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Avian influenza viruses suppress innate immunity by inducing
trans-transcriptional readthrough via SSU72
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Innate immunity plays critical antiviral roles. The highly virulent avian influenza viruses (AlVs) H5N1, H7N9, and H5N6 can better
escape host innate immune responses than the less virulent seasonal H1N1 virus. Here, we report a mechanism by which
transcriptional readthrough (TRT)-mediated suppression of innate immunity occurs post AlV infection. By using cell lines, mouse
lungs, and patient PBMCs, we showed that genes on the complementary strand (“trans” genes) influenced by TRT were involved in
the disruption of host antiviral responses during AlV infection. The trans-TRT enhanced viral lethality, and TRT abolishment
increased cell viability and STAT1/2 expression. The viral NS1 protein directly bound to SSU72, and degradation of SSU72 induced
TRT. SSU72 overexpression reduced TRT and alleviated mouse lung injury. Our results suggest that AlVs infection induce TRT by
reducing SSU72 expression, thereby impairing host immune responses, a molecular mechanism acting through the NS1-SSU72-
trans-TRT-STAT1/2 axis. Thus, restoration of SSU72 expression might be a potential strategy for preventing AIV pandemics.
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INTRODUCTION

Avian influenza viruses (AlVs) cause sporadic outbreaks and may
result in uncontrolled pandemics because treatment options are
extremely limited [1-4]. The mortality rate in patients infected
with AlVs such as H5N1, H7N9, and H5N6 is higher than that in
those infected with seasonal influenza viruses [5, 6]. Under-
standing the precise mechanisms by which influenza viruses infect
their hosts and how the host immune system responds to these
viruses is important for developing adequate preventive strategies
for pandemics.

Although innate immune responses play critical antiviral roles,
viruses can escape these responses, leading to high mortality rates
[7]. Influenza viruses suppress antiviral innate immune responses,
particularly the interferon (IFN)-B-Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) signaling pathway,
via translation of nonstructural protein 1 (NS1), a multifunctional

immunosuppressive factor [8]. NS1 targets JAK/STAT by reducing
IFN signaling [9], binds to cleavage and polyadenylation specificity
factor 30 (CPSF30), and inhibits mRNA cleavage at the poly(A)
binding site [10]. NS1 interacts with cellular mRNA and the
spliccosome component U6 snRNA, which inhibits the export of
cellular RNAs from the nucleus [11]; inhibits the cellular antiviral 2/-
5’-oligoadenylate synthetase-RNase L pathway, RNA-dependent
protein kinase pathway, and retinoic acid-induced gene |
expression [9, 12, 13]; and upregulates the JAK/STAT inhibitors
SOCS1 and SOCS3 [14, 15]. NS1 could be the factor underlying
viral virulence, as it can potentially inhibit the polyadenylation of
cellular pre-mRNAs [16].

Herein, we report a novel mechanism by which lethal AlVs
might suppress innate immunity, namely, transcriptional read-
through (TRT)-mediated repression of innate immunity. In TRT,
transcription does not faithfully stop at the transcription
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termination site (TTS) but continues, resulting in the synthesis of
RNA transcripts of up to dozens of kilobases [17]. Many studies
have suggested that the RNA polymerase Il C-terminal domain
phosphatase SSU72 is involved in transcription termination [18-
20]; SSU72 was first discovered in a screen for suppressors of
transcription factor IIB in yeast [21] and was shown to be essential
for transcription termination of small nucleolar RNAs and specific
mRNAs in yeast [22]. More recently, ChIP-seq and GRO-seq
analyses revealed that SSU72 has a minor peak in the terminator
region in human embryonic stem cells and thus has a modest
effect on transcription termination [23]. In eukaryotic cells,
transcription is precisely regulated through cleavage and poly(A)
signals [24]. Abnormal TRT has been reported in HIV-1 [25], HSV-1
[26], and Leishmania infections [27] as well as in renal carcinoma
[28] and under osmotic stress [29, 30]; however, the underlying
mechanism is not yet known.

Recent studies have revealed that the influenza A virus NS1
protein induces global transcriptional defects at the 3’ ends of
genes and causes global TRT, which can dysregulate host
transcription [31]. Moreover, NS1-induced TRT may alter the
three-dimensional organization of downstream chromatin [32].
Disruption of transcription termination was shown to be wide-
spread and continuous and to extend from the gene coding
sequence. The presence of RNA polymerase Il in the TRT region
was shown to influence spatial chromatin interactions, and TRT
was shown to be involved in cohesion-mediated interactions of
chromatin with gene bodies [32]. Here, we explored the functions
of TRT in innate immune responses and immune escape upon AlV
infection.

MATERIAL AND METHODS

Ethics statement

All procedures in studies involving human participants were performed in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. The study was approved by
the Ethics Committees, and verbal informed consent was obtained from all
patients or family members of patients.

All animal studies were conducted following the National Guidelines for
the Care of Laboratory Animals and performed in accordance with
institutional regulations and with the approval of experimental protocols
by the Institutional Animal Care and Use Committee of the Institute of
Military Veterinary, Academy of Military Medical Sciences.

Cell lines and cell culture

The human lung adenocarcinoma cell lines A549 and H1650, human
cervical adenocarcinoma cell line Hela, and human embryonic kidney cell
lines HEK293 and HEK293T were purchased from the American Type
Culture Collection (ATCC; Rockville, MD, USA). Adult human pulmonary
fibroblast (HPF-a) cells were purchased from ScienCell Research Labora-
tories (ScienCell Research Laboratories, Inc., Carlsbad, CA, USA).
Madin-Darby canine kidney (MDCK) cells, the THP-1 human acute
monocytic leukemia cells, and Jurkat human T lymphocyte cells were
purchased from the Peking Union Medical College Cell Culture Center
(Beijing, China).

A549 cells were cultured in Ham's F-12 medium (HyClone Laboratories,
Inc, South Logan, UT, USA); MDCK, H1650, Hela, HEK293, and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Thermo Fisher Scientific, Inc, Waltham, MA, USA);
peripheral blood mononuclear cells (PBMCs), THP-1, and Jurkat cells were
cultured in RPMI-1640 medium (HyClone Laboratories; cat. no.
SH30027.01); and HPF-a cells were cultured in fibroblast medium
(ScienCell Research Laboratories; cat. no. 2301). Ham'’s F-12 medium,
DMEM, and RPMI-1640 medium were supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 mg/mL).
Fibroblast medium was supplemented with 10 mL of FBS, 5mL of
fibroblast growth supplement, penicillin (100 U/mL), and streptomycin
(100 mg/mL). All cell types were cultured in a 37 °C incubator in 5% CO,.
Poly--lysine-coated culture vessels (2 ug/cm?) were used to culture HPF-
a cells.
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Viruses

The A/New Caledonia/20/1999(H1N1) influenza virus and A/chicken/Jilin/9/
2004(H5N1) influenza virus were obtained from the Institute of Military
Veterinary Medicine, Academy of Military Medical Sciences. The A/Beijing/
CAS0001/2009(H1N1),  A/Beijing/CAS0001/2007(H3N2), A/Anhui/1/2005
(H5N1),  A/Shenzhen/Th002/2016(H5N6), and  A/Anhui/1/2013(H7N9)
viruses were obtained from CAS Center for Influenza Research and Early-
warning (CASCIRE). All live virus experiments were performed at biosafety
level 3 facilities following governmental and institutional guidelines.
Viruses were propagated by inoculation into 10- to 11-day-old specific-
pathogen-free (SPF) embryonated chicken eggs via the allantoic route.
Allantoic fluid (AF) was collected from the eggs after 2-3 days of incubation
at 37°C; the viral titer was determined in MDCK cells by using the
Reed-Muench method and is expressed as TCIDso per milliliter as
previously described [33]. The titrated viruses were stored at —80 °C.

