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Abstract

Type | interferons (IFNs) have a central role in innate and adaptive immunities, proliferation, and cancer
surveillance. How IFN binding to its specific receptor, the IFN a and 3 receptor (IFNAR), can drive such variety
of processes is an open question. Here, to systematically and thoroughly investigate the molecular
mechanism of IFN signaling, we used a CRISPR/Cas9-based approach in a human cell line (HelLa) to
generate knockouts (KOs) of the genes patrticipating in the type 1 IFN signaling cascade. We show that both
IFNAR chains (IFNAR1 and IFNARZ2) are absolutely required for any IFN-induced signaling. Deletion of either
signal transducer and activator of transcription 1 (STAT1) or STAT2 had only a partial effect on IFN-induced
antiviral activity or gene induction. However, the deletion of both genes completely abrogated any IFN-
induced activity. So did a double STAT2—-IFN regulatory factor 1 (IRF1) KO and, to a large extent, a STAT1 KO
together with IRF9 knockdown. KO of any of the STATs had no effect on the phosphorylation of other STATS,
indicating that they bound IFNAR independently. STAT3 and STAT6 phosphorylations were fully induced by
type 1 IFN in the STAT1-STAT2 KO, but did not promote gene induction. Moreover, STAT3 KO did not affect
type 1 IFN-induced gene or protein expression. Type 1 IFN also did not activate p38, AKT, or ERK kinase.
We conclude that type 1 IFN-induced activities in HelLa cells are mediated by STAT1/STAT2/IRF9,

STAT1/STAT1, or STAT2/IRF9 complexes and do not require alternative pathways.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Type 1 interferons (IFNs) belong to the helical
cytokine superfamily and were discovered more than
half a century ago [1]. They are secreted proteins
that promote antiviral (AV), antiproliferation (AP),
and immunomodulatory activities in vertebrates [2,3]
acting in practically every nucleated cell. Due to their
wide range of activities, type 1 IFNs are used as
treatment for various diseases, including multiple
sclerosis, hepatitis C, and cancer [4—6]. In humans,
the family consists of 13 IFN-a subtypes, IFNB,
IFNw, IFNK, and IFNe. All type 1 IFNs bind the two
common cell surface receptor components, IFNAR1
and IFNAR2 [7-9]. Binding results in ternary
complex formation, which activates the intracellular
JAK (janus kinase)-STAT (signal transducers and
activators of transcription) pathway. Upon complex
formation, the tyrosine kinases TYK2 and JAK1,
which are constitutively associated with the IFNAR1
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and IFNAR2 subunits, respectively, activate each
other by phosphorylation, which drives the phos-
phorylation of key tyrosine residues located in the
IFNAR1 and IFNAR2 intracellular regions [10,11].
Subsequently, STAT proteins are recruited and
tyrosine-phosphorylated. The phosphorylated
STAT1 and STAT2 form a trimeric complex together
with IRF9, which translocates to the nucleus. This
IFN-stimulated gene factor 3 (ISGF3) transcription
activation complex drives the expression of numer-
ous IFN-stimulated genes [10]. While this is the main
type 1 IFN-induced signaling pathway, it is not
the only one. The GAS pathway, activated by a
homodimeric phosphorylated STAT1, and several
accessory STAT independent signaling cascades,
such as the p38 mitogen-activated protein kinase
(MAPK) pathway, the phosphatidyl-inositol 3-kinase
signaling pathway (PIBK/AKT), the extracellular
signal-regulated kinase (ERK) MAPK kinase, and
others were reported to be induced by type 1 IFN
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[3,9,12—14]. Many of those pathways are cell type
specific. Type 1 IFNs activate hundreds of genes
and multiple cellular activities, some of them require
only pM concentrations of IFN for a short time, while
others are induced only by higher IFN concentra-
tions and longer induction. The first is referred as
“robust” activities (e.g., AV). The latter is referred as
“tunable”; for example the IFN-induced antiprolifer-
ative activity [15].

Type 1 IFN receptors

As was mentioned earlier, all type 1 IFNs induce
their diverse activities through the same receptor
subunits. Both IFNAR1 and IFNAR2 are transmem-
brane proteins that belong to the class 2 helical
cytokine receptors [7,16]. IFNAR2 is the high-affinity
receptor, while IFNAR1 binds IFN with low affinity
[17-19]. The intracellular domain of IFNAR1 and
IFNAR2 binds the two kinases Tyk2 and Jaki,
respectively. Aside from that, the receptors serve as
docking site for most STATSs [20]. Although the exact
mechanism of this binding is not fully known, there
were pieces of evidence of recruitment of STAT1 to
the receptors via STAT2 [21,22]. STAT2 was
reported to bind IFNAR2 also constitutively
[23—-25]. Although it is believed that both receptors
are required for type 1 IFN-induced activity, there are
reports in mice of an IFNAR2-independent activity
through IFNART1 alone. In this case, a different set of
genes was found to be activated from that observed
in the presence of both receptors [26].

