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Abstract

Elevated expression of RNA binding protein HNRNPC has been
reported in cancer cells, while the essentialness and functions of
HNRNPC in tumors were not clear. We showed that repression of
HNRNPC in the breast cancer cells MCF7 and T47D inhibited cell
proliferation and tumor growth. Our computational inference of
the key pathways and extensive experimental investigations
revealed that the cascade of interferon responses mediated by RIG-
I was responsible for such tumor-inhibitory effect. Interestingly,
repression of HNRNPC resulted in accumulation of endogenous
double-stranded RNA (dsRNA), the binding ligand of RIG-I. These
up-regulated dsRNA species were highly enriched by Alu sequences
and mostly originated from pre-mRNA introns that harbor the
known HNRNPC binding sites. Such source of dsRNA is different
than the recently well-characterized endogenous retroviruses that
encode dsRNA. In summary, essentialness of HNRNPC in the breast
cancer cells was attributed to its function in controlling the
endogenous dsRNA and the down-stream interferon response. This
is a novel extension from the previous understandings about
HNRNPC in binding with introns and regulating RNA splicing.
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Introduction

Aberrant up-regulation of heterogeneous nuclear ribonucleoprotein

C (HNRNPC) has been observed in multiple tumors or tumor cell

lines, including glioblastoma (Park et al, 2012), hepatocellular carci-

noma (Sun et al, 2007), melanoma (Mulnix et al, 2014), and lung

cancer (Pino et al, 2003). As an RNA binding protein (RBP),

HNRNPC is well known for its regulatory roles in RNA splicing

(Konig et al, 2010; Zarnack et al, 2013), sequence-unspecific RNA

exportation (McCloskey et al, 2012), RNA expression (Christian

et al, 2008; Park et al, 2012), stability (Shetty, 2005; Velusamy et al,

2008), 30 end processing (Gruber et al, 2016), and translation (Kim

et al, 2003; Meng et al, 2008; Spahn et al, 2008; Lee et al, 2010).

Indeed, among these HNRNPC-involved regulatory events are

processing of multiple cancer-related genes, including BRCA (Anan-

tha et al, 2013), uPAR (Shetty, 2005), MALAT1 (Yang et al, 2013),

PDCD4 (Park et al, 2012), cMyc (Kim et al, 2003). However, the

essentialness of HNRNPC in tumors and the exact molecular

processes that are responsible for the potential physiological func-

tion of HNRNPC in the tumor cells are still not clear. In the present

study, we showed that even a partial repression of HNRNPC could

result in arrestment of cell proliferation and tumorigenesis of the

breast cancer cell lines MCF7 and T47D, suggesting an indispens-

able role of HNRNPC in these cells. Our further survey of the tran-

scriptome profiles after HNRNPC knock-down in these cells

revealed an unanticipated dramatic elevation of the interferon-

stimulated genes (ISGs), including the type I interferon IFNb itself.

IFNb can be expressed in most of the cell types upon invasion of

microbes and sensing of the microbial components by the pattern

recognition receptors (PRRs; Nagarajan, 2011; Schneider et al,

2014). In addition, the type I interferon production can also be acti-

vated by the PRRs sensing the endogenous nucleic acids under

stress conditions such as radiation, autoimmune disease, and cancer

(West et al, 2015; Roers et al, 2016). Specifically, upon activation

by their ligands, the cytoplasmic DNA sensors (ALR and cGAS) and

RNA sensors (RIG-I and MDA5) initiate the signaling cascade of

interferon response (Honda et al, 2006; Goubau et al, 2013; Wu &

Chen, 2014; McNab et al, 2015), leading to transcription of the ISGs

(Platanias, 2005; Schneider et al, 2014). These interferon responses

have been shown to be involved in regulating tumor development

due to its well-characterized pro-apoptotic and anti-proliferative

effects in various types of cancer cells, including myeloma cell lines

(Chen et al, 2001), lymphoma (Yang et al, 2012), liver cancer cells

(Maeda et al, 2014; Murata et al, 2006; Sangfelt et al, 1997), and
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sarcoma cell lines (Sanceau et al, 2000). In fact, recent studies have

shown that the IFN response triggered by endogenous dsRNA plays

a central role in executing the therapeutic effects of anti-tumor drugs

such as DNA methyltransferase inhibitors and CDK4/6 inhibitors in

multiple types of cancer (Chiappinelli et al, 2015; Roulois et al,

2015; Goel et al, 2017).

In the present study, we showed that the tumor-inhibitory effect of

HNRNPC knock-down was mediated through the cascade of inter-

feron response, which was specifically initiated via retinoic acid-

inducible gene I (RIG-I, gene name DDX58), but not the other PRRs.

Interestingly, we found that HNRNPC knock-down resulted in

increase in the endogenous double-stranded RNA (dsRNA), which is

the binding ligand of RIG-I. We then developed a dsRNA pull-down-

based experiment to enrich the dsRNA species from the total RNA.

Sequencing of these dsRNA libraries and the following bioinformatics

analysis systematically identified the dsRNA regions and quantified

their abundances. Accumulation of some dsRNA regions was indeed

observed after HNRNPC knock-down. These elevated dsRNA species

were mostly found in introns, corroborating known transcriptome-

wide HNRNPC binding regions (Konig et al, 2010; Zarnack et al,

2013). This differs from previous observation of elevated dsRNA

derived from normally hypermethylated endogenous retroviruses

(ERVs) that are activated by anti-tumor inhibitors to trigger the IFN

response as a therapeutic approach (Chiappinelli et al, 2015; Roulois

et al, 2015; Goel et al, 2017). Heterogeneous nuclear ribonucleopro-

tein C is well known for its function in regulating RNA splicing by

binding with introns, especially the introns containing Alu (Konig

et al, 2010; Zarnack et al, 2013). Indeed, almost all the up-regulated

dsRNA regions contain Alu or Alu fragments. Therefore, our discov-

ery of dsRNA accumulation upon HNRNPC repression is a novel

extension of the previously characterized functions of HNRNPC in

binding with pre-mRNA introns and regulating RNA splicing.

Results

Repression of HNRNPC arrested the proliferation and
tumorigenesis of MCF7 and T47D

Elevated expression of HNRNPC has been observed in multiple

types of tumors and tumor cells (Pino et al, 2003; Sun et al, 2007;

Park et al, 2012; Mulnix et al, 2014). The present study was focused

on the potential function of HNRNPC in breast cancer cells. The

RNA-seq data of breast cancer in The Cancer Genome Atlas (TCGA)

also showed a significant increase in HNRNPC expression in 111

breast cancer tumors compared to their adjacent normal tissues

(Appendix Fig S1). Gene expression knock-down of HNRNPC with

siRNAs (Appendix Fig S2A–D) greatly reduced the proliferation rates

of two breast cancer cell lines, MCF7 and T47D (Fig 1A and B, and

Appendix Fig S3A and B). This was confirmed by CRISPR/Cas9-

mediated partial knock-down of HNRNPC (Appendix Fig S4A and

B), which suppressed cell proliferation as well (P < 0.05 for MCF7

and 0.01 for T47D, Fig 1C and D). The anchorage-independent

growth assay further showed that shRNA-mediated silencing of

HNRNPC (Appendix Fig S4C and D) strongly repressed colony

formation of MCF7 and T47D (Fig 1E and F), indicating the reduced

malignant transformation potential. However, such proliferation-

inhibitory effect of HNRNPC repression is absent in the primary

breast epithelial cell MCF10A or in the triple-negative breast cancer

cells BT549 and MDA-MB-231 (Appendix Fig S5A–F).

Consistently, xenograft transplantation mouse models demon-

strated that shRNA-mediated long-term knock-down of HNRNPC

(Appendix Fig S4E) greatly repressed the in vivo tumorigenesis of

MCF7 (Fig 1G). Furthermore, periodic (half-weekly) injection of the

HNRNPC siRNA packed with a polymer-based delivery reagent, into

the MCF7 cell-derived xenograft tumors, also repressed tumor

growth in vivo (P < 0.01, Fig 1H and Appendix Fig S4F). Taken

together, these results suggest that HNRNPC is indispensable for the

proliferation and tumorigenesis of the cells MCF7 and T47D.

Repression of HNRNPC activated the type I interferon response

To further elucidate the molecular mechanism for the potent tumor-

inhibitory function of HNRNPC repression in the breast cancer cells,

we profiled the genome-wide gene expression levels with RNA-seq

upon HNRNPC knock-down in MCF7 and T47D cells. Silencing of

HNRNPC with siRNAs in MCF7 and T47D cells resulted in up-regula-

tion of a number of genes (Fig 2A and B), which are highly and

exclusively enriched by the genes involved in the interferon

response-related processes, according to the gene ontology and KEGG

pathway enrichment analyses (Fig 2C and D). Indeed, many of the

up-regulated genes belong to the category of ISGs (Fig 2A and B).

These results from RNA-seq were validated with qPCR experiments,

which confirmed the elevated mRNA expressions of IFNb (IFNB1)

and multiple ISGs after HNRNPC knock-down (Fig 2E). Finally, this

was further backed by the inducible CRISPR/Cas9-mediated silencing

of HNRNPC, which also led to up-regulation of the ISGs (Fig 2F).

