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LINC08148 promotes the caveola-mediated endocytosis of Zika
virus through upregulating transcription of Src
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ABSTRACT Long non-coding RNAs (IncRNAs) represent a new group of host factors
involved in viral infection. Current study identified an intergenic IncRNA, LINC08148,
as a proviral factor of Zika virus (ZIKV) and Dengue virus 2 (DENV2). Knockout (KO)
or silencing of LINC08148 decreases the replication of ZIKV and DENV2. LINC08148
mainly acts at the endocytosis step of ZIKV but at a later stage of DENV2. RNA-seq
analysis reveals that LINC08148 knockout downregulates the transcription levels of five
endocytosis-related genes including AP2B1, CHMP4C, DNM1, FCHO1, and Src. Among
them, loss of Src significantly decreases the uptake of ZIKV. Trans-complementation of
Src in the LINC08148%° cells largely restores the caveola-mediated endocytosis of ZIKV,
indicating that the proviral effect of LINC08148 is exerted through Src. Finally, LINC08148
upregulates the Src transcription through associating with its transcription factor SP1.
This work establishes an essential role of LINCO8148 in the ZIKV entry, underscoring a
significance of IncRNAs in the viral infection.

IMPORTANCE Long non-coding RNAs (IncRNAs), like proteins, participate in viral
infection. However, functions of most IncRNAs remain unknown. In this study, we
performed a functional screen based on microarray data and identified a new provi-
ral INcRNA, LINC08148. Then, we uncovered that LINC08148 is involved in the caveola-
mediated endocytosis of ZIKV, rather than the classical clathrin-mediated endocytosis.
Mechanistically, LINCO8148 upregulates the transcription of Src, an initiator of cav-
eola-mediated endocytosis, through binding to its transcription factor SP1. This study
identifies a new IncRNA involved in the ZIKV infection, suggesting IncRNAs and cellular
proteins are closely linked and cooperate to regulate viral infection.
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ZIKV infection begins with viral envelope protein (E) binding to cellular receptors,
followed by internalization through clathrin- or caveola-mediated endocytosis (10). The
clathrin-mediated endocytosis involves more than 50 proteins, transporting virions from
the plasma membrane into the cell (11). ZIKV employs the clathrin-mediated endocytosis
to enter a variety of cells, such as human glioma cell line (SNB19) (12), human cervical
carcinoma cells (HeLa) (13), and Vero cells (14). It can also utilize the caveola-mediated
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endocytosis to access glioblastoma T98G cells (15). In the low PH environment of
endosomes, ZIKV fuses with the endosomal membrane to release viral genomic RNA.
The viral RNA encodes a polyprotein, which is cleaved into 10 individual proteins by host
and viral proteases, followed by viral RNA replication, protein translation, packaging, and
egress (16).

So far, a variety of host proteins have been identified to participate in the replica-
tion and transmission of ZIKV (17-20). In contrast, the role of long non-coding RNAs
(IncRNAs) in the ZIKV infection remains largely unknown. LncRNAs are non-coding
RNAs with a length of more than 200 nucleotides (21). Based on their genomic loca-
tion, IncRNAs are divided into five types: intergenic, intronic, bidirectional, sense, and
antisense IncRNAs (21). LncRNAs are normally expressed at lower levels than proteins
and display a tissue- and species-specific expression pattern (22). LncRNAs play a role in
various physiological and pathological processes, including development, proliferation,
transcription, post-transcriptional modification, apoptosis, and cellular metabolism (23-
26). Upon viral infection, cellular IncRNA profiling is often altered, which either shapes
cellular responses or influences replication of viruses (27-29). For example, the expres-
sion of INcRNA Inczc3h7a is induced by vesicular stomatitis virus (VSV) infection, and it
plays an antiviral role through binding to TRIM25 and RIG-| and stabilizing their complex,
thereby promoting type I IFN production (30).

Previously, alteration of IncRNAs expression by ZIKV infection has been reported in
human neural progenitor cells (RNPCs) (31), Aedes albopictus cells (C6/36) (32), and A549
cells (33). Our group reported that in A549 cells, 79 IncRNAs were differentially expressed
upon ZIKV infection, and an IFN-inducible IncRNA (OASL-IT1) plays a positive-feedback
role in the innate immune response (33). In this study, we identified an intergenic IncRNA
(LINC08148) as a proviral factor. We determined that LINC08148 acts at the entry step of
ZIKV, and investigated the transcriptional profiling modulated by LINC08148 by RNA-seq.
Then, we analyzed the role of five genes regulated by LINC08148 in the viral entry, and
uncovered that Src participates in the caveola-mediated internalization of ZIKV into A549
cell. Last, we found that LINC08148 binds to transcription factor SP1 and promotes the
transcription of Src. This work identified a new IncRNA involved in the ZIKV infection.