Separation of PBMCs

Blood samples were collected from patients with pneumonia and healthy
controls at Peking Union Medical College Hospital. Blood samples from
H1NT1-infected patients were collected at the General Hospital of the PLA.
In addition, blood was also obtained from patients admitted to Shenzhen
Third People’s Hospital with avian influenza (H5N6/H7N9) infection
(detailed patient information is shown in Supplementary Table 2). Four
samples from H7N9-infected patients and eleven samples from H7N9-
infected patients were collected during the first and second weeks of
disease onset, respectively. Eleven samples from H7N9-infected patients
were collected more than two weeks after disease onset. Written informed
consent was obtained from all individuals.

Blood samples were collected into EDTA anticoagulant tubes, and
PBMCs were isolated using Lymphoprep (STEMCELL Technologies Inc.,
Kent, WA, USA) according to the manufacturer’s instructions (STEMCELL
Technologies; cat. no. 07851).

RNA-seq and data analysis
Total RNA was extracted from cells or tissues by using Invitrogen TRIzol
Reagent (Life Technologies Corporation, Carlsbad, CA, USA). RNA libraries
were constructed and sequenced on the lllumina HiSeq 2500 platform
(PE125). All RNA-seq analyses were performed by strand-specific tran-
scriptome sequencing with the deoxy-UTP (dUTP) strand marking protocol.
We used FastQC (version 0.11.2) to control the read quality of the RNA-
seq data. Bowtie2 (version 2.1.0) and TopHat2 (version 2.0.11) were used to
align strand-specific paired-end RNA-seq reads from human cell lines,
PBMCs, and tissue samples from patients infected with seasonal HIN1 or
avian-origin H7N9/H5NG6 influenza A virus to the human genome (version
hg19, http://hgdownload.cse.ucsc.edu/downloads.html).  Strand-specific
paired-end RNA-seq reads from mouse tissue samples were mapped to
the mouse genome (version mmc10, http://hgdownload.cse.ucsc.edu/
downloads.html). Influenza A virus genomic coding sequences (ftp://ftp.
ncbi.nih.gov/genomes/INFLUENZA/) encoding neuraminidase (NA) and
hemagglutinin (HA) were used to confirm viral infection in cell lines and in
mouse and human tissue samples. Cufflinks (version 2.2.1) was used to
assemble transcription units and calculate gene expression levels in
fragments per kilobase of exon model per million reads mapped (FPKM).
We used Cuffmerge (version 2.2.1) and Cuffdiff (version 2.2.1) to compare
the FPKM levels between samples.

TRT definition
TRT genes are defined as genes with abnormal transcription in which the
abnormal transcription signal has passed the TTS. We defined TRT-influenced
genes as the nearest downstream genes influenced by TRT genes.

TRT can affect the expression of the nearest downstream genes via two
mechanisms: affecting the TRT-influenced gene encoded on the same DNA
strand (cis-TRT) or that encoded on the complementary DNA strand (trans-TRT).

Calculation of TRT gene expression
We filtered 11,784 cis-gene pairs and 5052 trans-gene pairs from the
human genome.

The standard for cis-TRT genes was calculated as follows:

(1) The cis-TRT gene expression FPKM value was greater than 2.
(2) The fold change (FC) in the expression level of the cis-TRT region
was greater than 5 (upregulated) relative to the control group.
FC in the expression of a cis-TRT region = V(X;)/V(Xy),
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i=1,2,3,..., n. (number of cis-genes)

j=1,2,3,..., m (number of genes in the test group)
where V, (X) represents the expression level of the cis-TRT region of
a part|cular gene X in one of the test groups and V.(X,) represents
the expression level of the cis-TRT region of a particular gene X in
the control group.

The standards for trans-TRT genes calculated from trans-gene pairs were
similar to those for cis-TRT genes, as follows:

(1) The trans-TRT gene expression FPKM value was greater than 2.
(2) The FC in the expression level of the trans-TRT region was greater
than 5 (upregulated) relative to that in the control %roup
FC in the expression of a trans-TRT region = V(Y;")/Vi( Yoh,
k=1, 2, 3,..., n; (number of trans-genes)
j=1,2, 3 ., m (number of genes in the test group)
where V(Y; X) represents the expression level of the trans-TRT reg|0n
of a partlcular gene Y in one of the test groups, and V,(Yy")
represents the expression level of the trans-TRT region of a particular
gene Y in the control group.

Calculation of TRT region expression
Cis-TRT region expression levels were calculated using the following
formula: ) )

VeX) = ROONT: x LX), i=1, 2, 3,..., nc (number of cis-genes) where
V(X)) represents the expression level of the cis-TRT region of a particular
gene X; R(X)) represents the RNA-seq read count mapped to the cis-TRT
region; T, represents the total RNA-seq read count (in millions) mapped to
all 11,784 cis-gene pairs and cis-TRT regions; and LX) denotes the length
(in kb) of the cis-TRT region, which extends from the TTS of the cis-TRT
gene to the TTS of the nearest cis-TRT-influenced gene on the same DNA
strand.

The following formula was used to calculate trans-TRT region expression
levels:

ViY) = Ry (YO/(T, x L(Y9), k=1, 2, 3,..., n; (number of trans-genes)
where V,(Yk) represents the expression level of the trans-TRT region of a
particular gene Y; R,(Y¥) represents the RNA-seq read count mapped to the
particular trans-TRT region; T; represents the total RNA-seq read count (in
millions) mapped to all 5052 trans-gene pairs and trans-TRT regions; and
L(Y®) denotes the length (in kb) of the trans-TRT region, which starts at the
TTS of the trans-TRT gene and extends to the TTS of the nearest trans-TRT-
influenced gene on the complementary DNA strand.