The JAK/STAT signaling pathway

Type 1 IFN promotes a change in expression of
over 1000 genes, leading to a wide variety of cellular
responses [27]. The JAK/STAT pathway provides a
fast membrane to nucleus mechanism for rapidly
inducing gene expression [28]. It has been estab-
lished that the proteins participating in the JAK/STAT
pathway play crucial roles in the activation of the
immune system [28,29]. STATs have key roles in
macrophage and neutrophil functions [30,31], Th1
cells differentiation [32], and drive epigenetic mod-
ifications [33-35]. It was suggested that also the
unphosphorylated form of STAT1 is important in
signal activation upon type 1 IFN induction [36].
Uddin et al. [37] established that upon IFN binding to
its receptors, phosphorylated JAK1 and TYK2
tyrosine kinases regulate also the IRS signaling
pathway. It was also shown that type 1 IFN receptors
engage in the AKT/mTOR signaling [38]. The main
functions of the AKT (AKT1 and AKT2) proteins are
cell survival, growth, and proliferation. It was
suggested that AKT proteins are required for the
IFN-dependent AV activity and take part in control of
mRNA translation [38]. Moreover, besides the pro-
apoptotic activity of type 1 IFNs, activated through

the JAK-STAT pathway, an anti-apoptotic activity is
induced by the PI3k/AKT pathway [39].

Much work has been invested to understand the
complexity of type 1 IFN signaling. However, it was
done in many different cell types and organisms,
which may differ in their response from one another.
The relatively low sequence conservation of type 1
IFNs and their receptors between different verte-
brates further emphasizes that differences in mech-
anisms of type 1 IFN signaling in different
vertebrates can be expected [40].

Here, we constructed human cells (HelLa) with
KOs of the main components of the type 1 IFN
signaling cascade using the CRISPR\Cas9 technol-
ogy. This allowed us to investigate the different
components of the system and their contribution to
IFN signaling in the same genetic background in a
controlled manner.

Results

Previously generated knockdowns (KDs) of
IFNAR1, IFNAR2, STAT1, and STAT2 did not
completely eliminate the activity of these genes
[15,41]. Therefore, to explore type 1 IFN signaling,
we generated knockout HeLa cells using the CRISPR
\Cas9 technology for the above genes. In STAT1, a
frameshift was introduced in the first exon, in STAT2
and IFNAR1 in the third exon, and in IFNAR2 in the
fifth exon. To confirm the IFNAR1 and IFNAR2 KOs,
we measured their surface expression by FACS using
specific antibodies (Fig. 1a). No expression of IFNAR1
or IFNAR2 was observed in the IFNAR1 and IFNAR2
KO cells, respectively (Fig. 1a, panels 1 and 4). As
expected, the levels of IFNAR2 in IFNAR1 KO and of
IFNAR1 in IFNAR2 KO cells were similar to wild-type
(WT) (Fig. 1a, panels 2 and 3). Reconstitution of the
receptors by transient transfection restored their
surface levels to WT.

STAT activation upon KO

We first evaluated STAT signaling in these four KO
cell lines by assessing the phosphorylated (p) and
total (t) protein levels of STAT1 and STAT2 using
Western blot (WB). KO, reconstituted, and WT HelLa
cells were treated with 2 nM IFNB for 30 min and
were compared to their non-treated (NT) controls.
STAT1 and STAT2 KO resulted in the complete
absence of the KO protein (total and phosphorylat-
ed) (Fig. 1b), while there was no effect on the protein
levels of the other STATSs (total or phosphorylated),
which were similar to those in WT HelLa cells.
Conversely, IFNAR1 or IFNAR2 KO cells did not
promote any detectable levels of phosphorylated
STATSs (while levels of total STATs were unchanged;
Fig. 1b). This does not only confirm that these cells
are in fact KO cells for those genes, but also support
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Fig. 1. KOs validation and activity assessment. (a) IFNAR1 KO cells (panels 1 and 2) and IFNAR2 KO cells (panels 3
and 4) were analyzed by FACS with and without reconstitution of IFNAR1 or IFNAR2, using anti-IFNAR1 (AA3) or IFNAR2
(117.7) antibodies. (b) Cells were treated with 2 nM IFN for 30 min and analyzed by WB using specific antibodies. The
data presented are of phosphorylated (pSTAT1 and pSTAT2) and total (tSTAT1 and tSTAT2) protein levels in the WT, KO
and KO reconstituted (Rec) with the WT gene, compared to the untreated cells. Quantitative analysis, normalized to tubulin
is shown in Fig. S1. Markers that were cut and added from the same gel were placed in a separated box. Markers that were
not seen because of repeated stripping were marked as black lines. (c) All cell lines were treated with IFN or left untreated
(negative and positive control) for 4 h. VSV virus was added for 18 h, and cells were stained with crystal violet for cell
viability. (d) As panel C but EMCV virus was added for 20 h before cells were stained with crystal violet for cell viability
quantitation. (e) Antiproliferative activity was evaluated after 96 h of IFN treatment by crystal violet staining for cell survival.
All the results were normalized to the non-treated KO cell line.

the notion that both receptors are needed for the
initiation of IFN signaling. Reconstitution by transient
transfection of the KO genes restored the activity to
WT levels (Figs. 1b and S1). The results did not

change when IFNo2 was used for induction instead
of IFNB (Fig. S2). Next, we measured STAT
phosphorylation at different times of activation
(30 min to 24 h; Fig. S3). As expected,
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phosphorylation was the strongest at 30 min, follow-
ed by gradual decrease in phosphorylation (less for
STAT2 than for STAT1 and STAT3). The same
trend was observed for WT Hela and the different
KO cell lines.