Next, we examined the differential activities of the transcription

factors (TFs) that may have been driving the global gene expression

profile shift in response to HNRNPC repression. Here, we used the

MARINa (MAster Regulator INference algorithm), which were

designed to identify the master TFs across two conditions by assess-

ing the differential expression of the TF target gene sets (Lim et al,

2009). The MARINa analysis identified almost all the core TFs in the

interferon response cascade (Fig 2G), including IRF3/7, the tran-

scriptional activator of the IFNb gene, and two components of the

ISGF3 complex (STAT1 and IRF9), which is the down-stream TF

effector of the interferon signaling pathway and responsible for the

transcriptional up-regulation of the ISGs.

Taken together, these results indicate that suppression of HNRNPC

in MCF7 and T47D resulted in both the first wave of interferon

response, i.e., production of IFNb potentially by transcription factors

IRF3/7, and the second wave of interferon signaling pathway that acti-

vates the ISGF3 complex, leading to up-regulated expression of the

ISGs. Indeed, high levels of IFNb in the cell media were observed after

HNRNPC knock-down (Fig 3A), and treatment of MCF7 and T47D

cells with IFNb induced up-regulation of the ISGs and inhibition of cell

proliferation in a dose-dependent manner (Fig EV1A and B).

Interestingly, such a strong interferon response was absent in

MCF10A, BT549, and MDA-MB-231 (Appendix Fig S6A–C), of which

the proliferation rates were unaltered upon HNRNPC knock-down

(Appendix Fig S5). This leads to the hypothesis that the production

and secretion of IFNb are responsible for the up-regulated ISGs in

MCF7 and T47D, and the cascade of interferon production and

signaling is responsible for the tumor-inhibitory effect of HNRNPC

repression.
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Figure 1. Knock-down of HNRNPC inhibited growth and tumorigenesis of breast cancer cells.

A Growth curves of the MCF7 (left) and T47D cells (right) upon gene silencing with siRNAs. siNC: non-targeting siRNA as a negative control, siHN-1: siRNA sequence 1 for
HNRNPC, siHN-2: siRNA sequence 2 for HNRNPC, siLMNA: siRNA for LMNA as another negative control. Each sample has three replicates. Data represent mean � SD.

B Relative protein levels of HNRNPC upon siRNA-mediated silencing, quantified from Western blots of three replicates. The error bars represent � SD.
C Growth curves of the Tet-on CRISPR-Cas9-MCF7 (left) and Tet-on CRISPR-Cas9-T47D cells (right). Expression of Cas9 was induced with 5 lM doxycycline after

transfection of the sgRNAs. sgNC: non-targeting sgRNA as a negative control, sgHN-1: sgRNA sequence 1 for HNRNPC, sgHN-2: sgRNA sequence 2 for HNRNPC,
sgLMNA: sgRNA for LMNA as another negative control. Each sample has three replicates. Data represent mean � SD.

D Relative protein levels of HNRNPC upon CRISPR-mediated gene knock-down, quantified from Western blots of three replicates. The error bars represent � SD.
E Anchorage-independent cell growth assays of the HNRNPC-deficient MCF7 (right) and T47D (left) cells.
F Relative protein levels of HNRNPC upon shRNA-mediated silencing, quantified from Western blots of three replicates. The error bars represent � SD.
G Images, weights, and growth records of the xenograft tumor models in female NSG mice established from the MCF7 cells with lentivirus-mediated stable gene knock-

down. Each group has six mice. The error bars represent � SEM.
H Images, weights, and growth records of the MCF7-derived xenograft tumors, which were subjected to periodic siRNA injection, starting from 2 weeks after

transplantation of the cells. Each group has four mice. The error bars represent � SEM.
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IFNb and the IFN signaling pathway mediated the arrestment of
proliferation in response to HNRNPC knock-down

Considering the high level of IFNb in the media after HNRNPC knock-

down in MCF7 and T47D (Fig 3A), we transferred the media, 48

hours after the siRNA transfection of HNRNPC, to the wild-type cells

without HNRNPC repression. These cells also gained elevated expres-

sion levels of the ISGs (Fig 3B), whereas neutralization of IFNb by

adding its antibody into the media resulted in significantly reduced

responses of the ISGs in these cells (Fig 3C). The cell proliferation

A

B

E

G

F

C D

Figure 2. Repression of HNRNPC induced the interferon response and expression of ISGs in breast cancer cells.

A, B Volcano plots showing the differential expression of the genes after HNRNPC knock-down in the MCF7 (A) and T47D (B) cells. The ISGs with significant differential
expression were marked as red dots. The cutoffs (dashed line) were set at the log2 fold change > 1.5 or < �1.5 and the P < 0.001.

C, D Enrichment of the GO and KEGG functional annotations in the up-regulated gene sets upon HNRNPC knock-down in MCF7 (C) and T47D (D) cells. The P-values
(�log10) of such enrichments were provided on the y-axis.

E, F qPCR measurements of the expressions of ISGs upon knock-down of HNRNPC in MCF7 and T47D cells using siRNA (E) or CRISPR-Cas9 (F). Each sample has three
replicates. Data represent mean � SD.

G 11 TFs involved in the interferon response and signaling, which were identified by MARINa as master TFs upon HNRNPC knock-down. In each row, all genes were
sorted (from left to right) by their differential expressions in siHNRNPC vs. control cells. The predicted target genes that are positive or negative regulated by the TF
are marked as red or blue bars. All the TFs were sorted by the P-values (FDR-corrected) from the MARINa analysis. Ranks of these 11 TFs among all the master TFs
identified by MARINa were provided to the right.
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was also repressed in such media (P < 0.01, Fig 3D), which is similar

to the effect of HNRNPC knock-down itself, even though the HNRNPC

expression level remained unchanged (Fig 3B). Therefore, it is highly

suspected that the cell proliferation-repressive effect of HNRNPC

knock-down was indeed mediated by the secreted IFNb and the

subsequent activation of the type I interferon signaling pathway.

A B

C

D

Figure 3. HNRNPC repression up-regulated the ISGs and suppressed MCF7 and T47D proliferation by activating the IFNb production.

A Concentrations of IFNb, measured by ELISA, in the culturing media of MCF7 and T47D cells 48 hours after siRNA transfections. siNC: non-targeting siRNA as a
negative control, siHN-1: siRNA sequence 1 for HNRNPC, siHN-2: siRNA sequence 2 for HNRNPC, siLMNA: siRNA for LMNA as another negative control. Each sample
has three replicates. Data represent mean � SD.

B The normal MCF7 (left) and T47D (right) cells were cultured in the media collected from the corresponding cells 48 h after siRNA-mediated gene knock-down.
Expressions of the ISGs in these normal cells were measured with qPCR. Each sample has three replicates. Data represent mean � SD.

C Different doses of the IFNb antibody were added to the media of the siRNA-transfected MCF7 (left) or T47D (right) cells right before the media were transferred to the
wild-type cells. The wild-type MCF7 or T47D cells were then cultured in these media for 48 hours, and the expressions of ISGs were measured by qPCR. Each sample
has three replicates. Data represent mean � SD.

D Growth curves of the MCF7 (left) and T47D (right) cells cultured in the media collected from the siRNA-transfected cells. Each sample has three replicates. Data
represent mean � SD.
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The well-studied type I interferon signaling pathway starts with

binding of the extracellular IFNb with the cell surface receptors

IFNAR1/2, in which IFNAR2 is essential (Schreiber & Piehler, 2015;

Lopez de Padilla & Niewold, 2016). In response to this binding

signal, the JAK-STAT pathway is activated, leading to transcrip-

tional up-regulation of the ISGs (Ivashkiv & Donlin, 2014; Schneider

et al, 2014). Therefore, to show that the up-regulated ISGs upon

HNRNPC knock-down depend on the interferon signaling cascade,

we used an IFNb antibody, an IFNAR2 blocking antibody, and the

JAK-STAT inhibitor ruxolitinib to block the interferon signaling

pathway at different levels. Indeed, disruptions of the interferon

signaling pathway in the HNRNPC-repressed cells, by neutralization

of the extracellular IFNb, blockage of the membrane receptor

IFNAR2, or inhibition of the JAK-STAT cascade, all attenuated up-

regulations of the ISGs, including IFNB1, IFI27, IFI44, and IFI44L, in

a dose-dependent manner (Fig 4A–C). In addition, more impor-

tantly, neutralization of IFNb and inhibition of JAK-STAT both

rescued the cell growth repression resulted from HNRNPC knock-

down, in an antibody or inhibitor dose-dependent manner (Fig 4D–

F). In fact, the high dosages almost completely offset the growth

arrestment effect of HNRNPC repression.

In summary, the results above have demonstrated that the anti-

proliferation effects of HNRNPC repression in MCF7 and T47D cells

can indeed be attributed to the production of IFNb and the resulted

activation of the type I interferon signaling pathway. Next, we

sought to elucidate how repression of the RBP HNRNPC could lead

to activation of such potent interferon responses.