RESULTS
Identification and characterization of IncRNAs regulated by ZIKV infection

To identify new IncRNAs involved in the ZIKV infection, we selected nine differentially
expressed intergenic IncRNAs (>2-fold change) in the ZIKV-infected cells from IncRNA
microarray data (GSE124094) (Fig. STA). Their levels in the mock- and ZIKV-infected
A549 cells were validated by quantitative real-time PCR (qQRT-PCR) (Fig. S1B). Among the
nine selected IncRNAs, the basal levels of Inc-DGCR6-2:33 and ENST00000608148 were
abundant in the mock-infected cells, and their expression was significantly upregula-
ted by ZIKV infection (Fig. 1A; Fig. S1B). According to the HUGO Gene Nomenclature
Committee decision tree (34), Lnc-DGCR6-2:33 and ENST00000608148 were designated
as LINC-DGCR6 and LINC08148, respectively. To examine the role of these two IncRNAs
in the ZIKV infection, we generated gene knockout (KO) bulk cells using CRISPR/Cas9
strategy. Then, control and IncRNA KO cells were infected with ZIKV, and at 24 h
postinfection (p.i.), supernatants were harvested for plaque assay. LINC008148 confers
a higher proviral activity than LINC-DGCR6 (Fig. 1B and C), so it was chosen for further
characterization.

Human LINC08148 is an intergenic IncRNA located on chromosome 10 from position
33,341,655 to 33,341,905. Full-length transcript of LINC08148 is 251 nt, as evidenced by
rapid amplification of cDNA ends (RACE) assay (Fig. 1D). Human LINC08148 shares 93.6%
homology with rhesus and 88.3% homology with dog, but no homologous gene was
identified in mouse and chicken (USCS genome browser, hg38, Fig. S1C), suggesting that
LINC08148 is species specific. Coding-Potential Assessment Tool (CPAT) and Phylogenetic
Conservation Score of a sSORF (PhyloCSF) analysis predicted that LINC0O8148 possesses an
extremely low protein-coding potential as annotated IncRNAs (NEAT1T and Lsm3b) (Fig.
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FIG 1 Screen of IncRNAs regulated by ZIKV. (A) Validation of microarray data. A549 cells were infected with ZIKV (multiplicity of infection, MOI 8). At 24 h
p.i., the cells were harvested for qRT-PCR to detect the levels of LINC-DGCR6 and ENST08148. B-actin was measured as an internal control. (B, C) Role of
two selected IncRNAs in the ZIKV replication. sgNC (negative control sgRNA with scramble sequence), LINC08148, or LINC-DGCR6 KO cells were infected with
ZIKV (MOI 1). At 24 h p.i, the cells and supernatants were collected for qRT-PCR to detect the levels of IncRNA (B) or plaque assay (C). GAPDH was set as
an internal control. (D-H) Characterization of LINC08148. Size of LINC08148 was determined by RACE (D). Coding probability of LINC08148 was predicated by
PhyloCSF (E) and CPAT (F). B-actin and GAPDH served as coding controls, and Lsm3b and NEAT1 served as non-coding controls. 293T cells were transfected with
pcDNA3.1, pcDNA3.1-HA-LINC08148, or pcDNA3.1-HA-GFP. At 24 h post transfection, the cells were harvested for Western blot using anti-HA antibody. Blots were
representative of at least three independent experiments (G). (H) Localization of LINC08148. A549 cells were harvested for subcellular fractionation. qRT-PCR
was performed to measure the levels of LINC08148, U6, and actin in the cytoplasm and nucleus, respectively. Data are shown as mean + SD of at least three

independent experiments. ***P < 0.001, unpaired, two-tailed Student’s t-test.

1E and F). To validate this prediction, we constructed a eukaryotic vector carrying
LINC08148 gene tagged with HA at its N-terminus (pcDNA3.1-HA-LINC08148). 293T cells
were transfected with pcDNA3.1-HA-LINC08148 and were harvested for Western blot. No
specific band was detected, demonstrating that LINC08148 does not encode protein (Fig.

G). Subcellular fraction assay data showed that LINC08148 was distributed in both
nucleus and cytoplasm (Fig. TH).

LINC08148 promotes the infection of ZIKV and DENV2

To validate the role of LINC08148 in the flavivirus infection, we generated two LINC08148
knockout A549 cell clones (LINC08148%°) and knockdown bulk A549 cells (LINC08148%°)
through CRISPR/Cas9 and RNAi strategies, respectively (Fig. 2A). qRT-PCR data validated
that LINC08148 levels in the LINC08148° and LINC08148° cells were largely ablated (Fig.
2B and C). Then, control, LINC08148%C, and LINC08148*° cells were infected with ZIKV. At
24 h p.i, the cells and supernatants were harvested for measurement of viral replication
levels. In the LINC08148-deficient cells, the ZIKV RNA levels, E protein, and titers were
markedly decreased (Fig. 2D through I). Similarly, the replication levels of DENV2 (strain
16681) in the LINC08148"° and LINC08148"° cells, including viral RNA, NS3 protein, and
titers, were lower than control cells (Fig. 2J through O). Overall, these results indicated
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FIG 2 LINC08148 plays a proviral role in A549 cells. (A) Positions of sgRNAs (1 and 2) and shRNAs (1 and 2) against LINC08148, and PCR primers used to
amplify LINC08148. (B, C) Levels of LINC08148 in A549 cells. sgNC, LINC08148", or LINC08148"° cells were harvested for qRT-PCR to measure LINC08148 levels.
B-actin served as an internal control. (D-O) Replication levels of ZIKV and DENV2. sgNC and LINC08148"°, or shCtrl (control shRNA with scramble sequence) and
LINC08148® cells were infected with ZIKV (D-I) or DENV2 (J-O). Cells or supernatants were harvested at 24 h p.i. for gRT-PCR to measure the intracellular RNA
levels of ZIKV (D, G) or DENV2 (J, M), or for Western blot to detect ZIKV E (E, H) or DENV2 NS3 protein (K, N) levels, or for plaque assay (F, I, L, O). GAPDH served as
an internal control. Data are shown as mean * SD of at least three independent experiments. ***P < 0.001, unpaired, two-tailed Student’s t-test.
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that LINC08148 plays a proviral role in the replication of ZIKV and DENV2. Similarly, the
LINC08148 knockout led to a significant reduction of Japanese encephalitis virus (JEV)
titers in A549 cells (Fig. S2A).