AV and antiproliferative activity of IFNAR and
STAT KOs

Type 1 IFN activities can be divided into robust and
tunable ones. The AV activity of type 1 IFN is robust;
that is, it is common to all cells and requires only low
concentrations of IFN for a short time. On the other
hand, the antiproliferative activity is tunable, and it is
cell type specific and requires prolonged IFN
activation at higher protein concentrations. AV
activity was examined in the background of IFNAR
and STAT KOs. Cells were treated with 10 tertiary
dilutions of IFNR starting from 500 pM. Four hours
later, vasicular stomatitis virus (VSV) was added to
the cells for 18 h. Cell survival was compared to non-
treated KO cells as negative control and to cells
treated only with VSV as the positive control. No AV
activity was observed for the IFNAR1, IFNAR2, and
STAT2 KO cells, while IFN still initiated a partial AV
response in the STAT1 KO cells (Fig. 1c, Table S1).
Monitoring AV activity against the encephalomyo-
carditis virus (EMCV) showed that both STAT1
and STAT2 KO cells promoted partial AV activity
(Fig. 1d, Table S1). These results show that residual
IFNB-induced signaling is sufficient to promote some
AV activity. Conversely to AV, none of the KOs
(IFNAR or STAT) promoted any AP activity upon
treating the cells with 10 tertiary dilutions of IFN
from 50 nM to 0.4 pM. (Fig. 1e), in line with AP being
a tunable activity.

Gene expression of IFNAR and STAT KOs

We next evaluated type 1 IFN-induced gene (ISG)
expression in the different KO cells, probing a
number of robust and tunable genes. For this, cells
were treated with 2 nM IFN for different times and
gene expression levels were determined. First, the
level of expression of three robust (MX1 or MX2,
OAS2, and IFIT1) and two tunable (CXCL10 and
CXCL11) genes were quantified using qPCR.
IFNAR KOs were assessed after 16 h (Fig. 2a) and
the STAT KOs after 8 and 24 h (Fig. 2b and c). No
induction in gene expression was detected in either
IFNAR1 or IFNAR2 KO cells. Conversely, IFNB
induced low levels of gene expression in the STAT
KOs. The reconstituted cells exhibited similar ex-
pression levels as the WT. Similar to IFN induction,
IFNo2 also did not promote gene induction in the
IFNAR KO cells, and partial induction in the STAT
KO cells (Fig. S4). The difference here between
IFNa2 and IFNB treatment is the lower level of
induction of the tunable CXCL10 and 11 genes by

IFNa2. To obtain a more complete picture of gene
expression, we used the fluidigm system, which
analyzes the expression of up to 96 genes in 96
different samples (Fig. S5). Gene induction was
determined after 3, 16, and 24 h for IFNAR KO cells
and 8 and 24 h for STAT KO cells. As probes,
we used common type 1 ISGs, both from the
tunable and the robust set. To further expand gene
induction on a genome wide level, we performed
RNA-seq (Figs. 2d and S6). Both assays showed a
total lack of induction of gene expression upon IFNf3
treatment in both IFNAR1 and IFNAR2 KO cells and
significant reduction in activation of gene expression
in both STAT1 and STAT2 KO cells (Figs. 2d, S5,
and S6). Interestingly, a different set of genes
were induced by IFNB in STAT1 and STAT2 KO
cells (Fig. 2d and e). Submitting the list of genes
uniquely upregulated in either STAT1 or STAT2 KO
cells to the gene ontology software Panther [42]
showed that genes uniquely upregulated in STAT1
KO cells (thus activated by STAT2) cluster as type 1
ISGs (FDR 8e-7), while genes uniquely upregulated
in STAT2 KO cells (thus activated by STAT1)
annotate as cellular response to IFNy (including
TRIM21, STAT1, CASP1, IRF1, GBP1, IRF9, and
GBP5 genes, FDR 2e-6).

It has been previously shown that the basal gene
expression (tonic) of some ISGs is reduced in
IFNAR1 KO mice [43]. Here, we used the fluidigm
to analyze whether IFNAR1, IFNAR2, STAT1, or
STAT2 KO cells also show reduced tonic expression
(Table S2). Indeed, reduced expression is observed
for some of the IFNB-induced genes in the KO cells.
The difficulty to compare the levels of tonic expres-
sion of the different KOs may be attributed to IFN
being only one of the factors controlling ISG gene
expression. This could potentially explain why the
genes with reduced tonic expression only partially
overlay between the IFNAR1 and IFNAR2 KOs. This
is in line with previous observations on the tonic
expression of IFN receptor KOs in mice [43].

IFNAR1 and IFNAR2 do not have independent
activity in HelLa cells

As detailed above, the RNAseq analysis showed
complete lack of induction of gene expression in
either IFNAR1 or IFNAR2 KO cells. This is true not
only for type 1 ISGs as described above but also
for the entire transcriptome (Fig. S6). As these
results are different from those obtained from
IFNAR2 KO mice [26] where IFNB induced the
transcription of a non ISG set of genes, we tested
specifically a set of those genes reported to be
induced by De Weerd et al. [26] using the fluidigm
(Fig. 2f). None of the genes evaluated,whose
expression was previously reported to be induced
in an IFNAR2 KO mice were induced by IFN in
human Hela cells harboring the IFNAR2 KO.



3328

Type | Interferon Signaling

D
10000

Fold Change

1000

100

0.1

OAS!