The dsRNA sensor RIG-I mediated the interferon response and
tumorigenesis arrestment upon repression of HNRNPC

Under various stress conditions, abnormal accumulations of endoge-

nous double- or single-stranded DNA or RNA may be sensed by cyto-

plasmic PRRS and trigger the interferon response (West et al, 2015;

Roers et al, 2016), with effects on cell proliferation and the innate

and adaptive immune systems (Chiappinelli et al, 2015; Roulois et al,

2015; Goel et al, 2017). Given that HNRNPC has been well known

for its involvement in multiple RNA-related processes such as pre-

mRNA splicing (Anantha et al, 2013), mRNA stabilization (Shetty,

2005), and RNA exportation (McCloskey et al, 2012), we looked into

the RNA sensors for their potential involvements in mediating the

interferon response upon repression of the normal HNRNPC function

in MCF7 and T47D. RIG-I (gene name DDX58), melanoma differentia-

tion-associated protein 5 (MDA5, gene name IFIH1), and Toll-like

receptor 3 (TLR3) are three major dsRNA sensors in non-immune

cells (Kawai & Akira, 2008). TLR3 is located on the cell and endo-

some membrane, and its mRNA expression level was barely detect-

able in MCF7 and T47D cells with either qPCR or RNA-seq. To test

the involvements of the other two RNA sensors in the interferon

responses upon HNRNPC repression, we prepared the MCF7 and

T47D cells with stable knock-down of DDX58 or IFIH1 (Appendix Fig

S7A). The up-regulations of IFNB1 and ISGs by HNRNPC knock-

down were almost completely abrogated in the cells with repressed

DDX58, but not in the cells with IFIH1 knock-down (Fig 5A). Consis-

tently, IFNb was not detected in the media of DDX58 knock-down

cells after silencing HNRNPC, while the IFIH1 knock-down cells

performed similar to the control cells in producing IFNb upon

HNRNPC repression (Fig 5B). Next, since MAVS is the central

mediator of the RIG-I-dependent signaling cascade leading to tran-

scriptional activation of the IFNB1 gene (Kawai & Akira, 2008;

Reikine et al, 2014), we further tested the involvement of MAVS in

mediating the interferon response upon HNRNPC repression. Knock-

down of MAVS indeed resulted in complete blockage of IFNB1 and

ISG up-regulations upon HNRNPC repression (Appendix Fig S8),

which is as potent as DDX58 silencing.

Furthermore, knock-down of DDX58, but not IFIH1, completely

blocked the cell growth-inhibitory effect of HNRNPC silencing

(Fig 5C). In vivo xenograft tumor models also confirmed that the

MCF7 cells with DDX58 knock-down (Appendix Fig S7B) gained

resistance to the tumor-inhibitory effect of HNRNPC repression

(Fig 5D, compared to Fig 1G). Finally, in contrast to the result

shown in Fig 1H, the xenograft tumors derived from the MCF7 cell

with DDX58 knock-down were not any more responsive to periodic

injection of the siRNA of HNRNPC (Fig 5E and Appendix Fig S7C).

In addition, there are also other ds/ssRNA sensors, such as

OAS1-3 and IFIT1-5. Knocking-down any of these sensors could not

block the up-regulation of ISGs or inhibition of proliferation upon

HNRNPC repression (Appendix Fig S9A–E). Taken together, our

results have shown that upon HNRNPC repression, the RIG-I-MAVS

signaling pathway is responsible for triggering the cascade of IFNb
production and activation of the type I interferon signaling pathway,

which leads to the up-regulated ISGs and eventually the tumor cell

growth inhibition.

Finally, it is worth noting that the proposed machinery, RIG-I-

mediated interferon response, is different than the non-specific

siRNA-induced interferon response, which depends on activation of

PKR (46) or TLR3 (47). The interferon response and arrestment of

cell proliferation induced by HNRNPC repression were not sacrificed

in the cells with stable knock-down of PKR (Appendix Fig S10A and

B), indicating that the interferon response upon HNRNPC repression

is not simply a non-specific immune response. Interestingly, as an

ISG, PKR was up-regulated by HNRNPC silencing, at both the mRNA

and protein levels (Appendix Fig S10C and D). Importantly, either

neutralization of the IFNb or stable knock-down of DDX58, which

senses the dsRNA species and mediates the interferon response,

completely abrogated the up-regulation of PKR induced by HNRNPC

repression (Appendix Fig S10C and D). Therefore, the up-regulation

of PKR expression is a consequence of the interferon response upon

HNRNPC silencing.

Repression of HNRNPC resulted in increase in the
endogenous dsRNA

Given that RIG-I is one of the major dsRNA sensors and that

HNRNPC is deeply involved in multiple RNA processing events, we

were curious whether knock-down of HNRNPC could lead to an

abnormal dsRNA accumulation, which should subsequently trigger

the interferon signaling via RIG-I. Indeed, immunofluorescence (IF)

staining for dsRNA using anti-dsRNA J2 antibody revealed a signifi-

cant elevation of endogenous dsRNA in MCF7 and T47D upon

HNRNPC KD (Fig 6A and Appendix Fig S11). Interestingly,

MCF10A, BT549, or MDA-MB-231 cells did not show dsRNA

increase upon HNRNPC silencing (Appendix Fig S12A–C), which is

consistent with the resistances of these cells to HNRNPC repression,

in their growth rates and levels of the interferon response

(Appendix Figs S5 and S6).
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Figure 4. Up-regulated ISGexpressionand suppressedMCF7andT47DproliferationuponHNRNPC repressionmediatedvia the interferonbeta signalingpathway.

A–C In the siRNA-transfected MCF7 (left) or T47D cells (right), the interferon signaling pathway was blocked at different stages by means of IFNb neutralization (A), IFNAR2
neutralization (B), or JAK-STAT inhibition (C). The expressions of the ISGs were measured by qPCR. Each sample has three replicates. Data represent mean � SD.

D, E Growth curves of the MCF7 (D) or T47D cells (E) upon HNRNPC knock-down but with the interferon response blocked with the IFNb antibody. Each sample has
three replicates. Data represent mean � SD.

F Growth curves of the MCF7 (left) or T47D (right) cells upon HNRNPC knock-down and JAK-STAT inhibition with ruxolitinib (5 lM). siNC: non-targeting siRNA as a
negative control, siLMNA: siRNA for LMNA as another negative control, siHN-1: siRNA sequence 1 for HNRNPC, siHN-2: siRNA sequence 2 for HNRNPC. Each sample
has three replicates. Data represent mean � SD.
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We then sought to systematically identify and profile these dsRNA

species. As shown above, RIG-I, which recognizes relatively short

(< 300 bp) cytoplasmic dsRNA (Schlee & Hartmann, 2016), serves as

the main mediator of the interferon response upon HNRNPC KD,

while MDA5, which senses longer dsRNA (DeWitte-Orr & Mossman,

2010; Wu et al, 2013; Reikine et al, 2014), was not involved (Fig 5).

Therefore, we are interested in the pool of short (< 500 bp) dsRNA

species and developed a strategy to pull down the short dsRNA with

the anti-dsRNA J2 antibody from the total RNA. The dsRNA-enriched

libraries from different cells were then sequenced, followed by a

A

C

D

E

B

Figure 5. The interferon response and tumor-inhibitory effect of HNRNPC repression were mediated via the dsRNA sensor RIG-I (DDX58).

A, B Expression levels of ISGs (A) and IFNb concentration in the media (B) upon HNRNPC silencing in the cells with lentiviral shRNA-mediated stable knock-down of
DDX58 or IFIH1. Each sample has three replicates. Data represent mean � SD.

C Growth curves of the DDX58- and IFIH1-deficient MCF7 (left) and T47D (right) cells upon HNRNPC knock-down. Each sample has three replicates. Data represent
mean � SD.

D Xenograft tumor models with DDX58-deficient MCF7 cells. Images, weights, and growth records of the xenograft tumor models in female NSG mice established from
the DDX58-deficient MCF7 cells upon lentivirus-mediated stable knock-down of LMNA or HNRNPC. Each group has six mice. The error bars represent � SEM.

E Xenograft tumor models with DDX58-deficient MCF7 cells. Images, weights, and growth records of the xenograft tumors derived from DDX58-deficient MCF7 cells, which
were subjected to periodic siRNA injection, starting from 2 weeks after transplantation of the cells. Each group has four mice. The error bars represent� SEM.
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Figure 6. Repression of HNRNPC resulted in elevation of endogenous dsRNA.

A Immunofluorescence analysis of the dsRNA in MCF7 cells after knock-down of HNRNPC, with 40 ,6-diamidino-2-phenylindole (DAPI) staining (blue) and anti-dsRNA
antibody J2 (green). Cells transfected with poly I:C was included as a positive control of dsRNA, and the cells treated with RNase III was used as a negative control.
siNC: non-targeting siRNA as a negative control, siHN-1: siRNA sequence 1 for HNRNPC, siHN-2: siRNA sequence 2 for HNRNPC. The size of scale bar is 10 lm.