Furthermore, we examined the role of LINC08148 in other cell lines including Huh7
and 293T cells. The data showed that the ZIKV yields in two bulk LINC08148° Huh7
cells were downregulated by about 10-fold (Fig. S2B). In the bulk LINC08148"° 293T cells,
viral replication levels were dramatically reduced (Fig. S2C through F), indicating that the
proviral effect of LINC08148 is not cell specific. Intriguingly, although the overexpression
of LINC08148 in 293T cells dramatically enhanced the LINC08148 level, the replication
levels of ZIKV were not significantly altered (Fig. S2G through J), implying that the
endogenous level of LINC08148 might be sufficient for promoting ZIKV replication.

LINC08148 functions at the entry step of ZIKV but not DENV2

To determine which step of viral infection LINCO8148 acts at, we compared the
kinetic replication levels of ZIKV with the control (negative control sgRNA, sgNC) and
LINC08148° A549 clonal cells at 6, 12, and 24 h p.i. As shown in Figure 3, the RNA and E
protein levels of ZIKV in the LINC08148° cells were significantly lower than in the control
cells as early as 6 h p.i. The DENV2 RNA levels in the LINC08148%° cells were comparable
to the sgNC cells at 6 and 12 h p.i., and were lower than the sgNC cells at 24 and 36 h p.i.
Western blot data showed that at 12 h p.i., a weak band of DENV NS3 was observed in the
sgNC cells but not in the LINC08148° cells; at 24 and 36 h p.i,, the NS3 protein levels in
two LINC08148° cells were less abundant than in the sgNC cells (Fig. 3C and D). These
results suggested that LINC08148 might act at different steps of ZIKV and DENV2.

Next, we tested the role of LINC08148 in the entry of ZIKV and DENV2. Cells were
inoculated with viruses at 4°C for 1 h to allow virions to attach, or at 37°C for 1 h to allow
virions to be internalized. Total RNAs were extracted for qRT-PCR to detect the amounts
of attached or internalized virions. After 4°C incubation, the RNA levels of ZIKV and
DENV2 in the control and LINC08148%° cells were comparable (Fig. 3E and F). In contrast,
after 37°C incubation, the RNA levels of ZIKV but not DENV2 were significantly reduced
by LINC08148 knockout (Fig. 3E and F). The endocytosis of JEV, another flavivirus
member, was also downregulated by LINC08148 depletion (Fig. 3G). To further confirm
the role of LINC08148 in the endocytosis of ZIKV and DENV2, we isolated endosome
fraction from the mock or virus-inoculated cells, followed by RNA extraction and gRT-
PCR. Western blot data showed that early endosome protein EEA1 was present while
nuclear Lamin B was absent in the isolated endosome fraction, indicative of successful
isolation. The ZIKV RNA levels in the LINC08148°-derived endosomes were significantly
lower than in the control, while the DENV2 RNA levels in the endosomes of control and
LINC08148"° cells were comparable (Fig. 3H and 1), indicating that LINC08148 specifically
regulates the endocytosis of ZIKV.

LINC08148 is involved in the caveolin-1-mediated endocytosis

Considering that nuclear IncRNAs can regulate gene expression in cis and trans (35), and
NRP1, a LINC08148 neighboring gene, mediates the entry of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and Epstein—Barr virus (EBV) (36, 37), we first
tested whether LINC08148 affects the ZIKV entry through cis-regulating NRP1 expression.
The gRT-PCR data showed that NRPT levels in the sgNC and LINC08148° cells were
comparable (Fig. S3A), and NRP1 silencing had no impact on the ZIKV attachment and
endocytosis (Fig. S3B and C), suggesting that LINC08148 function is independent of
NRP1T.

Next, we performed RNA-seq to screen genes regulated by LINC08148 in trans. In the
LINC08148%° cells, 2,261 genes were upregulated and 1,748 genes were downregulated
(adjusted P <0.05). In the Gene Ontology (GO) analysis, the LINC08148 depletion
decreases transcription of several genes involved in endocytosis process, such as actin
cytoskeleton reorganization and transport vesicles (Fig. S3D). In the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis, two pathways involved in the virus
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FIG 3 LINC08148 functions at the endocytosis step of ZIKV. (A-D) Kinetic replication levels of viruses. sgNC, LINC08148"", and LINC08148"** cells were infected
with ZIKV or DENV2. At indicated time points, the cells were collected for qRT-PCR (A, C) or Western blot using antibodies against ZIKV E, DENV NS3, or GAPDH
(B, D). (E-G) Viral entry assay. sgNC and LINC08148 cells were inoculated with ZIKV (E), DENV2 (F), or JEV (G) at 4°C or 37°C for 30 min. The cells were harvested
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FIG 3 (Continued)

for qRT-PCR to measure the levels of attached (E) or internalized virions (F). (H, 1) Endosome isolation assay. sgNC and LINC08148