MX2

CXCL10
® Hela mIFNAR1KO = IFNAR1 KO rec m IFNAR2 KO m IFNAR2 KO rec

CXcLil

(d) Interferon induced genes

1

STAT KO

IFNAR KO

2 1 2

Hela
—

1000 -

100 -

0.1

*kk

Ak

10000

1000

10

3

1

15}

MX1 OAS2 IFITL CXCL10 CXCL11

® Hela mSTAT1 KO 1= STAT1 KO rec m STAT2 KO m STAT2 KO rec 0.1

STAT IFNAR
KO KO
1 2 1 2 Hela
RP11-383F6.1 |
[Pycaro
PARP9
APOL3
HELZ2
'IRF7 |
SERPING1
CTD-2240E14.4 |
I onsz
PARP10
| s
IFITM1
' CASP1
CYP2)2
| Gsomc
KLHDC78
] Psveo
RTP4
1 HAPLN3
STAP2
ccLs
I ow
ILIRN
]  uncooi73
XAF1
1 ETV7
CACNG6
I GBP1P1
BATF2
I IDO1
SLC15A3
I AC009950.2
IFI27
CLEC7A
I MX2
CFB
] TNFSF10

MX1
co7
UBE2L6

(©)

wxx wxx wxx wxk xxk
—_ —_ — — —
Sex Sex Fax ax xx
] ] ]

T

e R E—

1 OAS2 IFIT1 oxcLio xcL

mHela WSTATLKO 1 STATLKO rec W STAT2 KO M STAT2 KO rec

(e)

WT STAT1 KO

)
(XN

(f)

Hela IFNAR1  IFNAR2

31624 3 1624 3 16 4

MEFV
TGM2
oxcL2
CD14
L6

cc7
ARG2
EPHAS
SERPINE1
MT2A
RND1
NR4AL
SAA2
SPHK1
PTGES
MARCKSL1
CSTA
OLR1
IL1g

Fig. 2. Relative gene expression of KO cells in response to IFN treatment. (a) IFNAR KO cells were treated for 16 h
with 2 nM IFNB and analyzed by qPCR. The data presented are relative expression levels compared to those of untreated
cells and normalized with HPRT1. Data presented are means calculated based on three independent experiments
and their standard errors. (b and c) STAT KO cells were treated for 8 and 24 h, respectively, with 2 nM IFNB and
analyzed as described in panel A. Significance: *0.005 « P « 0.05, **0.0005 « P « 0.005, ***P « 0.0005. (d) Cells were
treated for 16 h with 2 nM IFNB and subjected to RNAseq. The data presented are of genes whose level of expression
increased by »2-fold by IFN in WT HelLa cells. The color scale in the bottom is log(2). Magnified are genes that
were induced in STAT1 or STAT2 KO in addition to WT HelLa cells. (e) Venn Diagram of genes whose level of expression
increased by »2-fold by IFN treatment of WT HeLa cells as determined by RNAseq. The subpopulation of genes that was
induced by »2-fold also in STAT1 KO cells and STAT2 KO cells (single-gene KO) is presented. (f) Fluidigm analysis of
gene induction in IFNAR1 or IFNAR2 KO cells upon 2 nM IFNB induction for different times. The selected genes were
those reported in Ref. [26] as being induced in IFNAR2 KO mice. The numerical values of this figure are in Table S4.
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A STAT1-STAT2 double-knockout eliminates
type 1 IFN-induced activity

Both STAT1 and STAT2 KO cells responded
partially to type 1 IFN activation. To explore the
molecular pathways leading to induction of gene
expression with either KOs, we generated a double
STAT1-STAT2 KO. No total or phosphorylated
STAT1 or STAT2 proteins were detected in this
strain before or after addition of IFN (Figs. 3a and
S7). No gene induction following IFN@ treatment of
the double KO cells was observed on a selected set
of genes (Fig. 4a). To validate the qPCR results on a
genomic level, we performed RNAseq (using the
MARS sequencing method) for STAT1 and STAT2
KO and the double KO of STAT1-STAT2 (Fig. 4d
and e). The MARS seq data confirmed that no
significant transcription activation is observed upon
IFNB induction in the double-KO cell lines. In line
with nullified gene induction, IFNf did not stimulate
an AV state against either VSV or EMCV, indepen-
dent on its concentration (Fig. 4f). Overall, these
data confirm that type 1 IFN activation is dependent
on having either STAT1 or STAT2 (for partial
activation) or both (for full activation).

Alternative type 1 IFN-induced signaling
pathways

Several alternative signaling pathways were sug-
gested to be activated by type 1 IFN. One such
pathway is the gamma-activated sequence (GAS)
pathway. GAS elements bind pSTAT1 homo-dimers
activated by IFNy [29] and also by type 1 IFN [44].
IRF1 expression is induced both by type 1 and type 2
IFNs, with a GAS element located 100 base pairs
upstream of the transcription start site. IRF1 is also
one of the genes whose expression is induced by
IFNB in STAT2 KO cells (Fig. 4a, most probably
through the STAT1/STAT1 dimer). IRF1 regulates
expression of target genes by binding to ISRE
[29,44-46]. To evaluate whether IFNB induces
genes on the background of STAT2 KO through
IRF1, we generated a double KO of STAT2 and IRF1
(see Figs. 3a, and S7 for WB of the KO). Indeed,
Hela cells harboring this double KO did not induce
the expression of selected genes that were induced
in STAT2 KO cells (Fig. 4b). The lack of IFNB-
induced gene expression was further confirmed
genome wide using MARSseq (Fig. 4d and e). In
addition, IFNB failed to induce an AV response
against either VSV or EMCYV in the double KO cells
(Fig. 4f). Thus, IRF1 is required for maintaining the
partial IFN activity observed in the STAT2 KO.