B Counts of dsRNA regions in the siNC control cells or in the cells with siHNRNPC, identified in the dsRNA-enriched libraries with anti-dsRNA J2 pull-down or in the
control libraries including the IgG control and the input control for dsRNA pull-down. Each bar represents the overlapping dsRNA species from two replicate
experiments. Among each set of the dsRNA regions, the dsRNAs from Alus were marked in gray.

C MA plot showing all the dsRNA regions identified in the dsRNA-enriched libraries. For each dsRNA region, mean of the read counts (log2) for two replicates of
siHNRNPC and siNC cells was shown on the x-axis, and the average fold change (log2) in siHNRNPC vs. siNC on the y-axis. The up-regulated dsRNA regions were
marked in red and down-regulated regions in black.

D An example of the up-regulated dsRNA regions upon HNRNPC knock-down. On top of the figure are plots of the read densities along the dsRNA region, in the dsRNA-
enriched libraries (J2) and the two control libraries (IgG and input), from the siNC and siHNRNPC cells. This dsRNA region was originated from intron 4 of DDX21 transcript
ENSG00000165732.12-001, which is shown at the bottom of the figure. The Alu DNA elements and the HNRNPC binding regions in this intron were also marked.

E From the results of RepeatMasker, percentage of the up-regulated dsRNA regions (928 regions highlighted in panel C) was counted that contain or largely overlap
with the Alu elements. For comparison, repeated for 10 times, the same number of intra-genic regions was randomly selected and the percentage of Alu was counted
with RepeatMasker. The results, i.e., percentages of Alu in these 10 random sets, were summarized as box plot.

F Percentage of the introns harboring the up-regulated dsRNA regions (698 introns in total, accounting for 864 of the 928 regions shown in panel C) that contain the
previously identified HNRNPC binding regions. For comparison, 10 sets of randomly selected introns, which have the same length distributions as the 698 introns,
were also queried. The results, i.e., percentages of the introns containing the HNRNPC binding regions in these 10 random sets, were summarized as box plot.

ª 2018 The Authors The EMBO Journal 37: e99017 | 2018 9 of 19

Yusheng Wu et al HNRNPC controls dsRNA and IFN responses The EMBO Journal



series of bioinformatics analyses for filtering the reads and identifying

the dsRNA species in the transcriptome.

Such dsRNA profiling procedure was designed to capture the

“free” dsRNA species but not the dsRNA structures embedded in

longer RNA molecules such as mRNAs. It has been well acknowl-

edged that long mRNA and non-coding RNA species harbor many

dsRNA regions as basic elements of their secondary structures, e.g.,

“stems” in stem-loops (Svoboda & Di Cara, 2006; DeWitte-Orr &

Mossman, 2010). These intra-molecular dsRNA structures lack phos-

phorylated 50 ends, which makes them impotent for triggering the

RIG-I-mediated interferon response (Sun et al, 2012; Reikine et al,

2014). However, these embedded dsRNA structures might interfere

with the J2 antibody and therefore could be pulled down by J2

(Schonborn et al, 1991; Kaneko et al, 2011). In fact, we did try IP

with J2 without size selection of the RNA. As suspected, the RNA

pulled down was dominated by long RNA species, and the overall

length distribution was similar to the total RNA input (data not

shown). Furthermore, quantifications of the RNA pulled down by J2

showed no significant difference in HNRNPC KD and the negative

control cells. As discussed above, this is not surprising. The RNA

pulled down was dominated by long RNA molecules with base-paired

structures, which resulted in an unacceptably high background noise

for quantitative comparison of the immunostimulatory free dsRNA

species. Therefore, we believe that it is necessary to separate and

enrich the small RNA species (< 500 bp) first, followed by IP with J2.

Interestingly, our dsRNA-seq strategy recovered short, free

dsRNA species (< 100 nt) (Fig EV2A), even though our size selec-

tion was performed around 500 nt. Compared to the total RNA input

and the IgG control, the libraries pulled down by anti-dsRNA J2 did

recover much more dsRNA regions (Fig 6B), which are twice as

abundant in the HNRNPC knock-down cells as in the control cells

(Fig 6B). These dsRNA species were mostly originated from introns

of long mRNA or non-coding RNA molecules (Fig EV2B). Quan-

tifications of the dsRNA abundances showed that knock-down of

HNRNPC indeed resulted in up-regulation of many dsRNA regions

(928 regions, marked red in Fig 6C), most of which (864 out of 928)

are located in introns of the mRNAs and long non-coding RNAs

(Fig EV2C). An example of the up-regulated dsRNA regions, origi-

nated from an intron of a pre-mRNA, is shown in Fig 6D. It is worth

noting that such dsRNA up-regulation was not associated with the

general transcriptional up-regulation of the host genes. In fact, most

of the host genes of these dsRNA regions did not have any type of

differential expression upon HNRNPC knock-down (Fig EV2D).

RIG-I, but not MDA5, primarily recognizes RNA targets with

triphosphorylated 50 end (50ppp) (Wang et al 2010; Baum et al

2010; Peisley et al 2012), and recent studies reported that RNA with

diphosphorylated 50 end (50pp) are substrates of RIG-I as well

(Goubau et al, 2014). Therefore, we have performed enrichment of

50ppp RNA followed by RNA sequencing to query the dsRNA species

identified with J2 dsRNA-seq and to quantify the percentage of the

dsRNAs that have 50ppp. Strikingly, most of the up-regulated dsRNA

species upon HNRNPC KD have 50ppp ends (Fig EV3A), which

strongly supports our hypothesis of RIG-I-mediated interferon

response. In addition, our previous experiments of DDX58 KD

showed that repression of DDX58 significantly reversed the inter-

feron response activated by HNRNPC KD. Here, further rescue

experiments, with wild-type RIG-I or RIG-I with its 50ppp RNA

recognition domain mutated or truncated (Fig EV3B), confirmed

that the 50ppp RNA recognition function of RIG-I is responsible for

triggering interferon response upon HNRNPC KD (Fig EV3C).

Importantly, stable knock-down of DDX58 did not affect the accu-

mulation of dsRNA upon HNRNPC silencing (Appendix Fig S13),

confirming that the elevated dsRNA was not a by-product of inter-

feron response.

In summary, our results have shown that the dsRNA sensor RIG-

I mediated the interferon response and tumor growth arrest upon

HNRNPC repression in breast cancer cells MCF7 and T47D, which is

well in line with the significant accumulation of immunostimulatory

endogenous dsRNA species upon knock-down of HNRNPC.

Characterization of the dsRNA species induced by
HNRNPC repression

Surprisingly, the up-regulated dsRNA species upon knock-down of

HNRNPC are very highly enriched by the Alu elements. 71% of

these dsRNA regions contain or largely overlap with Alu sequences,

compared to just about 10% for the randomly selected intra-genic

regions with similar length distributions (Fig 6D and E for an exam-

ple). In fact, it has been shown that Alu RNAs composed the major

form of dsRNA under certain pathological contexts (Kaneko et al,

2011) and that the adenosine deaminase ADAR1 destabilizes dsRNA

structures from Alu sequences in pol II-transcribed mRNA via RNA

editing (Chung et al, 2018). Here, we found that silencing ADAR1

only did not alter the ISGs or cell proliferation rate (Fig EV4A and

B), whereas silencing ADAR1 together with HNRNPC resulted in

elevated ISG signatures and stronger inhibition of cell proliferation

(Fig EV4C and D). These observations are consistent with our

finding that repression of HNRNPC primarily functions on Alu-

enriched dsRNA species.

Heterogeneous nuclear ribonucleoprotein C has been well char-

acterized for its function in binding to the intron regions of pre-

mRNA and regulating silencing or inclusion of the introns (Konig

et al, 2010). Further studies revealed that HNRNPC is essential for

repression of aberrant exonization of the Alu elements in the

introns, and loss of HNRNPC resulted in abnormal inclusion of Alu

in the transcripts (Zarnack et al, 2013). Therefore, we suspect that

the newly discovered dsRNA-controlling function of HNRNPC is a

consequence of the well-appreciated function of HNRNPC in regu-

lating RNA splicing. Indeed, the harboring introns of these up-regu-

lated dsRNA regions, compared to the randomly selected intron

sets with similar length distributions, are much more enriched by

the previously identified RNA binding sequences of HNRNPC

(Konig et al, 2010; Zarnack et al, 2013) (Fig 6F), suggesting co-

occurrence of HNRNPC binding and dsRNA origination in the

introns.