Journal of Virology

cells were infected with

ZIKV or DENV2 for 30 min. Endosomes were isolated and applied for Western blot or qRT-PCR. Antibodies against endosome marker EEA1 and nucleus marker

Lamin B1 were used as internal control. Viral RNA levels in the endosome were normalized to endosome proteins. Data are shown as mean + SD of at least three

independent experiments. NS, no statistical significance; ***P < 0.001, unpaired, two-tailed Student’s t-test.

endocytosis, namely, lysosome and cell adhesion molecules, were highly enriched (Fig.
S3E). To validate the RNA-seq data, we selected 12 genes involved in the flavivirus
endocytosis, including AP2B1, CHMP4C, CLTC, DNM1, DNM2, FCHO1, LY6E, RAB5A, RAB7A,
RABYA, RAB11A, and Src for gRT-PCR measurement (38). Consistent with RNA-seq data,
the levels of AP2B1, CHMP4C, DNM1, FCHOT, and Src were reduced, while RAB9A was
increased by LINC08148 depletion (Fig. 4A and B). Levels of another seven genes were
comparable in the control and LINC08148%° cells (Fig. S3F).

Among the five genes downregulated by LINC08148 depletion, FCHO1, DNM1, and
AP2B1 are involved in the clathrin-mediated endocytosis (39-41), and Src is an initiator of
the caveolin-mediated endocytosis (42-44). To determine through which pathway(s)
ZIKV and DENV2 enter into A549 cells, we utilized two chemical inhibitors, CPZ (inhibitor
of the clathrin-mediated endocytosis) (45, 46) and nystatin (inhibitor of the caveolin-
mediated endocytosis) (47, 48). At working concentrations, CPZ (40 uM) and nystatin
(80 uM) did not affect the cell viability of A549 (Fig. S4). A549 cells were pretreated with
CPZ or nystatin for 1 h, followed by virus infection. The gRT-PCR data showed that ZIKV
RNA levels in the CPZ- or nystatin-treated cells were both significantly decreased (Fig. 4C),
suggesting that ZIKV enters into A549 cells via both clathrin- and caveolin-mediated
endocytosis. In contrast, the RNA levels of DENV2 were only reduced by CPZ but not by
nystatin, implying that DENV2 enters A549 cells mainly via the clathrin-dependent
endocytosis (Fig. 4C). To be noted, the entry levels of ZIKV in the LINC08148° cells were
not further decreased by nystatin treatment (Fig. 4D), suggesting that LINC08148
regulates the caveolin-mediated endocytosis of ZIKV.

Next, we tested the role of AP2B1, CHMP4C, DNM1, FCHOI, or Src in the ZIKV entry
using shRNA specifically targeting these genes. Knockdown efficiencies of most shRNAs,
except FCHO1, were more than 50% (Fig. 4E). In the viral entry assay, the endocytosis
level of ZIKV was significantly reduced by knockdown of Src but not by other genes (Fig.
4F), suggesting that Src plays an essential role in the ZIKV entry.

LINC08148 regulates the ZIKV endocytosis through Src

Considering that LINC08148 promotes Src transcription, and Src is the key kinase to
phosphorylate caveolin-1 (42, 43), we proposed that the impact of LINC08148 on ZIKV
uptake might be dependent on Src. To test this hypothesis, we examined the role of Src
in the entry of ZIKV and DENV2 in A549 cells by generating Src stable knockdown (Src*®)
or knockout cells (Src"). Western blot data showed that the protein levels of Src in the
Src*® and Src*© cells were markedly reduced (left panels, Fig. 5A and B). The Src depletion
significantly decreased the endocytosis of ZIKV but not DENV2 (middle panels, Fig. 5A
and B). Consistently, the viral yields of ZIKV in the Src*® and Src*© A549 cells were
downregulated (Fig. 5A and B). Interestingly, DENV2 titer was reduced by twofold in the
Src®® and Src*© A549 cells, implying Src might participate in a later stage of DENV2
infection. The endosome isolation assay confirmed that the ZIKV RNA levels in the
endosomes of Src*® cells were lower than in the control cells (Fig. 5C). Src knockdown in
293T cells also led to significant reduction of the internalization, viral RNA level, and titer
of ZIKV (Fig. S5A through D) but not DENV2 (Fig. S5E through H). Furthermore, our data
revealed that the levels of ZIKV replication and Src transcription in A549 cells were not
affected by LINC08148 overexpression alone (Fig. S51 through L), consistent with the data
from 293T cells (Fig. S2G through H).

Next, we examined whether the ZIKV uptake in the Src*® cells was affected by CPZ or
nystatin. Blockage of clathrin-pathway by CPZ reduced the ZIKV endocytosis level in both
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FIG 4 LINC08148 is required for caveolin-1-mediated endocytosis. (A) Volcano plots. Five endocytosis-related and differentially expressed genes in the
LINC08148 cells are highlighted in red. (B) Validation of 12 endocytosis-related genes in the sgNC or LINC08148"° cells by qRT-PCR. (C, D) Inhibitor assay. Cells
were pretreated with dimethyl sulfoxide (DMSO), CPZ (40 pM), or nystatin (80 pM) for 1 h, followed by ZIKV inoculation (MOI 3) for 30 min. Cells were harvested
for qRT-PCR to detect the RNA levels of internalized virus. (E) Efficiency of shRNA knockdown. A549 cells were transduced with lentiviruses carrying shRNA
targeting AP2B1, CHMP4C, DNM1, FCHOI1, Src, or scramble shRNA for 1 h, and were selected with puromycin. Total RNAs were extracted for qRT-PCR assay to
measure mRNA levels. (F) Control or shRNA-transfected cells were infected with ZIKV (MOI 3) for 1 h and then harvested for qRT-PCR to detect the RNA levels of
internalized virus. B-actin was set as an internal control. Data are shown as mean + SD of at least three independent experiments. NS, no statistical significance;
***P < 0.001, unpaired, two-tailed Student’s t-test.