It was suggested that the pSTAT2 protein can
induce gene activation by binding IRF9 also in the
absence of pSTAT1. Here, we opted to use siRNA
generated against IRF9, as we have previously
verified the efficiency of this KD (see also Fig. S8,

which shows a 90% reduction in IRF9 protein level).
IRF9 KD in STAT1 KO cells reduced gene induction
to near basal levels for genes that were induced in
the STAT1 KO cells (Fig. 4c). However, some gene
activation was still observed in the MARSseq
experiment (Fig. 4d and e). This may be due to
alternative pathways of activation or due to residual
expression of IRF9 when using siRNA. It is also
interesting to note that IRF9 levels were ~15%
higher in STAT1 KO in comparison to HeLa WT
cells. The results presented above suggest that type
1 IFN induces gene activation in the HeLa epithelial
cell line mainly through pSTAT1/pSTAT2, but that
partial signaling goes also through the pSTAT1/
pSTAT1 and pSTAT2/IRF9 complexes. No other
signaling pathways were evident.

STATs, other than STAT1 and STATZ2, were
shown to be activated by type 1 IFNs. Probing
pSTAT3 and pSTAT6 protein levels in IFNAR and
STAT KOs showed that in the absence of either of
the IFNARs, there was no phosphorylation of STAT3
or STAT6 in comparison to reconstituted cells or
HelLa WT. Conversely, phosphorylation of STAT3 or
STAT6 was not dependent on STAT1 or STAT2,
with similar to WT levels of phosphorylation being
observed upon type 1 IFN treatment (Figs. 3b, S2
and S3). Next, pSTAT3 and pSTAT6 levels were
examined in the STAT1-STAT2 and STAT2-IRF1
double-KO cells. Again, there was no effect on
STAT3 or 6 phosphorylation (Figs. 3a and S7).
These findings led us to generate a STAT3 KO cell
line. WBs to detect pSTAT3 or tSTAT3 protein levels
in STAT3 KO cells showed complete KO in three
independent clones (Figs. 3c and S7). STAT3 KO
did not affect the phosphorylation of STAT1 or
STAT2 upon IFNB induction (Figs. 3c and S7).
Next, we characterized IFNB-induced activities in
STATS3 KO cells. As can be seen in Fig. 5, STAT3
KO had no noticeable effect on either AV, AP, or
gene induction upon IFN treatment. To validate our
gene induction findings on genomic level, we
performed MARSseq on STAT3 KO cells (Fig. 4d
and e). No significant deviation from gene induction
of the control HeLa WT cells was observed for the
STATS KO cells. STAT3 was previously implicated
as an adapter to couple PI3K to IFNAR1 (through
p85) [47,48], leading to the activation of AKT [38],
which is required for IFN-inducible engagement of
the mTOR/p70 S6 kinase pathway, leading to up-
regulation of key type 1 IFN-inducible proteins.
These were shown to be important in activating the
AV and AP type 1 IFN responses. To directly test this
in HeLa, we monitored phosphorylation of AKT, p38
and ERK upon addition of IFN3 and did not find any
change (Fig. S9A and B), in line with previous
publications on multiple other human cell lines [49].
Next, we monitored the expression of two IFN-
induced proteins (STAT1 and STAT2). Expression
levels of both proteins were highly induced after 24 h
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Fig. 4. Activity assessment of double-KO cells upon IFN treatment. (a) STAT1 + STAT2 double-KO cells were treated
for 8 h with 2 nM IFNB and analyzed by qPCR. Data presented are means calculated based on three independent
experiments and their standard errors. (b) STAT2 + IRF1 double-KO cells were treated for 8 h with 2 nM IFNB and
analyzed as described in panel A. (c) STAT1 KO + IRF9 KD cells were treated for 8 h with 2 nM IFNB and analyzed as
described in panel A. Significance: *0.005 « P « 0.05, **0.0005 « P « 0.005, ***P « 0.0005. (d) HeLa WT and different
KO cells were treated for 24 h with 2 nM IFNB and subjected to MARSseq for genome with expression analysis. The data
presented are the difference between the treated cells to its non-treated control. (e) ISGs by »2.5-fold in WT HeLa cells
were selected, and their level of expression in the different KO cells is shown. Each dot represents a gene. (f) All cell lines
were treated with IFNP or left untreated (negative and positive control) for 4 h. VSV or EMCV virus were added for 18 or
20 h, respectively, and cells were stained with crystal violet for cell viability evaluation.

of treatment with IFNB and were similar in the STAT3
KO cells and WT Hela cells (Fig. S9C). Finally, we
evaluated the effects of the KOs on the two negative
feedback regulators of type 1 IFN signaling, SOCS1
and USP18. Monitoring their level of induction shows
that the STAT1, STAT2, and STAT1-STAT2 double
KOs strongly reduced their induction, while STAT3
KO had no effect on their IFNB induced induction
(Fig. S10). These results clearly show that the basic

functions of type 1 IFN (gene induction, protein
expression, AV, and AP) are controlled only by
STAT1 and STAT2 in Hela cells, and that alterna-
tive pathways are not required for them to be
activated. These findings made us to investigate
whether activation of STAT3 by another ligand, IL6,
would generate an effect on gene induction in HelLa
cells. In Fig. S11A, we show that IL6 indeed is
activating phosphorylation of STAT3. However, as
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shown in Fig. S11B and C, also IL6 did not result in
gene activation (similar to that observed for IFN),
whether we probed ISGs or IL6-induced genes.
Thus, gene expression in HelLa cells may not be
induced by pSTATS.