We propose that HNRNPC ensures the proper RNA metabolism

and splicing, whereas reduction in HNRNPC impairs such normal

processes and results in RNA transcripts with aberrant exonization

of Alu introns. These transcripts are subjected to cytoplasmic RNA

quality control mechanisms, e.g., nonsense-mediated decay (NMD)

of mRNAs with premature stop codons or truncated open reading

frames (Zarnack et al, 2013; Attig et al, 2016), and thereby give rise

to dsRNA fragments as a by-product. Regulator of nonsense tran-

scripts 1 (UPF1) is required for such RNA recycle machinery (Popp

& Maquat, 2014). Indeed, knocking-down UPF1 in addition to

HNRNPC in the MCF7 cells almost completely abrogated the dsRNA
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accumulation due to HNRNPC repression (Fig EV5A). As a result,

the dramatic activation of IFNb mRNA expression upon silencing of

HNRNPC was significantly reduced, almost to the control level

(Fig EV5B). Considering that UPF1 also mediates the STAU1-

mediated mRNA decay (SMD; Kim et al, 2005), which degrades

mRNA with a STAU1 binding site in the 30 UTR (Kim et al, 2007),

we tested whether SMD also contributed to the dsRNA accumula-

tion. In contrast, knocking-down STAU1 did not reduce the endoge-

nous dsRNA (Fig EV5A) or the IFNb mRNA expression (Fig EV5B)

upon HNRNPC repression, suggesting that SMD was not involved in

the process of dsRNA accumulation here.

Furthermore, SMG6 is the endonuclease during NMD, which

cleaves the NMD targets and initiates exonucleolytic decay of the

RNA degradation intermediates from both the 50 and 30 ends (Sch-

midt et al, 2015; Hug et al, 2016; Kurosaki & Maquat, 2016). We

then performed SMG6 knock-down (Appendix Fig S14A) and

showed that similar to UPF1, repression of SMG6 significantly

reduced the ISG up-regulation in response to HNRNPC knock-down

(Appendix Fig S14B). Consistently, the cell proliferation rate was

also rescued by knocking-down SMG6 or UPF1 (Appendix Fig

S14C). Collectively, the results above suggest that the NMD machin-

ery is deeply involved in mediating the accumulation of dsRNA and

the down-stream interferon response upon HNRNPC repression.

Therefore, we propose that dysregulated alternative splicing upon

HNRNPC KD resulted in NMD of the Alu-enriched transcripts, which

eventually generated Alu dsRNAs and triggered RIG-I-mediated

interferon response.

Discussion

Elevated expression of HNRNPC has been reported in multiple types

of cancer cells (Pino et al, 2003; Sun et al, 2007; Park et al, 2012;

Mulnix et al, 2014), but the physiological function of HNRNPC in

tumorigenesis has not been fully understood. In the present study,

we showed the indispensable role of HNRNPC in the breast cancer

cells MCF7 and T47D (Fig 1). Repression of HNRNPC, by means of

RNAi or CRISPR-mediated knock-down, greatly suppressed cell

proliferation and in vivo tumor growth. Even direct injection of the

packaged siRNA of HNRNPC into the xenograft tumors, which only

resulted in partial knocking-down, exhibited significant suppression

of tumor growth. Such vulnerability of MCF7 and T47D suggests a

potential oncogene addiction of breast cancer and hints at a new

potential therapeutic strategy of HNRNPC repression. However, our

results have also raised an intriguing question: how would the

dsRNA accumulation and the subsequent activation of the interferon

response in the tumor cells interact with the tumor microenviron-

ment, especially with the tumor-infiltrating lymphocytes

(Chiappinelli et al, 2015; Goel et al, 2017)? In the future study, it

would be very interesting to test whether such tumor-inhibitory

function of HNRNPC repression would be further enhanced in the

real tumor microenvironment.

The RBP HNRNPC has attracted much attention in the recent

years, for its multiplex functions in regulating pre-mRNA splicing

(Konig et al, 2010; Zarnack et al, 2013), mRNA stabilization

(Shetty, 2005), length-dependent exportation (McCloskey et al,

2012), stability and translation (Holcik et al, 2003; Kim et al, 2003;

Schepens et al, 2007), etc. Although HNRNPC has been shown to

regulate multiple cancer-related genes, mostly through RNA-related

processes, understanding about the accountable machinery for the

function of HNRNPC in tumors is still limited. By combining a series

of high-throughput profiling, data-mining, and systematic computa-

tional inference of the driving TF pathway, our study discovered a

surprising yet strong signature of activated interferon response and

interferon signaling upon repression of HNRNPC (Fig 2). Further-

more, a series of experiments blocking the first wave of interferon

responses and the second wave of interferon signaling at various

stages all confirmed that such process is indeed the primary machin-

ery mediating the tumorigenesis-inhibitory effect of HNRNPC

repression (Figs 3 and 4). Finally, we showed that upon perturba-

tion of HNRNPC, the pre-mRNA introns gave rise to dsRNA, which

triggered the interferon response and tumor growth arrestment.

However, a question remained unanswered, i.e., why certain cancer

cells might have higher needs for HNRNPC? In fact, the requirement

of HNRNPC seems context-dependent, and we do not have a defini-

tive explanation yet. In a mouse model, HNRNPC is dispensable for

viability of mouse embryonic stem cells established from homozy-

gous mutant blastocysts (Williamson et al, 2000). For the different

types of cells that we tested, silencing HNRNPC is inhibitory to

MCF7 and T47D but not to the other tumor cell lines (MDA-MB-231

and BT549) or non-tumor cell MCF10A. Interestingly, knocking-

down HNRNPC failed to induce interferon response and dsRNA

accumulation in these non-responsive cells as well. This suggests

that there could be a complementary machinery that helps retaining

the control of interferon response and dsRNA accumulation by

compensating for loss of HNRNPC in these cells. HNRNPC repres-

sion is well known to induce alternative splicing. Therefore, such

compensating machinery may monitor the RNA post-transcriptional

processing and block dsRNA generation even if some pre-mRNAs

were subjected to alternative splicing. This hypothesis certainly

worths further investigation. Nevertheless, the critical function of

HNRNPC in breast cancer cells MCF7 and T47D is well supported

by our results.

The physiological function of dsRNA-induced IFN in cancer

could be complicated. A previous study suggested that activation

of stromal NOTCH-MYC by breast cancer cells results in produc-

tion of unshielded RN7SL1 in exosomes (Nabet et al, 2017).

exoRNA RN7SL1 was then transferred to breast cancer cells, acti-

vated RIG-I signaling including STAT1 activation and ISG induc-

tion, which was proposed to promote aggressive development of

cancer. In another work, the same group has demonstrated that

RIG-I activation by exoRNA can amplify NOTCH3 signaling, which

is responsible for the expansion of tumor-initiating cells and ther-

apy resistance in ISG-R breast cancer cells, which are mostly

basal/triple-negative breast cancer (TNBC) cells (Boelens et al,

2014). However, in our work done in different types of breast

cancer cells, expression profiles of the down-stream genes indi-

cated that NOTCH3 signaling was not amplified when interferon

signaling was activated. On the other hand, several other studies

have reported that up-regulated dsRNA from endogenous retro-

virus (ERV) in tumor cells, triggered by DNA methyltransferase

inhibitors or CDK4/6 inhibitors, induced IFN responses and thus

inhibited tumor development (Chiappinelli et al, 2015; Roulois

et al, 2015; Goel et al, 2017). Our proposed model is similar to

these studies, even though the dsRNA species in our study were

originated from a different resource than ERV.
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Endogenous dsRNA species are some of the primary activators

of the interferon response (Leonova et al, 2013; Mannion et al,

2014; White et al, 2014; Chiappinelli et al, 2015; Liddicoat, 2015;

Roulois et al, 2015; Goel et al, 2017). Recent studies showed tran-

scriptional activations of the ERVs triggered by several anti-tumor

drugs, which in turn resulted in ERV-originated dsRNA accumula-

tion, potent interferon responses, and significant tumor inhibition

(Chiappinelli et al, 2015; Roulois et al, 2015; Goel et al, 2017). In

contrast, our study showed that upon perturbation of the RBP

HNRNPC, the non-ERV pre-mRNA introns gave rise to dsRNA,

which triggered the interferon response and tumor growth arrest-

ment as well. We believe that such a completely different machin-

ery of dsRNA origination, but with a similar down-stream tumor-

inhibitory effect, worths further investigations for more mechanistic

details. Interestingly, these up-regulated dsRNAs are highly

enriched by the Alu elements, and the dsRNA-hosting introns are

enriched by the known HNRNPC binding sequences. Considering

the previous finding that loss of HNRNPC resulted in abnormal

exonization of Alu introns (Konig et al, 2010; Zarnack et al, 2013),

which could trigger the NMD pathway (Attig et al, 2016), we

proposed that the immunostimulatory dsRNA species were origi-

nated from the NMD pathway. Indeed, our data showed that the

two critical factors for initiation of the NMD pathway, UPF1 and

SMG6, are required for the interferon response upon HNRNPC

repression. SMG6 has endonuclease activity, which results in direct

cleavage of the NMD targets and initiation of the exonucleolytic

RNA decay from both the 50 and 30 ends (Eberle et al, 2009;

Schmidt et al, 2015; Hug et al, 2016; Kurosaki & Maquat, 2016).

Therefore, we propose that the Alu dsRNA sequences are end prod-

ucts of a series of RNA decay processes, rather than just direct

products of SMG6.

Our profiling of the 50 triphosphorylated RNA showed that the

accumulated dsRNA species upon HNRNPC repression have a

strong preference to 50ppp modifications, which is in line with the

critical role of RIG-I in mediating the interferon response.