Calculation TRT-influenced gene expression
We selected cis-TRT-influenced genes from the cis-gene pairs based on the
following criteria:

(1) The expression level of the cis-TRT-influenced gene in the control
group was greater than 2.
(2) The expression of the cis-TRT-influenced gene was downregulated
with a FC of >1.5 relative to that in the control group. ) )
FC in the expression of a cis-TRT-influenced gene = F(Py)/FAP }),
i=1,2,3,..., n. (number of cis-genes)
j=1,2,3,..., m (number of genes in the test group)
where F(P ;) represents the expression level of a cis-TRT-influenced
gene of a particular gene P in one of the test groups, and F.(P,)
represents the expression level of the cis-TRT-influenced gene of a
particular gene P in the control group.
(3) The expression of the cis-TRT region was upregulated with a FC of
>5 relative to that in the control group. The same criteria used for
cis-TRT genes were used.

We used the following criteria to select trans-TRT-influenced genes from
the trans-gene pairs:

(1) The expression level of the trans-TRT-influenced gene in the control
group was greater than 2.

(2) The expression level of the trans-TRT-influenced gene was down-
regulated with a FC of >1.5 relative to that in the control group.

FC in the expression of a trans-TRT-influenced gene = F,(QO")/

F{Q )

=1,23,..

j=1,23,..

-
=

, ny (number of trans-genes)
m (number of genes in the test group)
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where F,(Qj ) represents the expression level of a trans-TRT-influenced
gene of a particular gene Q in one of the test groups, and F(Q.)
represents the expression level of a trans-TRT-influenced gene of a
particular gene Q in the control group.

(3) The expression of the trans-TRT region was upregulated with a FC of
>5 relative to that in the control group. The same criteria used for
trans-TRT genes were used.

Analysis of gene profiles and RNA-seq coverage

We used BEDtools (version 2.23.0) to analyze gene profiles. We screened for
genes without genes on the complementary DNA strand to identify
downregulated differentially expressed genes (DEGs) (FC > 2) between the
virus-infected and control groups. We divided the gene body (the region
between the transcription start site (TSS) and TTS) of each DEG into 60
equally sized bins and then added the flanking antisense strand regions 4 kb
upstream of the TSS and 4 kb downstream of the TTS in 100-bp windows.
The normalized expression levels in each bin or window were calculated
using Python (version 2.7.3, https://www.python.org/) and its default package
NumPy. For the trans-gene pairs GLS-STATT and IL23A-STAT2, RNA expression
levels in the gene bodies, intergenic regions, and gene flanking regions
upstream of the TSSs were combined into 50-bp windows.

Gene functional enrichment analysis

We used MetaCore (Thomson Reuters, Philadelphia, PA, USA) software for
functional and pathway enrichment analyses of TRT-influenced genes.
Two-tailed P values and Benjamini-Hochberg-adjusted P values of < 0.05
were considered statistically significant.

PTM analysis

A549 cells were treated with the A/chicken/Jilin/9/2004 (H5N1) virus at a
multiplicity of infection (MOI) of 4 or with an equal volume of vehicle for
18 h and were then washed with phosphate-buffered saline (PBS). Disulfide
bonds in equal amounts of protein lysate (10 mg/sample) were reduced by
adding dithiothreitol (DTT) to a final concentration of 4.5 mM. Each sample
was then mixed in the well and was placed in a 55 °C incubator for 30 min.
The solution was briefly cooled on ice to room temperature, and
iodoacetamide solution (100 mM, one-tenth volume) was then added to
a final concentration of 10 mM. The sample was sufficiently mixed,
incubated for 15 min at room temperature in the dark, and diluted 4-fold
with 20mM HEPES buffer (pH 8.0) to a final urea concentration of
approximately 2 M. Subsequently, a one-hundredth volume of a 1 mg/mL
trypsin-TPCK (Worthington, LS003744) stock solution in T mM HCI was
added, and the mixture was digested overnight at RT with mixing. After
digestion, a one-twentieth volume of 20% trifluoroacetic acid (TFA) was
added to the digested sample to a final concentration of 1%. The pH was
checked by spotting a small amount of the peptide sample onto a pH strip
to ensure that the pH was less than 3. After acidification, a precipitate was
allowed to form by maintaining the sample on ice for 15 min. The acidified
peptide solution was then centrifuged at 1780 x g for 15min at room
temperature. The peptides in the digested sample were cleaned by
passing the acidified sample through a C18 Sep-Pak cartridge (WAT051910;
Waters) and eluting with 10 mL of 40% acetonitrile in 0.1% TFA. The eluted
peptide solution was frozen overnight at -80°C and subjected to
lyophilization for 2 days.

An affinity matrix was prepared by incubating a ubiquitin branch motif
antibody (Cell Signaling Technology; cat. no. 3925) with 30 pL of protein
A-agarose beads (Roche Inc, Little Falls, NJ, USA). The samples were
washed four times with 1x PBS after antibody binding. The lyophilized
peptides were dissolved in 1.4 mL of 1x IAP buffer [50 mM MOPS, 10 mM
sodium phosphate, and 50 mM sodium chloride (pH 7.2)]. The peptide
solution was cleared by centrifugation at 10,000 X g for 5 min at 4 °C. The
antibody beads were mixed with the peptide solution, and the mixture was
incubated at 4 °C for 2 h. After immunoprecipitation, the supernatant was
removed, and the beads were washed three times with 1 mL of 1x IAP
buffer and three times with 1 mL of HPLC-grade water. The enriched
peptides were eluted from the antibody beads by incubation in 50 uL of
0.15% TFA for 10 min at room temperature with gentle mixing; the elution
step was then repeated, and the eluents were combined.

The enriched peptides were cleaned in a StageTip made in-house by
placing two layers of C18 Empore™ material into a 10 uL pipette tip. The
StageTip was equilibrated by passing 50 puL of 50% acetonitrile (ACN) in
0.1% TFA, followed by two passages of 50 uL of 0.1% TFA, through the tip
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by centrifuging the tip at 1500 x g for 1 min. The eluted peptide solution
was passed through the StageTip by two rounds of centrifugation at 1500 x
g for 2 min each, and the StageTip was then washed twice in 50 pL of 0.1%
TFA by centrifugation at 1500 x g for 1 min each. The peptides were eluted
from the StageTip by passing 10 pL of 40% ACN in 0.1% TFA through the tip
by two rounds of centrifugation at 750 x g for 1 min each. The eluent was
then dried under vacuum.

Each sample was dissolved in 12 pL of 0.125% formic acid and separated
on a reverse-phase C18 column (75 um inner diameter x 10 cm) packed into
a PicoTip emitter (approximately 8 um inner diameter) with Magic C18 AQ
(100A x 5 pum; New Objective). Each sample was split, and analytical replicate
injections were run to increase the number of identifications and provide
metrics for analytical reproducibility of the method. A standard peptide mix
(MassPREP™ Protein Digestion Standard Mix 1; Waters) was spiked into each
sample (total amount, 100 fmol; 33 fmol per injection) before LC-MS/MS
analysis on an Orbitrap Elite mass spectrometer coupled to an Easy-nLC
1000 system. The peptides in each sample were separated with a linear
gradient from 2% to 32% ACN over 90 min, and both MS and MS/MS data
were acquired in centroid mode. For precursor analysis, the Orbitrap
resolution was set to 70,000 with an AGC target of 1e [6] and a scan range of
300 to 1500 m/z. The top 20 precursors were selected for MS/MS analysis
during each duty cycle with a normalized collision energy of 35.

