOP and IREl1 pathways (19), we
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examined the cell viability upon the loss of ZAP isoforms dur-
ing prolonged ER stress. Without stress, ZAPL-KO cells dis-
played a mild reduction in cell viability which could be due to
other pathways beyond UPR (Fig. 5F). Upon ER stress, the
cell viability in the ZAPS-KO cells remained reduced, while the
viability of ZAPL-KO cells showed a slight recovery compared
to WT (Fig. 5F). The recovery of cell viability in the ZAPL-KO
cells was lost with the PERK inhibitor but not the IRE1 inhibi-
tor (Fig. 5F), suggesting that ZAPL regulates cell viability dur-
ing stress via PERK. The impaired cell viability of ZAPS-KO
cells remained with IRE1 or PERK inhibitor, likely due to the
up-regulation of proapoptotic CHOP independent of PERK
(S Appendix, Fig. S9D). Together, these results showed oppo-
site roles of ZAPL and ZAPS in cell viability during ER stress.

Opverall, these results indicate that the ZAP isoforms regulate
different UPR branches under resting and stress conditions, as
well as affect cell viability during ER stress.

ZAP Regulates EMT. Last, we examined the EMT phenotypes
in the ZAPL/S-KO cells. We confirmed the expression changes
of important EMT factors (the transcription factors SNAIZ/
SLUG, the adaptor DAB2, and the matrix metalloprotease
inhibitor 7IMP3) in the ZAPL/S-KO clones (SI Appendix, Fig.
S104). Moreover, GSEA revealed an overall down-regulation
trend in the EMT hallmark for the ZAPL-KO cells relative to
WT (NES of —1.6), although the ZAPL loss reduced the
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Fig. 6. ZAP isoforms regulate EMT. (A, £) Images of collective cell migration toward the cell-free area (wound) at the indicated time points in HEK293T (A) or
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data from the left graphs. (C, G) Representative images of migrated cells in the Transwell assay of respective genotypes in HEK293T (C) and MCF7 (G) upon
the loss of either ZAPS or ZAPL. (D, H) Quantification of cell migration in C (D) and G (H). n > 3; means + SDs; One-way ANOVA with Dunnett's test. *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars, 100 pm.

expression of both EMT promoters (SNAI2, DAB2, and
Vimentin/ VIM) and suppressors (TIMP3) (SI Appendix, Fig.
S10Band Cand Dataset S5). Importantly, collective cell migra-
tion toward the cell-free area was impaired in the ZAPL-KO
cells, while it increased in ZAPS-KO compared to WT cells
(Fig. 64 and B and SI Appendix, Movies S1-S83). We also
observed a reduction in or an enhancement of chemotaxis-
driven single-cell migration in the ZAPL-KO and ZAPS-KO
cells, respectively (Fig. 6C and D). Together, these results indi-
cate the differential roles of ZAP isoforms in regulating cell
migration in HEK293T, in which ZAPL promotes EMT while
ZAPS suppresses it.

Since HEK293T cells are semiepithelial and express both epi-
thelial and mesenchymal markers (30), we tested the role of
ZAPL/S on cell migration in MCF?7, a low-migrative and nonin-
vasive epithelial breast cancer cell line and a well-established
EMT model. We efficiently knocked down either ZAPL or
ZAPS by the stable integration of isoform-specific small hairpin
RNAs (shRNAs) (87 Appendix, Fig. S10D). Compared with
HEK293T, the MCF7 cells mainly migrate collectively as a sheet

PNAS 2022 Vol. 119 No.31 e2121453119

at a lower migraton rate and display a low level of single-cell
migration (Fig. 6E-H). Unexpectedly, we observed a clear reduc-
tion of collective cell migration upon ZAPS loss (Fig. 6F and F
and S/ Appendix, Movies S4-S6), and a markedly diminished
single-cell migration upon the loss of either isoform (Fig. 6G
and H). Since collective and single-cell migration are characteris-
tic of partial and full EMT (31), respectively, our results suggest
different roles of ZAPL and ZAPS in different EMT stages in
MCEF?7 cells, and that ZAPS promotes migration.

Opverall, we provided the first evidence that there was a dif-
ferent function of the ZAP isoforms in EMT-related cell migra-
tion and that the effects are cell-type dependent.

Discussion

We demonstrated the importance of the competition between
splicing and IPA to fine-tune the ZAPL/S ratio, and that block-
ing the ZAP-iPAS or splice sites with ssASOs shifts the produc-
tion of ZAP isoforms in human cells. These ssASOs may
be relevant for disorders in which one ZAP isoform is more
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beneficial than the other. While increasing ZAPL may help
fight against alphaviruses (7, 32) and sensitize cancer cells to
TRAIL-mediated apoptosis (17), elevating ZAPS may suppress
SARS-CoV-2 via interfering with viral RNA-dependent RNA-
polymerase production (14, 15). Future studies are warranted
to test the effectiveness of the ZAP ssASOs on ZAP-sensitive
viruses or diseases. We also identified the splicing factors
hnRNPA1/A2 and PTBP1/2 that suppress ZAPS, and added
ZAP to the list of Ul-repressed IPA events (33, 34).