the control and Src*® cells (Fig. 5D), while blockage of caveolin-pathway by nystatin did
not alter the ZIKV uptake in the Src*® cells (Fig. 5E), suggesting that Src is mainly involved
in the caveolin-mediated endocytosis. We further tested the role of Src in the LINC08148-
mediated ZIKV endocytosis by trans-complementing Src-FLAG gene into the LINC08148%°
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FIG5 LINC08148 promotes ZIKV endocytosis through Src. (A, B) Role of Src in viral endocytosis and replication. Cells (A: shCtrl and Src*®; B: sgNC and Src*©) were
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assay. (C) Endosome isolation assay. shCtrl and Src*® cells were infected with ZIKV (MOI 10) for 30 min. Endosomes were isolated for Western blot or qRT-PCR.
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Endosomal EAA1 and nucleic Lamin B1 were detected by Western blot. Viral RNA levels in the endosomal fraction were normalized to total endosomal proteins.
(D, E) Inhibitor assay. shCtrl and Src®® cells were pretreated with DMSO, CPZ (40 uM) (D), or nystatin (80 uM) (E) for 1 h, followed by inoculation with ZIKV (MOI 3)
for 30 min. Viral RNA levels were detected by qRT-PCR. (F, G) Trans-complementation of Src restores the viral endocytosis in LINC® cells. sgNC, LINC08148%°, and
LINC*-Src cells were infected with ZIKV (MOI 3) for 30 min. The cells were harvested for Western blot using antibodies against Src, FLAG, or GAPDH (G), or for
gRT-PCR (H). Data are shown as mean + SD of at least three independent experiments. NS, no statistical significance; ***P < 0.001, unpaired, two-tailed Student’s

t-test.

cells to generate LINC*®-Src cells. The level of Src protein in the LINC*°-Src cells was
restored (Fig. 5F), and as expected, the ZIKV uptake level was rescued (Fig. 5G). These
collective data illustrated that Src is an essential mediator involved in the LINC08148
function.

LINC08148 regulates the transcription of Src through binding to SP1

To probe how LINC08148 promotes the Src transcription, we searched potential
transcription factors (TFs) of Src using the online bioinformatics software (_8.3), and we
predicted the interaction tendency between these TFs and LINC08148 using catRAPID
database. Among them, GR- and GTF2I possess the highest interaction tendency with
LINC08148 (Fig. S6). To test the association between LINC08148 and potential TFs of
Src, we constructed vectors expressing GR-f3, GTF2l, as well as SP1 and HNF1A, which
have been reported TFs of Src (49-51) fused with HA at their C-termini. The 293T cells
were transfected with TF-HA-expressing plasmids and were harvested at 24 h for RNA
immunoprecipitation (RIP) assay. Western blot data confirmed the all TF proteins were
expressed and enriched upon RIP assay. LINC08148 was significantly enriched in the SP1
and GR-f3 complexes, while HNF1A and GTF21 had low affinity with LINC08148 (Fig. 6A).

To examine the role of SP1 and GR-f in regulating the SP1 transcription, we silenced
SP1 by RNAi but overexpressed GR-f in A549 cells, because the endogenous level of
SP1 was pretty high while GR-3 was extremely low based on the gRT-PCR measurement.
Transfection of siRNA against SP1 (siSP1) effectively decreased the levels of SP1 in both
the control and LINC08148%° cells (Fig. 6B), and resulted in a significant reduction of Src
level in the control cells but not in the LINC08148%° cells, suggesting that SP1 regulates
the Src transcription in a LINC08148-dependent manner. The overexpression of GR-3
significantly upregulated the GR-B mRNA level in A549 cells, but the level of Src was
not altered (Fig. 6C), excluding a role of GR-f in the Src transcription. The above data
indicated that LINC08148 promotes the Src transcription through SP1.

DISCUSSION

LncRNAs are emerging as a novel group of host factors regulating viral infection.
However, a majority of IncRNAs have not been annotated yet. This work identified
LINC08148 as a new factor of several Flaviviridae members, ZIKV, DENV2, and JEV. Our
findings revealed that one of the LINC08148 pro-ZIKV mechanisms is exerted through
binding to SP1, hence regulating the transcription of Src, a key initiator of caveolin-medi-
ated endocytosis.

This work focused on intergenic IncRNAs, because loss-of-function strategies could be
easily applied without disrupting other genes. Among them, LINC08148 is abundantly
expressed and confers a potent proviral activity. Our work demonstrated that LINC08148
does not encode protein and is localized in both nuclei and cytoplasm. The loss-of-func-
tion study (including knockout and knockdown strategies) indicated that LINC08148 is
a proviral factor of flaviviruses. Interestingly, LINC08148 depletion leads to significant
decrease of ZIKV endocytosis and replication at early time, but impairs the replication
levels of DENV2 only at its late stage (24 h p.i.). Therefore, we postulate that LINC08148
possesses multiple functions during viral infection. It regulates the entry step of ZIKV but
acts at the assembly or egress of DENV2.