Generation and identification of recombinant viruses
Recombinant viruses were generated by reverse genetics, as previouse
study [34]. In brief, eight gene segments from an A/Puerto Rico/8/1934
(HIN1) (PR8) or PR8 backbone with the NS sequence from the A/New
Caledonia/20/1999(H1N1) virus or A/chicken/Jilin/9/2004(H5N1) virus were
individually inserted into dual-promoter plasmids. MDCK and HEK293T cells
were then cocultured at a ratio of 1:5 and transfected with 0.5 ug of each of
the plasmids along with 10 uL of Lipofectamine 2000 (Thermo Fisher
Scientific; cat. no. 11668019) in 1mL of Opti-MEM (Invitrogen). After
incubation for 6 h at 37 °C, the transfection mixture was removed, and 1 mL
of Opti-MEM containing 2 pg/mL tosylsulfonyl phenylalanyl chloromethyl
ketone-treated trypsin (Worthington Biochemical Corporation, USA)
was added. After 48 h, the cell supernatant was inoculated into 9-day-old
SPF chicken embryos to produce stock viruses. The rescued viruses were
named as PR8 witld type (wt), PR8-+H1N1-NS1, and PR8-+H5N1-NS1,
respectively. Each viral segment was amplified by quantitative reverse
transcription PCR (RT-gPCR) and sequenced to confirm the identity of
the virus.

Viral infection

In all experiments, cells were infected with virus at an MOI of 4. Controls
were treated with an equal volume of AF. A549 cells were seeded into 12-
well plates at a density of 3 x 10° cells per well. The cells were infected with
the A/New Caledonia/20/1999(H1N1), A/chicken/Jilin/9/2004(H5N1), A/
Beijing/CAS0001/2009(H1N1), A/Beijing/CAS0001/2007(H3N2), A/Anhui/1/
2005(H5N1), A/Shenzhen/Th002/2016(H5N6), and A/Anhui/1/2013(H7N9)
viruses and the following three recombinant viruses: the PR8 wt, the PR8
+H1N1-NS1, and the PR8-+H5N1-NS1.

H1650, HEK293, HEK293T, HPF-a, and Hela cells were collected 24 h after
infection with A/New Caledonia/20/1999(H1N1) or A/chicken/Jilin/9/2004
(H5N1), whereas THP-1 and Jurkat cells and PBMCs were collected 24 h
after infection with A/New Caledonia/20/1999(H1N1) or A/chicken/Jilin/9/
2004(H5N1).

Plasmids

Ten protein-coding fragments of the H5N1 virus (PB1, PB2, PA, HA, NA, M1,
M2, NS1, NS2, and NP) were optimized for cDNA synthesis by using high-
frequency human codons as previously described [35]. Each of these
fragments was then fused to a Flag tag at the C-terminus and inserted into
the Peak13 vector (provided by B. Seed, Harvard Medical School, Boston,
MA, USA). The protein-coding fragments of the A/New Caledonia/20/1999
(HIN1) virus were constructed using the same method.

Full-length cDNAs encoding human SSU72 (NCBI Reference Sequence:
NM_014188.2) were amplified by PCR from a cDNA library generated from
A549 cells. The SSU72-Myc plasmid contained the full-length coding
sequence of SSU72 without a stop codon and the Myc-tag sequence
inserted into the Peak13 vector. The NS1-green fluorescent protein (GFP)
plasmid contained the protein-coding fragments of H5N1 NS1 fused to
GFP, which was also inserted into the Peak13 vector. All gene products
were verified by DNA sequencing (Invitrogen, Beijing, China).
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The psPAX2 (Addgene, Watertown, MA, USA; cat. no. 12260), pMD2.G
(Addgene; cat. no. 12259), lentiGuide-Puro (Addgene; cat. no. 52963), pHR-
SFFV-dCas9-BFP-KRAB (Addgene; cat. no. 46911), and lenti-dCAS-VP64_Blast
(SAM) (Addgene; cat. no. 6142) plasmids were purchased from Addgene.

SSU72 overexpression and knockdown

For SSU72 overexpression, A549 cells were transfected with a control
plasmid or a plasmid encoding human SSU72 by using X-tremeGENE HP
DNA Transfection Reagent (Roche; cat. no. 6366236001) for 60 h according
to the manufacturer's instructions and were then infected with the A/
chicken/Jilin/9/2004(H5N1) virus at an MOI of 4 for 48 h or treated with an
equal volume of vehicle.

For SSU72 knockdown, A549 cells were transfected with control siRNA
(RiboBio) or an SSU72-specific siRNA (5-GACTCACGTGAAGCTTCCA-3") by
using RNAIMAX transfection reagent (Thermo Fisher Scientific; cat. no.
13778075) according to the manufacturer’s instructions and were then
treated for 48 h with the A/New Caledonia/20/1999(H1N1) virus, the A/
chicken/Jilin/9/2004(H5N1) virus, or an equal volume of AF.

Expression of viral protein fragments

HEK293T cells were transfected for 48 h with plasmids containing 10
protein-coding fragments (PB1, PB2, PA, NP, HA, NA, M1, M2, NS1, and NS2)
from the H5N1 virus or A/New Caledonia/20/1999(H1N1) virus.

CRISPRi cell lines

Monoclonal cell lines expressing dCas9 and control gRNA or a gRNA
targeting GLS-TRT or IL23A-TRT were seeded into 12-well plates (for RNA
extraction and protein expression analysis) or 96-well plates (for cell
viability assays) at a density of 1 x 10* cells per well. After 24 h, the cells
were challenged with the A/New Caledonia/20/1999(H1N1) virus or A/
chicken/Jilin/9/2004(H5N1) virus at an MOI of 4 or treated with an equal
volume of vehicle. RNA and proteins were extracted from the 12-well
plates 3, 6, 12, 18, and 24 h after infection.

Cell viability assay

Cell viability was determined at 24 h or 48 h after infection using an [(3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium)] (MTS) assay (Promega Biosciences Inc., San Luis Obispo,
CA, USA; cat. no. G3582).

Fluorescence in situ hybridization

In situ hybridization of the GLS-TRT region (440 bp) and IL23A-TRT region
(925 bp) was performed using a GLS-TRT probe (5-AAGCGAATGCTATTCC-
CACG-3/) and an [L23A-TRT probe (5-GCTGATTGTTGGCAAAGCC-3/),
respectively. Each probe was labeled with Cy3 at the 5’ end.