Discussion

Type 1 IFNs play a crucial role in the innate and
adaptive immunity. They were between the first
biological drugs used as treatment in a variety of
illnesses, such as multiple sclerosis, hepatitis C, and
cancer [4,5]. Their mechanism of action against
these three diseases is fundamentally different:
In multiple sclerosis, IFN has an anti-inflammation
effect on the myelin layer. In hepatitis C, IFNa has an
AV effect and, in cancer, type 1 IFN apparently has
an immunomodulatory effect. However, how binding
of the same protein to its cell surface receptor is
initiating these multitudes of responses is not well
understood, hampering the efforts to maximize the
efficiency of using type 1 IFNs as drugs [9,50,51].
For those reasons, it is important to fully understand
the different pathways that are induced by type 1
IFNs, both the common pathways and the tissue-
dependent ones. While type | IFNs activate all cells,
the responses are cell type specific. Moreover, type
1 IFN and its receptors diverged in evolution much
more than other cytokines, suggesting that type 1
IFN action may differ as well [38]. This makes it
difficult to combine evidence from different studies to
obtain a coherent description of type 1 IFN-induced
signaling. To obtain such description, we knocked
out the major components of the type 1 IFN signaling
pathway in one cell type—human epithelial
Hela cells, to make comparable studies. CRISPR/
Cas9 opened the door for such endeavor, which was

previously not possible. It should be noted that HeLa
cells are a non-physiological system, as are all cell
lines, and further studies are needed using primary
type 1 IFN-responsive cells. However, the problem
here is that KOs cannot be generated in human
primary cells, and the mouse system may differ in
signaling from the human one. A summary of the
signaling pathways activated in the different KO cells
is provided in Fig. 6. While all the work was done in
Hela cells, the conclusions should be valid in other
human cell lines, as the basic signaling mechanism
of type 1 IFN is conserved.

Type 1 IFN receptors

Up until now, there were no human IFNAR1 or
IFNAR2 KO cell lines that were generated in a
controlled manner and were validated for the KO
both in the genome and the protein levels. In IFNAR1
and IFNAR2 KO cells, IFNa2 or IFN did not activate
STAT1, STAT2, STATS, or STAT6 phosphorylation
(Figs. 1, 3, 6,S2 and S3). AP and AV assays also
showed no activity for IFNB in these KOs. Gene
expression analysis by three methods—qPCR,
fluidigm, and genome-wide RNAseq did not show
any gene induction, either of type 1 IFN-stimulated
genes or any other gene in the absence of either one
of the receptors. These results support the notion
that both receptors are absolutely required in human
Hela cells to initiate any type 1 IFN signaling. To
specifically rule out induction of genes that were
previously found to be induced in IFNAR2 KO mouse
cells [26], we validated the induction of these genes
by gPCR and fluidigm, confirming the lack of gene
induction upon IFNB treatment. The differences
observed between our study and previous studies
in mice could relate to specie or cell type specificity
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in the type 1 IFN system, or methodological
differences in the generation of the KOs.

JAK-STAT activation

As mentioned above, type 1 IFN has been
suggested to activate multiple pathways, but direct
evidence on the molecular mechanism of activation
is controversial, partially due to the multiple different
cellular backgrounds of the different studies. We first
generated HeLa KO cells of STAT1 and STAT2.
In both cell lines, type | IFNs induced normal
phosphorylation of other STATs and partial gene
induction and AV activity (depending on the
challenging virus). Still, AP activity was not induced,
in line with AV being a robust outcome of type 1 IFN
while AP being tunable. Interestingly, many of the
IFNB-induced genes in the STAT1 KO differ from
those induced in the STAT2 KO cells (although
all genes induced in either KO were induced also in
WT Hela cells). Gene ontology analysis of genes

uniquely upregulated by either STAT1 or STAT2 KO
cells [42] showed that unique genes to STAT1 KO
cluster as type 1 ISGs, while unique genes to STAT2
KO were identified as IFNy induced genes. Indeed,
the GAS pathway, which is induced mainly by IFNy,
is known to be activated also by type 1 IFN [44]. The
GAS pathway is activated by a dimerization of two
phosphorylated STAT1 molecules, which promote
the transcription of the IRF1 transcription factor,
which further promotes the transcription of additional
ISRE genes [29]. To validate the STAT1-IRF1
pathway, we generated a double KO of STAT2 and
IRF1. This KO nullified gene transcription initiation
by IFNB and eliminated completely the partial AV
activity observed for the STAT2 KO alone. This
clearly shows that indeed the GAS pathway is the
only one activated in the absence of STAT2. Still, itis
interesting to note that only a small fraction of IFNy-
activated genes are also activated in STAT2 KO
cells, despite strong STAT1 phosphorylation, sug-
gesting that other factors play a role here as well.