By utilizing chemical inhibitors, we demonstrated that ZIKV enters into A549 cells
through both clathrin- and caveolin-mediated endocytosis, while DENV2 mainly relies on
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FIG 6 LINC08148 regulates the transcription of Src by interacting with SP1. (A) RIP assay. 293T cells were co-transfected with plasmid expressing LINC08148 and
plasmids expressing GFP, SP1, GR-f3, HNF-1A, or GTF2l. Whole cell extracts were prepared for RIP assay using HA beads. Total RNAs in the protein-RNA complexes
were extracted by TRIzol and detected by qRT-PCR. (B) Role of SP1 in Src transcription. sgNC and LINC08148" cells were transfected with siNC or siSP1 for 48 h,
then harvested for qRT-PCR to detect levels of Src and SP1. (C) Impact of GR- on Src transcription. A549 cells were transfected with vector or plasmid expressing
GR-B-HA. At 48 h post-transcription, the cells were harvested for gRT-PCR. Human B-actin was measured as an internal control. Data are shown as mean + SD of at
least three independent experiments. NS, no statistical significance; ***P < 0.001, unpaired, two-tailed Student’s t-test.

clathrin. The observation that nystatin treatment did not further reduce the endocytosis
of ZIKV in the LINC08148%° cells illustrated that LINC08148 predominantly regulates
the caveolin-mediated endocytosis. ZIKV and DENV, despite their close relationship in
evolution, employ different endocytosis pathways. The employment of both caveolin
and clathrin by ZIKV might enable it to infect a broader spectrum of tissues.

The RNA-seq profiling data showed that LINC08148 KO leads to alteration of
transcription of large amounts of genes, among them several endocytosis-related
pathways were highly enriched. Particularly, AP2B1, CHMP4C, DNM1, FCHO1, and Src
were validated to be transcriptionally regulated by LINC08148. In the clathrin-mediated
pathway, FCHO1 and AP2B1 encode adapters to bind to plasma membrane and recruit
proteins, and DNM1 encodes dynamin required for scission of clathrin-coated pit (39,
40, 52). CHMPA4C has been reported to play a role in the envelopment of HSV-1 (53).
Nonetheless, the knockdown of AP2B1, CHMP4C, and DNMT alone did not significantly
alter the ZIKV entry, suggesting that their functions could be compensated by other
paralog proteins such as DNM2/3 and AP1B1 (54, 55), or CHMP4C is not employed in
the ZIKV invasion. As we failed to effectively silence FCHOT even using three different
shRNAs, the role of FCHOT1 in the entry of ZIKV could not be determined yet. None-
theless, the depletion of Src successfully reduces the uptake and replication of ZIKV,
establishing a role of Src in the entry step of ZIKV. As Src is an initiator of caveolin-medi-
ated endocytosis by phosphorylating caveolin (42, 43), this observation provides further
evidence that ZIKV exploits the caveolin-mediated endocytosis to enter into A549 cells,
in addition to glioblastoma T98G cells (15).
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Importantly, our data revealed that LINCO8148 regulates the caveolin-mediated
endocytosis of ZIKV, rather than the clathrin-mediated pathway. Ectopic expression of
Src can restore the endocytosis level downregulated by LINC08148 loss, illustrating that
Src is the key mediator in the LINC08148 proviral effect. Interestingly, although Src
knockdown did not directly affect the uptake of DENV?2, its loss did slightly impair the
viral yield in A549 cells. We proposed that Src might affect a later step of DENV replica-
tion, as supported by previous work showing that dasatinib, an Src inhibitor, prevents
the assembly and maturation of DENVs (56). To be pointed out, as LINC0O8148 modulates
transcription of genes involved in the actin cytoskeleton reorganization and transport
vesicles, it could also modulate the ZIKV uptake through regulating these genes.

Nuclear IncRNAs have been implicated to modulate gene transcription by binding
to transcriptional factors, such as INcRNA MALAT1 that interacts with cyclic adenosine
monophosphate response element-binding protein (CREB) to regulate stimulator of
interferon gene (STING) transcription (57). In this study, LINC08148 also confers an
activity to bind to SP1 and to enhance the transcription of Src. As LINC08148 is located in
cytoplasm and nuclei, its association with SPT might take place both outside and inside
of nuclei. The IncRNA-TFs association might either facilitate translocation of TFs from
cytoplasm to nuclei, or serve as a scaffold for TFs to bind the promoter region of Src,
thereby promoting the transcription of Src. Notably, the overexpression of LINC08148
alone in 293T or A549 cells did not enhance the transcription of Src and ZIKV replication
levels, suggesting that either LINC08148 is not sufficient to regulate Src transcription by
its own and other factors are required (such as SP1), or the endogenous LINC08148 is
abundant enough to support viral replication, so LINCO8148 overexpression does not
show an impact. A detailed mechanism needs to be further investigated.

In summary, our work identified a new IncRNA, LINC08148, which is involved in
the infection of several flavivirus members, including ZIKV, DENV2, and JEV, in multiple
human cell lines (A549, Huh7, and 293T). Mechanistically, LINC08148 binds to SP1, which
facilitates the transcription of Src, a key initiator of caveolin-mediated endocytosis. As
ZIKV enters cells through both clathrin- and caveolin-mediated pathways, its entry is
partially blocked by LINC08148 or Src depletion. In contrast, the entry of DENV2 that
mainly involves clathrin is barely affected by the depletion of either LINC08148 or Src
(Fig. 7). Dependency of different entry pathways of flaviviruses might partially contribute
to their different tissue tropisms. LINC08148 could be potential therapeutic targets in the
treatment of ZIKV diseases.