A549 cells grown on coverslips were treated with the A/New Caledonia/20/
1999(H1N1) virus, the A/chicken/Jilin/9/2004(H5N1) virus, or an equal volume
of vehicle for 24 h; washed twice with PBS; and fixed with 4% (v/v)
paraformaldehyde for 20 min. After fixation, the cells were permeabilized
with proteinase K in PK buffer [0.5 M EDTA, 1 M Tris-HCl (pH 7.4-7.5), and 20
mg/mL proteinase K] for 10 min and treated with 0.1 M triethanolamine for
10 min. After rinsing in PBS buffer, the cells were prehybridized in
hybridization buffer (50% formamide, 5x SSC, 5x Denhardt’s solution, 250
pg/mL yeast RNA, and 500 ug/mL salmon sperm DNA) at RT for 1h in a
hybridization box. The prehybridization buffer was replaced with hybridiza-
tion solution (containing 1 nNM RNA probe), and the cells were incubated at
55 °C overnight. The cells were then washed three times with 0.2x SSC for 20
min at 40 °C, once with 0.2x SSC for 5 min at RT, and twice with Buffer B1 [0.1
M Tris-HCl (pH 7.4-7.5) and 150 mM NaCl] for 5 min at room temperature.
Finally, the cells were washed twice with PBS and mounted with ProLong
Gold Antifade Reagent (Thermo Fisher Scientific; cat. no. P10144) and DAPI
(Thermo Fisher Scientific; cat. no. D3571). Image acquisition and analysis were
performed using a Zeiss LSM780 confocal microscope system (Thornwood,
NY, USA). Fluorescence was semiquantitatively assessed on the basis of the
mean fluorescence intensity (MFI) of each cell.

Immunofluorescence studies

HEK293T cells were grown on glass chamber slides; transfected with the
SSU72-Myc, SSU72-Myc, and GFP, or SSU72-Myc and NS1-GFP expression
plasmids (0.2 pg/well in 48-well plates); and fixed after 48 h with 4% (v/v)
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paraformaldehyde for 20 min. After fixation, the cells were washed with
PBS buffer and were then permeabilized with 0.1% Triton X-100 for 10 min.
After the cells were washed with PBS buffer, they were blocked with
blocking buffer (containing 5% bovine serum albumin) at room
temperature for 1 h. SSU72-Myc was detected by staining the cells with
an anti-Myc mAb (1:2000; Cell Signaling Technology, cat. no. 2276) and an
Alexa Fluor 568 goat anti-mouse (IgG) secondary antibody (1:1000; Abcam
Inc,, Cambridge, MA, USA; cat. no. ab175473). Nuclei in all cells were
labeled with Hoechst 33258 (1 ng/mL). Image acquisition and analysis were
performed using a Zeiss LSM780 microscope.

Lentivirus production

HEK293T cells were cultured in 15-cm plates to 70-80% confluence
(approximately 1.5 x 107 cells). Then, they were cotransfected with 15
ug of the lentiviral plasmid, 15 pg of the psPAX2 plasmid (Addgene; cat.
no. 12260), and 10 pg of pMD2.G plasmid (Addgene; cat. no. 12259) in
the presence of a DNA transfection reagent (NEOFECT, Beijing, China).
After 18 h, the medium was replaced with 25 mL of fresh complete
medium. The supernatant was harvested at 48 h and 72 h, centrifuged
at 1000 rpm and 4 °C for 10 min to remove cells, and filtered through a
0.45-um filter to remove debris. Finally, the supernatant was
ultracentrifuged at 120,000 x g for 2 h at 4°C, the supernatant from
this step was removed, and the precipitate was dissolved in PBS and
stored at —80 °C.

Generation of SSU72 transgenic mice

SSU72-overexpressing mice were generated by Cyagen Biosciences
(Guangzhou, China) and were then bred at the Institute of Basic Medical
Sciences, Peking Union Medical College. All mice were housed in an SPF
facility, and animal experiments were conducted at the Institute of Military
Veterinary Medicine, Academy of Military Medical Sciences, in accordance
with governmental and institutional guidelines.

In brief, C57BL/6J mouse embryos were injected with the pRP:EXSi-EF-
1a-SSU72 vector containing a fragment of the mouse SSU72 gene. Pups
were screened by PCR by using primers targeting SSU72 (forward: 5-
GCTTTTGGAGTACGTCGTCTTTAGGT-3; reverse: 5-CCATGCTCCGATTCTGGT-
TACTCG-3) and Western blotting with an antibody to confirm the insertion
of the SSU72 fragment and SSU72 overexpression in the lungs.

Viral infection in SSU72 transgenic mice

Lung injury was induced via intratracheal instillation of the A/chicken/Jilin/
9/2004 (H5N1)virus (10° TCIDsg) as previously described [36]. Control mice
were treated with an equal volume of AF. Mice were killed 3 days after
infection, and RNA was extracted from lung tissue for RNA-seq and RT-
qPCR to detect viral replication. The lung viral titer was determined as
previously described [33]. In addition, lung injury was assessed by
pathological examination. Survival data were obtained and plotted on
Kaplan-Meier survival curves.

Assessment of lung injury
The wet lung weight was determined to assess pulmonary edema, and the
lungs were then dried in an oven at 65 °C for 24 h to determine the dry weight.
For assessment of inflammatory injury, the lungs were removed from
the thoracic cavity and fixed in a glass vial with 50 mL of formalin for at
least 72 h. The fixed tissues were then embedded in paraffin, coronally
sectioned, and mounted on glass slides by using standard techniques. The
sections were stained with hematoxylin and eosin and examined by three
independent pathologists who were blinded to the treatments and
genotypes. Inflammatory cells were counted in 100 microscopic fields per
slide, and lung injury was scored [37] based on the alveolar wall thickness,
presence of hyaline membranes, and filling of the airspaces with
proteinaceous debris. The score ranged from 0 to 1, where X indicated
severe injury and Y indicated normal tissue.

Western blot analysis

Cells or tissues were homogenized in ice-cold RIPA lysis buffer [50 mM Tris-HCI
(pH 7.5), 150 mM NadCl, 1.0% Triton X-100, 20 mM EDTA, 1 mM NazVO,, 1 mM
NaF, and protease inhibitors], and proteins were loaded onto a gel for
electrophoretic separation and transferred onto nitrocellulose membranes.
The membranes were sequentially incubated with primary antibodies
(described below) and horseradish peroxidase-conjugated secondary anti-
bodies (MultiSciences Lianke Biotech Co., Hangzhou, China). Antibody binding
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was visualized using a Kodak detection system and analyzed using Quantity
One software. Primary antibodies specific for the following proteins/peptides
were used: SSU72 (1:1000; Cell Signaling Technology, cat. no. 12816) and
STAT1 (1:500; Cell Signaling Technology, cat. no. 9172), STAT2 (1:500; Bethyl
Laboratories, Inc,, Montgomery, Texas, USA; cat. no. A303-512A-M), Flag tag
(rabbit, 1:5000; MultiSciences; cat. no. LK-ab002-100), DDDDK tag (mouse,
1:5000; MBL Inc,, Ottawa, ON, Canada; cat. no. M185-3 L), 3-actin (1:10000;
Sigma Aldrich, Saint Louis, MO, USA; cat. no. A5441), and CRISPR/Cas9
(polyclonal; Diagenode Inc., Denville, NJ, USA; cat. no. C15310258).