In the STAT1 KO cell line, we suspected that a
STAT2 (monomer or homodimer) forms a complex
with IRF9 as complementary pathway for type 1 IFN
activation. This pathway was previously described
as inducing transcriptional response and partial AV
activity in the absence of the STAT1 protein [52].
Here, residual activity was examined upon KD of
IRF9 using a specific siRNA, in the background of
STAT1 KO cells. The results show significant
reduction in type 1 ISG expression relative to the
STAT1 KO alone. Our results suggest that STAT1
and STAT2 are obligatory involved in all type 1 IFN
related activities in HelLa cells. To prove this
assumption, we generated a STAT1-STAT2 double
KO. Indeed, the double KO of STAT1-STAT2
exhibited no ISG expression or AV activity (Figs. 4
and 6). These data also clearly show that type 1 IFN
activation through NFkB, PIBK—AKT, AKT/mTOR,
and ULK1/autophagy pathways either act in synergy
with the STAT1/2 pathway or do not take part in type
1 IFN-induced signaling in HelLa cells. Indeed, in
HelLa cells we (Fig. S9) and others [49] did not
observe activation of AKT, ERK, or p38 upon
induction by type 1 IFN. Moreover, we did not see
any effect of the STAT3 KO on IFNB-induced protein
translation levels (which connects IFNAR1 activation
to AKT through PI3K [38]).

Interestingly, while the STAT1-STAT2 KO exhib-
ited no type 1 IFN-related activities, it preserved the
phosphorylation of STAT3 and STAT6 to similar
levels as seen in Hela cells. This is perplexing, as
phosphorylated STAT3 protein was found to drive a
variety of cellular activities such as cell migration and
proliferation, survival, and apoptosis [53]. Moreover,
it was described as a negative regulator of type 1
IFN-related AV response [54]. One has to point out
that those findings were described in different cell
lines than HelLa. To verify the importance of STAT3
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for type 1 IFN signaling, we prepared a STAT3 KO
cell line and assessed how it altered IFNB-induced
activities. STAT3 KO exhibited no influence on any
of the evaluated type 1 IFN-related activities. Our
results are clearly different from those in mice. For
example, numerous genes were induced by IFNy in
the absence of STAT1, due to alternative STAT3
signaling, which is dominant in the absence of
STAT1 through a change in receptor occupancy by
the dominant STAT, causing a switch from one
activated STAT to another [55-57]. In our case,
STAT3 was phosphorylated by IFNB to the same
extend in the STAT1-STAT2 double-KO cells as in
WT, but without resulting in gene induction. All those
findings support the fact that STAT1 and STAT2 are
the main mediators of type 1 IFN signaling in HeLa
cells, despite the activation of other STATs in the
absence of STAT1 and STAT2.

In summary, in this manuscript, we established the
type l-induced signaling pathway in human Hela
cells to high resolution. For this pathway to be
activated, both IFNAR1 and IFNAR2 are required, as
well as STAT1 and STAT2. In addition to the main
activity mediated by STAT1-STAT2-IRF9, we also
found residual activity through STAT1-IRF1 and
STAT2-IRF9. We did not observe any role for
activation of STAT3 or STAT6. Also, if NFkB,
PIBK—AKT, AKT/mTOR, or ULK1/autophagy path-
ways are involved, they have to be downstream of
STAT1 or STAT2. As all the experiments were done
in HelLa cells, this does not preclude the possibility
that in other backgrounds (different cell types or
other species), other pathways will be of major
importance in IFN signaling. Indeed, one of the
challenges of this system, which is activated in all
vertebrates and cell types, is to identify the common
signals, from the cell type-specific signals to obtain a
more complete understanding on the importance of
IFN in health and disease.

Materials and Methods

Cell lines

HeLa is a human cervical cancer cell line. In HelLa
cells, type 1 IFN activates both its robust and tunable
activities. In addition, they are adherent cells and
easily transfected. The genome of Hela is stable,
was mapped, and karyotyped with the number of
alleles of each of our KO genes being known [58].
Both IFNARs have three alleles (chromosome 21),
and STAT1 (chromosome 2) and STAT2 (chromo-
some 12) have two and three alleles respectively.
This is important consideration for generating KOs. It
should be noted that HeLa cells harbor defined HPV
genome integration sites and HPV-encoded pro-
teins, which may affect IFN signaling. HelLa cells
were grown in Dulbecco's modified Eagle's medium

(Gibco 41965-039) with 10% fetal bovine serum
(Gibco 12657-029), 1% pyruvate (biological indus-
tries 03-042-1B), and 1% penicillin—streptomycin
(biological industries 03-031-1B).

CRISPR/Cas9

All targets were chosen using the benchling design
tool (https://benchling.com/crispr). Primers were
annealed using T4 PNK (NEB- M0201 L) and ligated
using T4 ligase (NEB—MO0202L) into Px459 nuclease
or Px462 nickase cas-9 vectors (Addgene). Cells
were transfected with the vectors using the JetPrime
reagent (PolyPlus 114-07) or Lipofectamine™ 2000
Transfection Reagent (Thermofisher 11668027).
Clones were selected using puromycin resistance.
Multiple STAT1, STAT2, STAT1 + STAT2 double
KO, STAT2 + IRF1 double KO, and STAT3 KO
clones were generated. All clones generated were
sequenced and verified as KO in all gene's alleles.
Gene induction and STAT activation assays were
performed and compared for at least two clones,
with no clone specific results being observed. The
here presented data are of one selected clone from
each KO.

AV and AP assays

1.2 x 10* HeLa WT or KO cells were grown ON on
flat-bottomed 96-well plates for the AV assay and
4 x 10° for the AP assay. Cells were treated with 10
tertiary dilutions of IFN starting from 500 pM for the
AV and 50 nM for the AP assay. AV activity against
VSV and EMCV was assessed by determining the
extent of viruses' cytophatic effect inhibition [59,60].
Four hours after the addition of IFN, VSV or EMCV
was added for 18 or 20 h, respectively. AP was
monitored 96 h after the addition of IFNB. In both
assays, the cell viability was determined by crystal
violet staining as described previously [60]. The
ECso values and cell sensitivity to the indicated IFNs
were determined from the IFN dose—response
curve, as previously described [60].