However, it remains unclear how the dsRNA species gain such

50ppp modifications. As discussed above, the dsRNAs are mostly

from pre-mRNA introns and very likely products of RNA decay

including the NMD. There is a disconnection between RNA decay

and potential processing of the dsRNA species at 50 ends. We

suspect that these dsRNA products may be subjected to 50 triphos-
phorylation via some phosphotransferases or even ribozymes

(Moretti & Muller, 2014). This question is certainly interesting to

pursue in future.

Finally, although the multiple pieces of data have consistently

supported the model of RIG-I-mediated interferon response trig-

gered by small dsRNA species as products of RNA decay upon

HNRNPC repression, our data do not completely preclude potential

alternative sources of immunostimulatory RNA species. To enrich

for dsRNA and eliminate background noise of the dsRNA-seq

assay, we performed total RNA extraction and size selection

(< 500 nt). It is possible that some other dsRNA structures were

also involved in stimulating the IFN response, for example the

primary Alus transcribed by Pol III (Nabet et al, 2017). Even

though the primary Alu transcripts are usually expressed at low

levels (Hasler et al, 2007; Deininger, 2011), it is worth noting that

our dsRNA enrichment and recovery procedure could miss some

of these species. A more comprehensive profiling of all the RNA

species resulted from the largely shifted transcriptome and dysreg-

ulated post-transcriptional RNA processing would be highly benefi-

cial for fully understanding the impact of HNRNPC repression in

different cancer cells.

In summary, the present study established the indispensable role

of HNRNPC for tumorigenesis of the breast cancer cells MCF7 and

T47D. Repression of HNRNPC resulted in potent arrestment of cell

proliferation and tumor growth. Such tumor-inhibitory effect of

HNRNPC knock-down was mediated through the cascade of inter-

feron response, which was triggered by elevated endogenous dsRNA

upon HNRNPC repression. These dsRNA species were originated

from the Alu-enriched introns subjected to alternative splicing regu-

lated by HNRNPC. Such machinery connects an individual RBP to

the immune responses of tumor cells via dysregulated endogenous

RNA processing in cancer. Our study sheds lights on how dysregula-

tion of a RBPs may contribute to crafting the tumor microenviron-

ment, and it would be particularly interesting to see whether other

RBPs would also execute the same function via different or the same

machineries.

Materials and Methods

Cell culture

Cells were purchased from the American Type Culture Collection

(ATCC). MCF7 was cultured in Dulbecco’s modified Eagle’s medium

(DMEM) (low glucose; Corning) supplemented with 10% FBS

(HyClone). T47D and BT549 were grown in RPMI 1640 (Corning)

with 10% FBS and 0.2 U/ml insulin. HEK293T cells were cultured

in DMEM (high glucose) with 10% FBS. MDA-MB-231 was main-

tained in Leibovitz’s L-15 medium (Gibco) with 10% FBS. MCF10A

was cultured in DMEM/F12 medium supplemented with 5% horse

serum, 10 mg/ml insulin, 0.5 mg/ml hydrocortisone, 20 ng/ml

recombinant epidermal growth factor, 100 ng/ml cholera toxin, and

1% antibiotics (Lonza). Cells were maintained in a humidified incu-

bator with 5% CO2 at 37°C.

Treatments of the chemicals and antibodies

Ruxolitinib (2 mM) (Invivogen), 0–20 U/ml of IFNAR2 antibody

(PBL Interferon Source 21385-1), 0–500 U/ml of IFNb antibody

(PBL Interferon Source 31401-1) were added when changing the

medium 6 h after siRNA transfection. For antibody blocking assay

in media, cell media were collected 48 h after siRNA transfection

and transferred to the normal cells, when different dosages of IFNb
antibody were added.

siRNA transfection

Reverse transfections of the siRNAs (10 nM) were performed using

Lipofectamine RNAiMAX Reagent (Invitrogen) following the manu-

facturer’s instructions. siRNAs and RNAiMAX were separately

diluted in opti-MEM and mixed together for 20 min at room temper-

ature. For 96-well plates, 100 ll medium containing 105 cells was

added to the transfection mixture. Six hours after transfection, the

supernatant was replaced with fresh cell medium. The siRNAs were

purchased from GenePharma Co., Ltd. (Shanghai, China). The
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sequences of the siRNAs used in the present study are listed in the

following table. Scrambled siRNA as a non-targeting control (siNC)

and the siRNAs targeting B2M, PPIB, or LMNA were used as nega-

tive controls.

Gene
name Sense (50–30) Antisense (50–30)

HNRNPC-
1

GCCUUCGUUCAGUAUGUUAAU AUUAACAUACUGAACG
AAGGC

HNRNPC-
2

GCGCUUGUCUAAGAUCAAAUU AAUUUGAUCUUAGACAA
GCGC

B2M CUGGUCUUUCUAUCUCUUGUA UACAAGAGAUAGAAAGA
CCAG

PPIB CCUACGAAUUGGAGAUGAAGA UCUUCAUCUCCAAUUCG
UAGG

LMNA GAAGCAACUUCAGGAUGAGAU AUCUCAUCCUGAAGUUG
CUUC

NC UUCUCCGAACGUGUCACGU ACGUGACACGUUCGG
AGAA

STAU1 GAGGAGAAGACACCCAUAAAG CUUUAUGGGUGUCUUC
UCCUC

STAU2 GCCAGGGAACUCCUUAUGAAU AUUCAUAAGGAGUUCCC
UGGC

UPF1 GAUGCAGUUCCGCUCCAUU AAUGGAGCGGAACUGCAUC

OAS1 CCUGUCAAAGAGAGAGAGCAU AUGCUCUCUCUCUUUG
ACAGG

OAS2 CCCACCAAACUAAAGGAUUUA UAAAUCCUUUAGUUUGG
UGGG

OAS3 GGCAGUUCGAGGUCAAGUUUG CAAACUUGACCUCGAAC
UGCC

IFIT1 CUUCGGAGAAAGGCAUUAGAU AUCUAAUGCCUUUCUC
CGAAG

IFIT2 GCAACCUACUGGCCUAUCUAA UUAGAUAGGCCAGUAG
GUUGC

IFIT3 GCGAUGUACCAUCUGGAUAAU AUUAUCCAGAUGGUACA
UCGC

IFIT5 GCAGAAGAAAUAAUCCAGCAA UUGCUGGAUUAUUUC
UUCUGC

SMG6 CGCUCAGACAAACGAAGGAAU AUUCCUUCGUUUGUCU
GAGCG

ADAR1 CGCAGAGUUCCUCACCUGUA TACAGGTGAGGAACT
CTGCG

shRNA lentivirus production and infection

The shRNA (MISSION� RNAi, SIGMA) plasmids were co-trans-

fected with lentivirus packaging plasmid VSVG and D8.9 to

HEK293T cells using Lipofectamine 2000. Six hours after transfec-

tion, the medium was replaced with DMEM (high glucose) with

10% FBS. The viral particles were harvested 72 h after transfection.

Polybrene (8 lg/ml) was used to facilitate the lentivirus infections

of MCF7 and T47D. 48 h after infection, puromycin (4 lg/ml) was

added to the cell media for selection of the stably infected cells over

multiple passages. The TRC IDs of the shRNAs are provided in the

following table. Scrambled shRNA as a non-targeting control (siNC)

and the siRNAs targeting PPIB or LMNA were used as negative

controls.

Gene name TRC_ID Gene name TRC_ID

NC SHC002 IFIH1 TRCN0000050849

HNRNPC TRCN0000006646 PPIB TRCN0000296764

TLR3 TRCN0000056851 LMNA TRCN0000061835

DDX58 TRCN0000153712 MAVS TRCN0000236031

Tet-on CRISPR/Cas9-mediated knock-down

Lentiviral expression vectors for Tet-on CRISPR/Cas9 and sgRNA

were purchased from Addgene (pCW-Cas9 50661; pLX-sgRNA

50662). The constructs were separately mixed with the packaging

plasmid psPAX2 and VSVG and transfected to HEK293T cells using

the Lipofectamine 2000 reagent (Invitrogen). The lentivirus in the

medium was concentrated and transfected to MCF7 or T47D cells in

the presence of 8 lg/ml polybrene. Puromycin and blasticidin were

used to select for stable cell lines over 1 week. 10 lg/ml doxycy-

cline was used to induce the expression of Cas9. Following are the

sequences of the sgRNAs used in the present study: Scramble

sgRNA (GCACTCACATCGCTACATCA), HNRNPC #1 sgRNA (GATC

TGCAGCGGAGATGTAC), HNRNPC #2 sgRNA (TGAGTAGAGGGG

ACGGAGAA), and LMNA sgRNA (GGTAAGCCCAGTGAAACGTG)

as a negative control.

Cell proliferation assay

The normal cells or the cells after gene knock-down were cultured

in 96-well plates, at the starting density of 10,000 cells per well.

The IncuCyte� live-cell imaging and analysis system (ESSEN

bioscience) was used to monitor the long-term cell growth and

morphology change. Cell proliferation was quantified by measur-

ing the occupied area (% confluence) of the cell images over

time.