Quantitative reverse transcription PCR (RT-qPCR) analysis
cDNA was synthesized from 1.5 ug of total RNA by using a High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific; cat. no. 4368814),
and RT-gPCR was performed using a LightCycler 480 SYBR Green | Master
Kit (Roche; cat. no. 04707516001) on a LightCycler 480 PCR system.
RT-gPCR products were confirmed by sequencing. Expression levels in
mice were normalized to 3-actin, and expression levels in human samples
were normalized to glyceraldehyde 3-phosphate dehydrogenase. The
primers used for RT-qPCR are listed in Table S1.

CRISPRi

The target sequence was cloned into the lentiGuide-Puro backbone
(Addgene; cat. no. 52963), and two oligonucleotides were generated by
BsmBI digestion. Targets were defined using http://crispr.mit.edu to design
the gRNA sequence. The KRAB domain from pHR-SFFV-dCas9-BFP-KRAB
(Addgene; cat. no. 46911) was cloned into the BamHI and BsrGl sites in the
lenti-dCAS-VP64_Blast (SAM; Addgene; cat. no. 6142) backbone, which
features VP64 domain deletion. The following primers were used: GLS-TRT
gRNA forward, 5-CACCGAGGACGTAGAACAACAGCGC-3’ and reverse, 5-AAA
CTCCTGCATCTTGTTGTCGCGC-3 and IL23A-TRT gRNA forward, 5-CACCGC
CCCTGGTGTATAGAATAAC-3" and reverse, 5-AAACGTTATTCTATACACCA
GGGGC-3". The lentiGuide-sgRNA-Puro and lenti-dCAS-KRAB vectors were
packaged into lentiviruses. A549 cells were infected with the lenti-dCAS-KRAB
lentiviruses, and monoclonal cell lines were screened for transductants
showing stable dCAS9 protein expression. Stably transduced dCas9-
expressing cells were infected with lentivirus expressing control gRNA, GLS-
TRT gRNA, or IL23A-TRT gRNA for 48h and were then incubated with
puromycin (2 ug/mL) to screen for monoclonal cell lines.

Chromatin immunoprecipitation

Chromatin was sonicated using a Bioruptor Plus Sonicator with 10 high-
power pulse cycles (15 s on and 15 s off) according to the protocols for the
EZ-Magna ChIP A Kit (Millipore, Burlington, MA, USA; cat. no. 17-408).
Fragmented chromatin was diluted with ChIP dilution buffer [0.01% SDS,
1.1% Triton X-100, 1.2mM EDTA, and 16.7 mM Tris-HCl (pH 8.1)] and
incubated with 2 L of a Cas9-ChIP-grade antibody (Diagenode; cat. no.
C15310258) overnight at 4°C on a rotator. Next, 20 uL of protein A/G
magnetic beads (Millipore; cat. no. 16-663) was added, and the samples
were incubated with rotation for 2 h at 4 °C. The beads were then washed
twice with each of the following buffers: low-salt immune complex wash
buffer [0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HCl (pH 8.1),
and 150mM NaCl], LiCl wash buffer [0.25M LiCl, 1% NP-40, 1%
deoxycholate, T mM EDTA, and 10 mM Tris-HCI (pH 8.1)], and TE (10 mM
Tris-HCl and 1 mM EDTA, pH 8.0). Chromatin was eluted by incubation with
elution buffer (0.2% SDS and 0.1 M NaHCO; supplemented with fresh 5
mM DTT) at 65 °C for 120 min. After reversal of crosslinking, the samples
were digested with proteinase K and RNase, and DNA was extracted by
ethanol precipitation.

Nuclear protein extraction and immunoprecipitation

HEK293T cells were transfected with a plasmid expressing Flag-tagged NS1
from the H5N1 virus or with control plasmid and cultured in 10-cm dishes.
After 48h, nuclear proteins were extracted using a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology, Jiangsu,
China; cat. no. P0028).

Nuclear proteins were incubated with an anti-Flag or isotype control
antibody (Beyotime Biotechnology, China) at 4 °C overnight on a rotator.
Next, 20 uL of protein A-agarose beads (Santa Cruz, CA, USA; cat. no.
5c2001) was added, and the mixture was incubated for an additional 2 h at
4 °C. The beads were then washed five times with TBS buffer [50 mM Tris-Cl
(pH 7.5) and 150 mM NaCl] and boiled for 5min in 60 pL of 2x loading
buffer. Protein samples were loaded onto a 10% SDS-polyacrylamide gel
for electrophoretic separation, and proteins were then transferred onto a
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nitrocellulose filter membrane. The membrane was blocked in 5% (m/v)
nonfat milk in TBS-Tris buffer and sequentially incubated with primary
antibodies (see the antibodies used for Western blot analysis described
above) overnight and horseradish peroxidase-conjugated secondary
antibodies for 1 h. Secondary antibody binding was detected using a film
exposure detection system (Kodak, Rochester, NY, USA). Detection of a
second primary antibody was performed by stripping the nitrocellulose
membrane with stripping buffer (1% SDS and 25 mM glycine, pH 2.0) and
then incubating it with another primary antibody.

Statistical analysis

SPSS 16.0 for Windows (IBM, Chicago, USA) was used for statistical
analyses. We used the one-sample Kolmogorov-Smirnov test to test for
normality. ANOVA was used to determine intergroup differences in
normally distributed data, the Mann-Whitney U test was used to
determine intergroup differences in skewed data, and the chi-squared
test was used to determine differences in categorical data. Pearson’s or
Spearman’s rank linear correlation analysis was used to analyze the
relationships between cell viability and TRT, and a least squares second-
order polynomial was used to fit nonlinear relationships between the gene
count and cell viability or viral replication. The Benjamini-Hochberg
correction was used to correct for multiple testing in R software. A two-
tailed P value of <0.05 was considered statistically significant.

RESULTS

TRT induced by AIV infection is associated with cell lethality
To explore the transcriptional changes induced by influenza A
virus infection, we performed RNA-seq on human A549 lung
carcinoma cells infected with HIN1, H5N1, or H7N9 virus. TRT was
higher in cells infected with AIVs (H5N1 and H7N9) than in control
cells, but no significant difference was detected between HIN1-
infected cells and control cells (Figs. 1A and S1A-C). The number
of genes with TRT was higher in H5N1- and H7N9-infected cells
than in HIN1-infected cells (Fig. 1B).

TRT was negatively correlated with cell viability and positively
correlated with H5N1 and H7N9 virus replication (Fig. S1D-G). In
experiments involving PBMCs, human cancer cell lines (A549,
H1650, and Hela), kidney cell lines (HEK293 and HEK293T), a
human acute monocytic leukemia cell line (THP-1), a human T
lymphocyte cell line (Jurkat), and a primary fibroblast line (HPF-a),
infection with H5N1 was associated with a higher TRT level than
infection with HIN1, except in Hela cells, in which AIV infection
was minimally detected (Fig. STH, I). These findings suggest that
TRT may be negatively correlated with the viability of influenza A
virus-infected cells (Fig. S1J).