WB analysis

STAT phosphorylation was measured by WB as
described earlier [15] using the following antibodies:
rabbit polyclonal anti-pSTAT1 (Tyr701) (Cell signal-
ing 9167s), rabbit polyclonal anti-pSTAT2 (Tyr690)
(cell signaling 4441s), rabbit polyclonal anti-STAT1
(p84/p91) (Santa Cruz Biotechnology Inc. sc-346),
mouse monoclonal anti-STAT2 (A-7) (Santa Cruz
Biotechnology Inc. sc-1668), rabbit polyclonal anti-
pSTAT3 (Tyr 705) (Santa Cruz Biotechnology Inc.
sc-7993-r), and mouse monoclonal anti-pSTAT6
(pY641.18) (Santa Cruz Biotechnology Inc.
sc-136,019). Mouse monoclonal anti-a-tubulin
(Sigma) (T9026-2 ml) was used as normalizing
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protein: Py-ERK (pT202/Py204.22A) (Santa Cruz
Biotechnology Inc. sc-136,521 monoclonal mouse
Ab), Py-p38 (D8) (Santa Cruz Biotechnology Inc.
sc-7973 monoclonal mouse Ab), and Py-Akt (S473)
(Cell Signaling 4060S rabbit polyclonal Ab). Two size
markers are shown in all WBs. In some cases, multiple
stripping and re-blotting of the same membrane
resulted in the size markers to be invisible. In these
cases, we manually draw their positions according to
their location before stripping.

Quantitative PCR analysis

The extent of expression of IFN stimulated genes
was measured using qPCR as described previously
[15]. The sequences of the primers used are detailed in
Table S3. High-throughput gPCR was performed with
BioMark 96 x 96 Dynamic Array (Fluidigm Corpora-
tion) according to the manufacturer's protocol. cDNAs
(50 ng/ul) were pre-amplified with all the primers and
analyzed with the BioMark real-time PCR instrument.
Initial data analysis was performed with the fluidigm
real-time PCR analysis software. Clustering was
performed using the Netwalker software.

Reconstitution of KO proteins

Transfection of the knocked-out proteins was
performed either by JetPrime reagent (PolyPlus
114-07) for STAT KOs using addgene no. 12301
eGFP STAT1 WT for STAT1 and pSEMS vector for
STAT2 transfection or by electroporation (NEPA21
Super Electroporator, NEPAGENE) for the IFNAR
KOs (by using pDisplay vector). Twenty-four to 48 h
later, cells were treated with IFNB to evaluate AV
activity, gene induction, and STAT protein levels.
Since AP activity requires 96-h IFN induction,
it is impossible to evaluate it by using transient
transfection. For IRF9 KD, HelLa and KO cells
were transfected for 48 h with human siRNAs
ON-TARGETplus IRF9 or ON-TARGETplus Non-
Targeting siRNA no. 2 (control siRNA) (Dharmacon).
Transfection was performed with INTERFERIn
(Polyplus-transfection) according to the manufacturer's
recommendations.

Cell surface receptor analysis using FACS

IFNARs surface levels were monitored as de-
scribed in Ref. [15] using monoclonal antibodies
AA3 and 117.7, which are specific for IFNAR1
and IFNAR2, respectively. Adherent cells were first
detached with phosphate-buffered saline with 5 mM
EDTA and re-suspended in phosphate-buffered
saline containing 3% fetal bovine serum (Gibco
12657-029). Gating of live cells was done by using
Propidium lodide (Sigma-Aldrich p-4864). Samples
were analyzed with the BD Accuri™ C6 personal
flow cytometer.

RNAseq

Cells were treated with 2 nM IFNB for 16 h. RNA
samples were extracted using 5-Prime PerfectPure
RNA purification kit (Gentra 2302340). Total RNA
(500 ng) was fragmented followed by reverse
transcription and second strand cDNA synthesis.
The double-strand cDNA was subjected to end
repair, A base addition, adapter ligation, and PCR
amplification to create libraries. Libraries were
evaluated by Qubit and TapeStation. Sequencing
libraries were constructed with barcodes to allow
multiplexing of 12 samples in 1 lane. Around 20
million single-end 60-bp reads were sequenced per
sample on lllumina HiSeq 2500 V4 instrument.
The RNAseq data discussed in this publication
have been deposited in NCBI's Gene Expression
Omnibus [61] and are accessible through GEO
Series accession number GSE118551. UTAP [62]
is the transcriptome analysis pipeline used here to
analyze the RNAseq and MARseq data.

MARseq

HelLa, STAT single- and-double KO cell lines
were treated with 2 nM IFN for 24 h. RNA samples
were extracted using the Qiagen RNeasy Mini Kit
(Cat No./ID: 74104). cDNA preparation and RNA
sequencing were performed as described by Jaitin
et al. [63].

Error analysis

All the experiments were performed using multiple
biological replicates. For gPCR data, the average of at
least three independent biological replicates is shown,
with their affiliated standard errors. Significance was
calculated using ANOVA with tukey post-test as
implemented in the Kaleidagraph software package
version 4.5, with significance of *0.005 « P « 0.05, **
0.0005 « P « 0.005, and *** P « 0.0005. For RNA-
seq, 96% of AACT data of biological replicate
experiments were within 2-fold of one another.
Therefore, we chose as significant level induction
of »2-fold.
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