Anchorage-independent colony formation assay

MCF7 and T47D cells stably expressing the shRNAs were collected,

resuspended in culturing media containing 10% FBS and 0.3%

agarose (Amresco), and then seeded on top of 0.6% agarose gel

containing 10% FBS in six-well plates. The starting point of cell

density was 1,000 cells per well. The cells were cultured in regular

media for 3–4 weeks, and the colonies were stained with 0.005%

crystal violet and photographed.

Xenograft assays

Female immune-deficient NSG mice were supplemented with 17b-
estradiol pellets (Innovative Research of America, 0.72 mg estra-

diol) one day before transplantation of the cells. After selection with

antibiotics, 5 million cells suspended in 200 ll PBS with stable gene

knock-down were subcutaneously injected to the mice. For siRNA

injection, the shDDX58/shNC MCF7 cells were subcutaneously

injected to the mice. The interventions with siRNAs were started on

the 14th day after cell injection, when the transplanted tumors had

grown to approximately 200–300 mm3. Specifically, 20 lg siRNA

mixed with 10 ll in vivo RNA transfection reagent (Engreen Biosys-

tem, Entranster-in vivo) in a 5% sucrose solution was injected
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directly into the tumor. Such intervention was performed half-

weekly. The siRNA sequences used for injections into the xenograft

tumors are listed in the following table.

Gene
name Sense (50–30) Antisense (50–30)

HNRNPC GCCUUCGUUCAGUAUGUUAAT-
dTdTdTdTdTdTdTdT

AUUAACAUACUGAACGA
AGGC-dAdAdAdAdAdAdAdA

LMNA GAAGCAACUUCAGGAUGAGAU-
dTdTdTdTdTdTdTdT

AUCUCAUCCUGAAGUUG
CUUC-dAdAdAdAdAdAdAdA

NC UUCUCCGAACGUGUCACGU-
dTdTdTdTdTdTdTdT

ACGUGACACGUUCGGAG
AAdA-dAdAdAdAdAdAdA

The tumor volumes were measured, weekly or half-weekly, with

a digital vernier caliper and calculated using the formula (long

dimension/2) × (short dimension)2. Finally, the mice were sacri-

ficed, and the tumors were isolated, photographed, and weighed. To

confirm gene knock-down in the grown tumors, small fractions of

the tumors were also collected for RNA extraction and qPCR assays.

Quantitative real-time PCR

Approximately 100,000 cells were harvested and lysed in 50 ll cell
lysis buffer (Ambion). Cell lysate were subjected to DNase I treat-

ment (Invitrogen) following the manufacturer’s protocol. cDNA was

synthesized using High-Capacity cDNA Reverse Transcription Kit

(Invitrogen). cDNA was diluted 1:5 in nuclease-free water and used

as templates for quantitative PCR, which was carried out in 25 ll
volume using SYBR Green Master Mix (Invitrogen) with 4 lM each

PCR primer on the VIIA7 system (Applied Biosystems). Primer

sequences are listed in the following table.

Gene
name Forward primer (50–30) Reverse primer (50–30)

Beta-actin CTGCCCTGAGGCACTCTT TGTTGGCGTACAGGTCTTTG

HNRNPC GCCAGCAACGTTACCAACAA TGAACAGAGCAGCCCACAAT

IFNB1 AACTGCAACCTTTCGAAGCC AGAAGCACAACAGGAGAGCA

IFI27 TGGCCAGGATTGCTACAGTTG TATGGAGGACGAGGCGATTC

IFI44 GTGAGGTCTGTTTTCCAAGGGC CGGCAGGTATTTGCCATC
TTTCC

IFI44L TGCACTGAGGCAGATGCTGCG TCATTGCGGCACACCAG
TACAG

IRF1 GAGGAGGTGAAAGACCAGAGCA TAGCATCTCGGCTGGAC
TTCGA

IRF7 CCACGCTATACCATCTACCTGG GCTGCTATCCAGGGAAG
ACACA

IFIH1 GCTGAAGTAGGAGTCAAAGCCC CCACTGTGGTAGCGATA
AGCAG

DDX58 CACCTCAGTTGCTGATGAAGGC GTCAGAAGGAAGCACTT
GCTACC

MAVS ATGGTGCTCACCAAGGTGTCTG TCTCAGAGCTGCTGTCT
AGCCA

PKR GAAGTGGACCTCTACGCTTTGG TGATGCCATCCCGTAGG
TCTGT

PPIB AACGCAGGCAAAGACACCAACG TCTGTCTTGGTGCTCTC
CACCT

Gene
name Forward primer (50–30) Reverse primer (50–30)

LMNA ATGAGGACCAGGTGGAGCAGTA ACCAGGTTGCTGTTCCT
CTCAG

STAU1 AGAAGGAGCCAGAGTACACGCT ATGTTCTCGGCTGCATT
GCGCT

STAU2 GAGTGGTCCAAAGCCTGGGTTT CCAGAGATTACTTTGTG
GCGGC

UPF1 AACGAGCACCAAGGCATTGGCT GGCTGCTTTGATAGTGC
CTTCG

SMG6 GATGGTCTTGCCATTCGCAGCA TCGCTGTATCACTGGCTT
GCTC

OAS1 CCCTCTTTTCCCACCTCGTCAA CACAGGTTCCTTGGACTC
TGGT

OAS2 GCTTCCGACAATCAACAGCCAAG CTTGACGATTTTGTGCC
GCTCG

OAS3 CACCAAACCAAATCCCCAGG TTTCCTTTGTTCTGAGCCGC

IFIT1 GCCTTGCTGAAGTGTGGAGGAA ATCCAGGCGATAGGCAG
AGATC

IFIT2 GGAGCAGATTCTGAGGCTTTGC GGATGAGGCTTCCAGAC
TCCAA

IFIT3 CCTGGAATGCTTACGGCAAGCT GAGCATCTGAGAGTCTG
CCCAA

IFIT5 CGTCCTTCGTTATGCAGCCAAG CCCTGTAGCAAAGTCC
CATCTG

ADAR1 TCCGTCTCCTGTCCAAAGAAGG TTCTTGCTGGGAGCACT
CACAC

Western blot

Cells were collected and lysed in RIPR buffer (Beyotime) supple-

mented with the protease inhibitor cocktail (Roche). Protein concen-

trations were quantified using the BCA protein assay (Pierce). The

cell lysate containing 30 lg total protein was heat-denatured and

subjected to SDS–PAGE, followed by transferring to PVDF

membrane. The membrane was incubated with the primary and

secondary antibodies and visualized with SuperSignal West Pico

Chemiluminescent HRP substrate (Thermo). The anti-HNRNPC,

anti-PKR, anti-beta-actin, and anti-alpha-tubulin antibodies were

purchased from Abcam. Nuclear and cytoplasmic fraction proteins

were separated by Nuclear/Cytosol Fractionation Kit (Biovision,

K266-25). The density quantifications were analyzed by ImageJ soft-

ware.

ELISA for quantification of IFNb concentration in cell medium

MCF7 and T47D cells were seeded in 96-well plates at density of

10,000 cells per well. After siRNA or shRNA treatments, the cells

were cultured in fresh media for 48 h. The culturing media were

then collected and assayed for the concentration of IFNb with the

VeriKine-HS Human Interferon Beta Serum ELISA Kit (PBL Inter-

feron Source 41415-1), following the manufacturer’s protocol. The

absorbance at 450mm was measured on a SpectraMax M5 plate

reader. Different concentrations of the IFNb standard were used to

generate a standard curve, which was then used to infer the IFNb
concentrations in the cell media.
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Immunofluorescence staining

Coverslips in 24-well plates were pretreated with 50 lg/ml poly-D-

lysine (Beyotime) before planting the cells. After 48 h of culturing, the

cells were washed twice with PBS and fixed with cold methanol for

15 min. Before the immunostaining, the cells were again washed twice

with PBS, incubated with 0.2% Triton (Sigma) for 30 min, and then

blocked with 3% BSA for 1 h at room temperature. The coverslips

were then incubated with primary antibody (SCICONS, clone J2;

Abcam HNRNPC ab133607, DDX58 ab45428) overnight at 4°C,

followed by washing and incubation with secondary antibody (Abcam,

ab150105, ab150092) for 1 h at room temperature. The coverslips

were stained with 1mg/ml DAPI (Sigma) for 5 min and washed three

times for 5 min with TBST. Then cells were washed for 10 min with

PBS. Next, cells were mounted on a slide with Prolong Gold Antifade

Mountant (Thermo) and stored in a dark chamber. Analysis was

performed with a Zeiss LSM 710 confocal microscope. The fluores-

cence density plots were generated with the ImageJ software for quan-

tification of the green fluorescence intensities (IF of dsRNA) obtained

by the confocal microscope. More than 100 areas for each condition

were randomly selected for the quantification. The results were

summarized as box plots. The values on the y-axis represent the gray

density of dsRNA staining by fluorescence (artificial unit).