MATERIALS AND METHODS
Cell culture

Human lung carcinoma epithelial cells (A549, ATCC CCL-185) and human embryonic
kidney cells (293T, ATCC CRL-3216) were maintained in Dulbecco’s modified Eagle
medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) at 37°C
with 5% CO,. African green monkey kidney cells (Vero, ATCC CCL-81) and baby hamster
kidney cells (BHK21, ATCC CCL-10) were maintained in DMEM supplemented with 5% FBS
at 37°C with 5% CO,. Mosquito cell line C6/36 (ATCC, CRL-1660) was maintained in
RPMI-1640 medium (Invitrogen) supplemented with 10% FBS, 1% sodium pyruvate at
28°C. Media were supplemented with 100 units/mL of streptomycin and penicillin
(Invitrogen).

Virus, virus infection, and titration

ZIKV (H/PF/2013 strain, GenBank accession number KJ776791), DENV2 (16681 strain),
and JEV (SA14-14-2) were provided by the Guangzhou Centers for Disease Control. ZIKV
and DENV2 were amplified in Vero or C6/36 cells. Supernatants were collected when
cytopathic effect appeared, and cellular debris was removed by centrifugation. Viral titers
were titrated on Vero cells, and viral stocks were stored at —80°C. In a single-step virus
growth assay, cells were infected with ZIKV at a multiplicity of infection (MOI) of 1 or JEV
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FIG 7 A proposed schematic diagram to illustrate the mechanism of LINC08148 proviral function. LINC08148 binds to transcriptional factor SP1, facilitating its
association with the promoter region of Src and hence enhancing the transcription of Src. Src plays an essential role in the caveolin-1-mediated endocytotic
pathway of ZIKV. As DENV2 is mainly internalized through clathrin-mediated pathway, its endocytosis is not regulated by LINC08148.

at an MOI of 3. Supernatants were harvested at 24 h p.i. for virus titration. Virus titers
were determined by a standard plaque assay on Vero (ZIKV) or BHK21 (DENV2 and JEV).
Serial 10-fold dilutions of each sample were prepared, and 100 uL/well of diluted virus
was added into the 24-well plates. Media were removed and cultured in the mixture of
two DMEM (Invitrogen) and 2% methylcellulose (Sigma) (1:1). Visible plagques were
counted 3-4 d (ZIKV), 5-6 d (DENV2), and 4-5 d (JEV).

Viral entry assay

Cells were incubated with ZIKV or DENV2 at an MOI of 3 at 4°C for 1 h or 37°C for 30 min.
Supernatant was removed, and cells were extensively washed three times with cold PBS.
Total RNA was extracted using TRIzol (Invitrogen), and viral RNA levels were measured by
qRT-PCR.
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Endosome isolation

Cells were infected with ZIKV at an MOI of 10 for 0.5 h and then washed twice by PBS.
Endosomes were isolated using the Minute Endosome Isolation kit (Invent) according
to their instruction. Separated components were resuspended in Buffer RLT (Qiagen) for
RNA extraction or RIPA lysis buffer (Beyotime Biotechnology) for immunoblotting. Purity
of endosomes was tested using antibodies against endosome-specific protein EEA1 (Cell
Signaling Technology) and nucleic Lamin B1 (Cell Signaling Technology).

Plasmid construction

LncRNAs were amplified by 5- and 3-RACE PCR using the SMARTer RACE cDNA
amplification kit (TaKaRa) and were cloned into the pcDNA3.1(+) vector.

To generate plasmids carrying sgRNAs or shRNAs, a pair of forward and reverse
oligonucleotides was annealed and inserted into vectors LentiCRISPR v2 or pLKO.1-TRC
(Addgene). Sequences of oligonucleotide used for generation of sgRNAs or shRNAs
are listed in Table S2 and S3. Positive plasmids were verified by sequencing and
were designated as pLenti-sgLINC08148-1, pLenti-sgLINC08148-2 (targeting LINC08184),
pLenti-sgLINC-DGCR6-1, pLenti-sgLINC-DGCR6-2 (targeting LINC-DGCR6), pLenti-sgSrc-1
(targeting Src), and pLenti-sgSrc-2 (targeting Src).

Plasmids pEnCMV-Src-3XFLAG (P20814), pEnCMV-SP1-HA-SV40-Neo (P29667),
pCMV-FLAG-HNF1A-2-EGFP-SV40-Neo (P37424), pEnCMV-GTF2I-3xFLAG (P18601), and
pCDNA3.1-HA-GRB (P17809) were purchased from http://www.miaolingbio.com/.
HNF1A-HA, GTF2I-HA, or Src-3 XFLAG fragments were amplified by PCR and were cloned
into pLVEF1a-IRES-Blast vector. Sequences of PCR primers are listed in Table S4. Positive
plasmids were verified by sequencing.