TRT represses host antiviral gene expression

To determine the potential roles of TRT in AIV infection, we
performed correlation analysis between TRT levels and down-
regulated DEGs in infected A549 cells. Because TRT spans the
promoter and coding regions of cis- and trans-genes, it might
affect the expression of downstream genes on the same DNA
strand (cis-TRT; Fig. S2A) or on the complementary DNA strand
(trans-TRT; Fig. S2B). To determine which genes were the most
strongly influenced by AlV infection, we calculated the correlations
between TRT levels and cis- and trans-gene expression levels
(Figs. 1C and S2C). Trans-gene expression was more strongly
correlated with cell infection than cis-gene expression, indicating
that TRT might specifically regulate the expression of genes on the
complementary strand in infected cells.

The number of trans-TRT-influenced genes in H5SN1- and H7N9-
infected cells was substantially increased at 12 h after infection
(Fig. 1D). Furthermore, the number of trans-TRT-influenced genes
was positively correlated with viral replication and negatively
correlated with cell viability in H5N1-infected cells (Fig. S2D, E),
suggesting that TRT is correlated with viral lethality.

Functional analysis of genes influenced by trans-TRT showed
that among the viral strains, H5N1 infection resulted in the
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greatest dysregulation of genes involved in innate immunity
(Fig. 1E) and that H7N9 infection also affected immune gene
expression (Fig. S2F). These results suggested that trans-TRT-
related genes might be responsible for the high lethality
associated with H5N1 virus infection and contribute to the
disruption of host innate immunity.

Trans-TRT during H5N1 infection resulted in the greatest decreases
in the expression of STATT and STAT2, which are associated with the
IFN-o/B signaling pathway. We performed fluorescence in situ
hybridization by using probes targeting the TRT regions downstream
of the TTSs in GLS and IL23A (their sequences are shown in Table S1),
which correspond to the trans-TRT positions in STATT and STAT2, and
then performed RT-qPCR with primers targeting the TRT regions to
confirm that TRT caused transcription to continue past the TTS in GLS
and IL23A (Figs. 1F, G and S3A-Q). Investigation of the expression
levels of STATT and STAT2 in HIN1- and H5N1-infected cells showed
that their expression was repressed by H5N1 infection but elevated by
H1N1 infection (Figs. TH-l and S4A-D). These data suggested that TRT
influenced the expression of innate immune genes, especially STAT1
and STAT2, on the complementary strand through trans-TRT.

Inhibition of TRT promotes STAT1/STAT2 expression

To confirm the function of TRT in repressing STATT and STAT2
expression, we used CRISPR interference (CRISPRi) [38-40] to
abolish TRT in GLS and IL23A in H5N1-infected A549 cells and then
investigated STATT and STAT2 expression. CRISPRi was used to
express a catalytically inactive CRISPR-associated endonuclease
Cas9 (dCas9), which was targeted by guide RNAs to sequences
between the TTSs and TRT termination sites of the GLS and IL23A
genes (Fig. S5A, B). We confirmed the correct targeting of
inhibitory complexes by using ChIP-PCR with an anti-Cas9
antibody and PCR primers targeting the TRT regions of GLS and
IL23A (Fig. S5C, D; the sequences are listed in Table S1).

A549 cells with CRISPRI targeting the GLS and /L23A TRT regions
exhibited less TRT than control cells with untargeted CRISPRi
(Fig. 2A, B). In addition, the STAT1 and STAT2 mRNA (Fig. 2C, D)
and protein (Fig. 2E, F) levels were higher in CRISPRIi cells than in
control cells. After H5N1 infection, CRISPRi cells showed higher
viability and less viral replication than control cells; however, after
H1N1 infection, the CRISPRi and control cells showed similar
viability and viral replication ability (Figs. 2G-J and S5E-L). These
data showed that TRT of GLS and IL23A repressed the transcription
of the antiviral genes STATT and STAT2 on the complementary
DNA strand.

NS1 binds to SSU72 to enhance TRT

While investigating the mechanism underlying TRT, we found that
SSU72 protein expression was markedly decreased after H5N1
infection but not after HIN1 infection (Fig. 3A). Interestingly, TRT
occurred before SSU72 protein degradation. Our posttranslational
modification analysis results indicated that SSU72 was associated
with a ubiquitin complex during H5N1 infection (Fig. 3B). After H5N1
infection, SSU72-overexpressing A549 cells showed less TRT (Fig. 30),
higher viability (Fig. 3D), and less viral replication (Fig. S6A, B) than
control A549 cells. In addition, SSU72-overexpressing A549 cells had
lower GLS and IL23A TRT levels and higher STAT1, STAT2, and IFN-B
expression levels than control A549 cells (Fig. S6C-G).

Next, we used small interfering RNAs to knock down SSU72
expression in A549 cells (Fig. S6H). TRT occurred in more genes in cells
with SSU72 knockdown than in control cells (Fig. 3E). After HIN1 or
H5N1 infection, A549 cells with SSU72 knockdown showed lower
viability (Fig. Sél, J), higher GLS and IL23A TRT levels (Fig. S6K-N), lower
STAT1/2 mRNA levels (Fig. S60-R), and less viral replication (Fig. S6S, T)
than cells with normal SSU72 expression. These results suggested that
SSU72 is a crucial regulator of TRT during AlV infection.