We generated the ZAP-isoform specific knockout cells, in
which only ZAPL or ZAPS are expressed under endogenous
regulation, to avoid potential complications associated with
overexpressed ZAP isoforms. Not only did we confirm the find-
ings from previous studies using overexpressed ZAP isoforms
upon total ZAP-KO such as localization, responsiveness to
IFNs, and their reported target RNAs and functions (8, 11, 13,
17, 35) but we also uncovered unexpected transcripts and pro-
cesses regulated by ZAPL/S. Individual RT-qPCR validations
in the isoform-specific knockout cells expanded the number of
targets from those DEGs identified by RNA-seq (7NFRSFI10D,
CERK, and SEC31A for ZAPS and HSPA8 for ZAPL), likely
because of the higher sensitivity of this assay.

Previous work and our study showed that ZAPS was predom-
inantly free in the cytosol, while ZAPL preferentially localized
to membrane organelles, but the identity of these organelles
varied among studies (8, 11, 17). Here, we showed that endoge-
nous ZAPL localized to some of the reported organelles (endo-
some and ER) as well as mitochondria and plasma membrane,
yet we did not see any ZAPL localization to lysosomes, as
opposed to two studies (8, 11). The differences across studies
may reflect cell-type heterogeneity or arise from overexpressed
ZAPL overloading the folding and transport system, thus being
misfolded or missorted into different compartments. Although
ZAP was known to be recruited to SGs upon cellular stress, its
localization to PBs remained unclear (17, 35-38), so our find-
ing that ZAPL/S formed rings around PBs may explain the pre-
vious discrepancies.

Schwerk et al. showed that different subcellular location and
expression kinetics of ZAPL/S contributed to their selectivity
against viral or IFN RNAs (11). Our transcriptomic analysis
further expanded the preferential ZAPL and ZAPS rtargets to
many host transcripts encoding secretory/transmembrane pro-
teins or cytosolic/nuclear components, respectively. Moreover,
our transcriptomics of isoform-specific KOs revealed that
ZAPL/S target uncharacterized cellular mRNAs, which func-
tion in cellular responses to various stressors such as ER stress
(UPR) and tissue damage (EMT), in addition to viral infec-
tions. We showed that ZAP has mild effects on many tran-
scripts, with the exception of TRAILR4 mRNA, such that the
net effects of the ZAP isoforms on UPR and EMT depended
on the overall expression profile of the cells. Our result is in
line with previous work showing that ZAP binds weakly to
many host transcripts in addition to a few ones with strong
binding (18). Since UPR and EMT have strong implications
in cancer, our study suggests that ZAP may affect the properties
of cancer cells. The role of ZAP in cancer remains contro-
versial: while ZAP low expression is associated with poorer
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prognosis for liver cancer patients (39), ZAP was only shown to
promote invasiveness and metastasis of pancreatic cancer (40).
Our data suggest that the distinct functions of the ZAP iso-
forms and cell-type heterogeneity may account for these appar-
ently contradicting observations. Lastly, the recent finding of
the RNA-decay Ski2-Ski3-Ski8 (SKI) complex possessing anti-
viral activity against several ZAP-sensitive viruses (41), and our
findings of ZAPL/S regulating the SKI component TTC37 in
the context of UPR may locate ZAP as a missing link between
RNA decay, UPR, and immunity. Further studies should
address the mechanisms of how ZAP isoforms regulate UPR
and EMT, perhaps via decay or translation modulation of
mRNA targets in these pathways.

Opverall, this study demonstrates that the competition between
splicing and IPA is crucial and thus a potential target for the
modulation of the ZAPL/S balance and discovers new cellular
transcripts and processes regulated by ZAPL/S.

Materials and Methods

We generated the ZAP(L/S)-KO cells using CRISPR-Cas9-mediated deletion of
genomic DNA on HEK293T using a pair of guide RNA-containing PX458 plas-
mids followed by the selection of GFP* cells. To remove ZAPS, we deleted the
ZAP-iPAS. To knock out ZAPL, we deleted exon 10 to generate an unstable ZAPL
containing a premature stop codon. We generated the stable ZAP(L/S) knock-
downs by transducing MCF7 cells with lentiviruses carrying PLKO.1 plasmids
expressing shRNAs against ZAPL or ZAPS (11, 17). Details can be found in the
supplementary information, including cell culture, plasmids, ssASOs, protein
analyses, immunofluorescence, RNA-seq, UPR experiments, and migration
assays. We performed statistical tests on GraphPad Prism. We showed all of the
data as means + SDs, unless indicated otherwise. Oligonucleotide sequences
are in SI Appendix, Table S1-4. Comparisons were with control or mock, unless
otherwise indicated by a line between two samples.

Data Availability. We deposited the raw fastq and the processed files in the
National Center for Biotechnology Information's Gene Expression Omnibus (42)
and are accessible through GEO Series accession number GSE203529 (https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203529).(43)
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