Quantitative real-time PCR

Total RNAs were reversely transcribed using HI Script Q RT SuperMix (Vazyme). cDNAs
were used as templates for qRT-PCR using LightCycler 480 SYBR Green | Master (Roche,
Basle, Switzerland) on CFX96 Real-Time System (Bio-Rad, Basle, Switzerland). Differences
were analyzed using 2“CT values . Human U6 or B-actin mRNA levels were set as an
internal control. Sequences of primer used in gRT-PCR are listed in Table S1.

Western blotting

Cells were lysed with RIPA lysis buffer (pH 7.4) (50 mmol/L Tris-HCl, 150 mmol/L NaCl,
0.5% NP-40, 1% Triton X-100, 1 mmol/L EDTA, 1 mmol/L PMSF, 1% protease inhibitor
cocktails, 1 mmol/L Na3zVO4, and 1 mmol/L NaF). Cell extracts were separated on
SDS-PAGE and were transferred onto nitrocellulose membranes, followed by blocking
in 0.1% PBST with 5% BSA (New England Biolabs) and by incubating with primary
antibodies at 4°C overnight. The primary antibodies included anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH; Proteintech), anti-ZIKV E (GeneTex), anti-Lamin
B (Santa Cruz Inc), anti-NS3, anti-HA, anti-FLAG, anti-EEA1, and anti-Src (CST). Detec-
tion was performed with IRDye 800 CW-conjugated anti-rabbit IgG and IRDye 680
CW-conjugated anti-mouse IgG secondary antibody (LI-COR) according to the manufac-
turer’s protocols or horseradish peroxidase-conjugated secondary antibodies (Bio-Rad).
Immunoreactive bands were visualized using an Odyssey IR imaging system (LI-COR).
Western blotting bands were quantified by Quantity One (Bio-Rad).

Establishment of stable knockout, knockdown, or Src overexpressing cells

To generate stable KO, KD, or overexpressing cells, lentiviruses expressing shRNA, sgRNA,
LINC08148, or Src were packaged in 293T cells. LentiCRISPR v2 carrying sgRNA, pLV-EF1a-
IRES-Blast-LINC08148, or pLV-EF1a-IRES-Blast-Src along with pSPAX2 (Addgene, 12260)
and pVSVG (Addgene, 12259) were co-transfected into 293T cells using FUGENE HD
Reagent (Promega). At 48 h, supernatants were passed through a 0.45-um filter and were
used for gene transduction.
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To obtain bulk knockdown cells, cells were transduced with lentiviruses and were
selected by puromycin (1 ug/mL) for about 1 wk. To select stable LINC08148%° clones,
cells were transferred to 10-cm dishes and were selected with 1 pg/mL of puromycin for
10-14 d to isolate single-cell clones.

To generate overexpression bulk cells, cells were transduced with lentivirus
(pLV-EF10-IRES-Blast-LINC08148 or pLV-EF1a-IRES-Blast-Src), followed by selection by
Blasticidin (15 pg/mL) for 1 wk.

Gene silencing by siRNA

Sequence of siRNA targeting human NRPT was AACACCTAGTGGAGTGATA. Sequence
of siRNA targeting human SP7 was GCAACATGGGAATTATGAA. Control siRNA with
scrambled sequence (siNC) was used as a negative control. siRNAs (16 nmol) were
transfected into cells by using Lipofectamine 2000 Reagent (Invitrogen) according to the
manufacturer’s instructions. At 48 h post transfection, cells were harvested for further
analysis.

Cytoplasm and nuclear RNA fraction assay

Cells were pelleted by centrifugation after washing three times with PBS. Cell pellets
were treated with RLN buffer (50 mmol/L Tris-HCl, pH 8.0, 140 mmol/L NaCl, 1.5 mmol/L
MgCl2, 0.5% [vol/vol] NP-40) on ice for 5 min to lyse plasma membrane. After centrifuga-
tion at 300 X g at 4°C, supernatants containing cytoplasmic extracts were transferred into
new centrifuge tubes for RNA extraction by RNeasy Mini Kit (Qiagen, RY25, Germany),
and the pellets were washed with RLT buffer (RNeasy Mini Kit) and were added with
TRIzol reagent (Invitrogen) for RNA extraction.

CCK8 assay

Cell Counting Kit-8 (CCK8, MCE) reagent (80 pL) was added to cell culture (12-well
plate) and was incubated at 37°C and 5% CO,. After 1-h incubation, the OD value was
measured at 450 nm using a BioTek Instrument (BioTek).

RNA-seq

Total RNAs of Ctrl and LINC08148%° cells were extracted with TRIzol. Three biologi-
cal replicates were performed. RNA quantification and integrity were measured by
Agilent 4200 TapeStation. The libraries were sequenced on an Illumina PE150 platform.
Differential expression analysis was performed using DESeq2 and DEXSeq. Enrichment
of functions and signaling pathways analysis were performed based on GO and KEGG
database.

RIP assay

293T cells were co-transfected with plasmids expressing LINC08148 together with
pcDNA3.1(+) vector, SP1-HA, GRB-HA, HNF1A-HA, or GTF2I-HA fusion proteins by
Lipofectamine 2000 reagent (Invitrogen). At 24 h post transfection, the cells were lysed
in RIP lysis buffer. Immunoprecipitation was carried out using anti-HA agarose (Sigma).
Whole RNA extraction was performed using TRIzol reagent (Invitrogen) and was applied
for gRT-PCR measurement.

Statistical analysis

All statistical analyses of viral RNA levels or viral titers were performed with an unpaired,
two-tailed Student’s t-test. Data were presented as mean + standard deviation (SD).
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