To determine the precise mechanisms by which SSU72 regulates
TRT, we overexpressed 10 H5N1 genes in HEK293T cells and
performed RNA-seq to analyze TRT levels. Although exogenous
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Fig. 1 TRT enhanced by avian influenza A virus infection represses genes on the complementary DNA strand. A Gene profile of the averaged
normalized expression levels of 5,052 genes in A549 cells at 24 h after HIN1/H5N1/H7N9 influenza virus infection or AF treatment. The gene bodies
between the TSSs and TTSs were equally sized and scaled to 60 bins, and the gene flanking regions 4 kb upstream of the TSSs and 4 kb downstream
of the TTSs were divided into 100-bp windows. B Numbers of TRT genes (FC in the expression level of the TRT region (H5N1/AF) > 5) at different times
after HIN1/H5N1/H7N9 infection of A549 cells. C Spearman rank linear correlation coefficient between the upregulated expression levels of the TRT
region and the downregulated expression levels of TRT-influenced genes following the trans-TRT and cis-TRT patterns, respectively, at different times
after HSN1/H7N9 infection in A549 cells. D Numbers of trans-TRT-influenced genes (FC in the expression level of the trans-TRT gene (H5N1/AF) > 5 and
FC in the expression level of the trans-TRT-influenced gene (H1IN1/H5N1) > 1.5) at different times after HSN1/H7N9 infection in A549 cells. E Functional
pathway enrichment analysis of trans-TRT-influenced genes in H5N1-infected A549 cells (two-tailed P < 0.05, Benjamini-Hochberg adjusted P < 0.05).
Detection of F GLS-TRT or G IL23A-TRT in A549 cells by using fluorescence in situ hybridization (FISH). A549 cells were treated with AF/H1N1/H5N1 for
24h [DAPI nuclear staining (blue) and FISH signals obtained using a Cy3-conjugated DNA probe (red)]. The fluorescence intensity was
semiquantitatively assessed using the mean fluorescence intensity (MFI) of each cell. The data are shown as the means + SEMs. *P < 0.05, **P < 0.01.
RNA-seq coverage levels of H the GLS gene, trans-TRT region of GLS, and STATT gene, and | the IL23A gene, trans-TRT region of IL23A, and STAT2 gene
12 h after AF/HIN1/H5N1/H7N9 treatment of A549 cells. The gene bodies and intergenic regions, as well as the gene flanking regions 2 kb upstream
of the TSSs, were divided into 50-bp windows. Only exon regions are shown in this graph. RNA-seq datasets were established in duplicate
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expression of each viral protein resulted in different TRT levels, cells
overexpressing the H5NT NS1 protein had higher TRT levels and
lower SSU72 expression levels than control cells (Fig. 3F, G). In
contrast, overexpression of HIN1 proteins did not increase TRT levels
(Fig. S7A, B).

Coimmunoprecipitation and confocal microscopy imaging
showed that the H5N1 NS1 protein bound directly to the human
SSU72 protein (Figs. 3H and S7C). To test whether this binding
was unique to the H5N1 NS1 protein, the PR8+H5N1-NS1 and
PR8+HTN1-NS1 were used for comparative test. The TRT levels
were increased in A549 cells infected with the PR8+H5N1-NS1,
suggesting that H5N1 NS1 plays a key role in inducing TRT during
infection (Fig. 3I). In addition, cell viability and SSU72 expression
were decreased in A549 cells infected with the PR84+H5N1-NS1
compared with those infected with the PR8 wt virus and PR8
+H1N1-NS1 (Fig. 3J, K). These results suggested that NS1 binds to

SPRINGER NATURE

SSU72, leading to a reduction in its expression, which eventually
induces TRT and represses STAT1/2 mRNA expression (Fig. S7D, E).

Dampened innate immune gene expression upon AIV
infection is restored in SSU72-overexpressing transgenic mice
In the in vivo studies, SSU72 expression levels in lung tissues were
lower in mice infected with H5N1 than in those infected with
H1N1 (Fig. 4A). To further elucidate the role of SSU72 in influenza
A virus infection, we generated transgenic SSU72 mice with SSU72
overexpression in the lungs and infected them with H5N1
(Fig. S8A). RNA-seq analysis of mouse lung tissues showed that
the TRT gene count was lower in SSU72 transgenic mice than in
control mice (Fig. 4B). In addition, SSU72 transgenic mice showed
higher lung expression levels of STATT and STAT2 (Fig. 4C, D), less
severe lung injury and edema, lower viral titers, and higher
survival rates than control C57BL/6J mice (Fig. 4E-H).
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These results suggested that overexpression of SSU72 can
inhibit TRT in mouse lung tissue during viral infection; this might
be a potential strategy for preventing future AIV pandemics.

TRT is increased in blood samples from AlV-infected patients
To determine whether TRT is associated with influenza virus
lethality, we infected A549 cells with highly virulent or less virulent
viruses and then analyzed TRT levels. TRT levels increased strongly
after infection with the lethal avian viruses H5N1, H5N6, and H7N9
and moderately after infection with the less virulent viruses HIN1
and H3N2 (Fig. 5A). TRT was also negatively correlated with cell
viability and positively correlated with viral replication (Figs. 5B
and S8B). These results suggested that TRT is associated with high
viral lethality.

To confirm our laboratory results in the clinic, we obtained
29 blood samples from 12 H7N9-infected patients, 3 blood
samples from 3 H5N6-infected patients, 15 blood samples from
15 HINT-infected patients, 8 blood samples from 8 patients
with pneumonia (without influenza virus infection), and 10
blood samples from healthy individuals (see Table S2 for the
patient characteristics). RNA-seq of the isolated PBMCs
revealed that the TRT gene count was higher in PBMCs from
patients infected with H7N9 and H5N6 than in the other PBMC
samples analyzed (Fig. 5C). In addition, the trans-TRT genes
were more repressed in PBMCs from the H7N9- and H5N6-
infected patients than in those from the other patients (Fig. 5D).
Notably, the TRT levels and the number of suppressed trans-
TRT genes were higher in H7N9-infected patients who died
than in those who survived. Our results suggested that TRT
might be a potential biomarker for the outcomes of patients
with AIV infection.

DISCUSSION

In this study, we showed that TRT was enhanced by AlV infection
in cultured human cells, mouse lung tissues, and patient-derived
PBMCs. TRT inhibited the expression of innate immune genes on
the complementary DNA strand, a phenomenon that we called
trans-TRT. TRT also inhibited the expression of immune response-
related genes such as STATT and STAT2 in cell lines and mouse
lung tissues. This finding does not contradict a previous discovery
that NS1 can repress STAT1/2 through IFNa/p [14, 41-45]. Both
mechanisms could coexist or exist independently in different viral
strains. Further studies are required to elucidate why TRT acts
mainly in trans and not in cis. Future studies should also explore
other genes that are associated with the innate immune response
and are influenced by trans-TRT.

We found that SSU72, a gene loop regulator at TTSs, plays a
crucial role in TRT regulation and influences the expression of
genes involved in the innate immune response both in vitro and
in vivo. SSU72 binds to promoter and terminator regions to
maintain gene loop formation and transcriptional directionality
[23, 46]. We found that the H5N1 NS1 protein can directly bind to
SSU72 and reduce its expression. This appears to be a novel
mechanism by which AlVs can suppress innate immunity. More-
over, overexpression of SSU72 ameliorated lung injury and
protected against suppression of antiviral gene expression in
mice infected with H5N1. Further studies are necessary to
elucidate the specificity of SSU72-restricted transcripts. Based on
our findings, we propose that SSU72 may be a useful therapeutic
target in AIV. The PBMCs of patients infected with H7N9 and
H5N6 showed enhanced TRT, suggesting that TRT levels are
associated with patient outcomes.

In conclusion, we showed that NS1 bound directly to SSU72 and
suppressed STAT1/2 expression through trans-TRT, which enabled
the virus to evade host antiviral immune responses, eventually
leading to viral lethality. In addition to the pathways through which
NS1 targets IFN by inhibiting JAK/STAT signaling, this novel
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mechanism constitutes an alternative pathway of viral escape from
antiviral responses. Thus, we identified a novel mechanism by which
TRT suppresses the innate immune system during AlV infection.
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