Cloning of DDX58 mutants and rescue of DDX58 expression

Full-length cDNA of DDX58 was ordered from YOUBIO company.

Wild-type DDX58, DDX58 with alanine substitution mutations in

key lysine residues (K858 and K861), and DDX58 dCTD truncation

(1–776 aa) were cloned to expression plasmid (pCDH-GFP+Puro,

from YOUBIO company). 12 h after siRNA transfection, forward

transfection of wild-type and mutant DDX58 plasmids was

performed to rescue the expression of DDX58. 48 h after transfec-

tion, cells were harvested for RT–qPCR.

Total RNA sequencing

Cells were collected 48 h after siRNA transfection. The nuclear and

cytoplasmic fractions were separated with Nuclear/Cytosol Fraction-

ation Kit (Biovision, K266-25). Total RNAs were then extracted from

the nuclear and cytoplasmic lysates, separately, with TRIzol Reagent

(Invitrogen). The residual genome DNA was removed by TURBO

DNase (Ambion), and ribosomal RNA was removed with the Ribo-

Zero Kit for human (Epicentre). About 100ng ribosomal RNA-

depleted cytoplasmic RNA was used for cDNA library preparation

with TruSeq RNA sample Preparation Kit (Illumina).

Differential expression analysis and gene set function annotation

TruSeq library 2 × 125 reads from total RNA sequencing were first

pre-processed using Cutadapt to remove adaptors and trim low-

quality bases from 50 and/or 30 ends. After discarding reads shorter

than 20 bp, paired-end reads were mapped to hg38 genome using

the splice-aware algorithm RSEM (v1.2.15; Li & Dewey, 2011) with

GENCODE v23 (Harrow et al, 2012) reference annotation and the

following parameters: “–bowtie2 –paired-end”. For T47D TruSeq

data, only read1 was used for gene differential analysis and gene

function analysis. So the parameter “–paired-end” was not used.

Gene differential expression analyses were performed with the R

package DESeq (Anders & Huber, 2010). The list of ISG genes

marked on the volcano plots was obtained from literature (Schog-

gins et al, 2011). Significantly up-regulated (log2 fold change > 1.5

and P-value < 0.001 siHNRNPC vs. siNC) genes were used for gene

set function annotation analysis with DAVID (Huang et al, 2007).

Inference of the differentially activated transcription factors
upon HNRNPC repression

The MARINa (Lim et al, 2009) was used to infer the transcription

factors (TFs) that are differentially activated upon HNRNPC silencing.

First, the ARACNe (Margolin et al, 2006; Rodriguez-Barrueco et al,

2015) was used to predict the target gene set for each TF. Specifically,

we used the gene expression profiles of 726 breast cancer tumors in

The Cancer Genome Atlas (TCGA), and the parameters of the algo-

rithm were set as follows: P-value threshold, 10e-6; DPI tolerance,

0.15; and number of bootstraps, 100. Finally, 14,652 target genes were

inferred for 1,458 TFs. Next, from the RNA sequencing data analysis

as described above, all the genes were ranked by their differential

expression upon silencing of HNRNPC, from the most up-regulated to

the most down-regulated. For each TF, MARINa then assesses enrich-

ment of the predicted targets in the differentially expressed genes. If

the positively and negatively regulated target genes are enriched in

the up- and down-regulated genes by HNRNPC knock-down, respec-

tively, the corresponding TF is defined as a master TF, whose func-

tional activity is up-regulated upon HNRNPC repression. Statistical

significance of such enrichment was tested by comparing the enrich-

ment score with those from the same analysis but after gene permuta-

tions for 10,000 times. TFs with FDR-corrected P < 0.01 were inferred

as master regulators that drive the gene expression program shift in

response to HNRNPC knock-down.

Enrichment of the dsRNA by immunoprecipitation with
anti-dsRNA J2 antibody

This assay was designated to enrich the dsRNA species from the small

RNA fraction (< 500 nt) of the total RNA. First, about 50 million cells

grown on culturing dishes were washed twice with cold PBS. The

protocol of TRIzol Reagent (Ambion, 15596-018) was then used to get

the aqueous phase containing the total RNA, which was subjected to

further removal of contaminating DNA with the HiPure DNA Mini

Column II (Magen, R5214). 1/3 volume 100% ethanol was added to

the filtrate containing the purified RNA, which was then passed

through the HiPure RNA Mini Column I (Magen, R5214). This precipi-

tates the fraction of RNA roughly longer than 500 nt on the column

(data not shown). The remaining small RNA fraction (< 500 nt) was

then precipitated with 60% ethanol and purified with AllPure Cell Kit

(Magen, R5214). 10% Urea-PAGE gel was used to assess the purity

and size (< 500 nt) of the isolated RNA fraction.

Next, the purified and size-selected RNA was subjected to

immunoprecipitation with the anti-dsRNA antibody J2 (SCICONS,

clone J2). Specifically, 60 lg RNA from the siNC or siHNRNPC cells

was added to 1 ml fresh prepared IP lysis buffer (Pierce, 87787),

supplemented with 20 U/ml RNase inhibitor and 1× PMSF (Biyun-

tian). Pre-clearing of the unspecific binding was done by incubating

the RNA in lysis buffer with 50 ll Dynabeads� Protein G (Thermo

Fisher, 10004D) for 30 min at 4°C on a horizontal shaker. After
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centrifugation (14,000 g at 4°C for 5 min), 200 ng RNA was taken

from the supernatant and would be used as a reference sample as

“input”. The remaining supernatant was then equally divided into

two parts, one for the anti-dsRNA antibody J2 and the other for the

IgG control of the same isotype. 10 lg of J2 or IgG was added into

the supernatant, followed by incubation overnight on a rotating

shaker at 4°C. 40 ll of Dynabeads� Protein G was then added into

each reaction, followed by incubation for another 3 h at 4°C with

gentle rocking. Next, the beads were collected and washed with

800 ll pre-chilled washing buffer (TBS buffer) for 5 times. Finally,

the co-precipitated RNA on the beads were purified with TRIzol

Reagent and re-dissolved with 12 ll nuclease-free water.

Identification of the dsRNA regions from the dsRNA libraries

For the cells of siNC and siHNRNPC, the RNA samples immunopre-

cipitated with the anti-dsRNA J2, IgG, or the input RNA were used

for preparation of the sequencing libraries. The small RNA sequenc-

ing library preparation kit, NEBNext Multiplex Small RNA Library

Prep Set for Illumina (New England Biolabs, E7580S), was used,

followed by high-throughput sequencing on a Illumina X10 platform

with the 150 bp paired-end reading strategy.

The full-length gene sequences from GENCODE version 23 refer-

ence annotation (GRCh38) were used to build bowtie2 indices. The

sequencing reads from the dsRNA libraries were pre-processed

using Cutadapt to remove the adaptors and trim the low-quality

bases from 50 and/or 30 ends. The reads shorter than 20 bp were

discarded, and among the remaining reads, the rRNA- and tRNA-

derived reads were also removed. Next, to facilitate direct and fair

comparison between the dsRNA sequencing reads from different

samples, we down-sampled each library to the same number of

pre-processed and filtered reads. The reads were then mapped to

the full-length transcriptome sequences from GENCODE version 23

reference annotation (GRCh38) in a forward strand-specific

manner, with the default alignment strategy (bowtie2 –end-to-end

–norc –k20), which allows up to 20 best alignments being reported.

For each gene, the best aligned reads were collected and re-mapped

onto the reverse strand of the same particular gene, with relatively

loose restrictions and all alignments reported (bowtie2 –local

–nofw -a -D 20 -R 3 -N 0 -L 10 -i S,1,0.50 –score-min G,10,2). Next,

the overlapping alignments from the forward or reverse strand

were merged, with the bedtools “intersect” (Quinlan, 2014). These

regions, after removal of the duplicates and filtering by length (at

least 15 nt), were treated as candidate dsRNA regions. Last, the

dsRNA-enriched library reads were re-mapped onto these candi-

date dsRNA regions with local mode (bowtie2 –local –L 15 –norc

–k20), and only the regions with at least two supporting reads were

finally identified as dsRNA regions. The dsRNA enrichment and

identification pipeline were performed with two biological repli-

cates. The numbers of dsRNA regions identified in both replicates

were provided in Fig 6B.

50-Triphosphate RNA sequencing

50-Triphosphate RNA sequencing assays were performed with a

similar methodology as previously described (Nabet et al, 2017). To

enrich for 50-triphosphate RNA, 100–200 lg of small RNA or RNA

from J2 IP was treated by Xrn-1 (NEB), which removes

50-monophosphate RNA. Next, 50ppp ends were converted to 50p
with RppH (NEB) in NEBuffer 2 (NEB). This allows ligation of RNA

adaptor P5_RNA to the RNAs that originally have 50-triphosphate.
Finally, small RNA sequencing library preparation procedure was

followed to generate the sequencing library for the RNA species with

50ppp.

Quantitative comparisons of the dsRNA libraries

Union of the dsRNA regions identified in the two dsRNA libraries,

from the siHNRNPC and siNC cells, was used for quantifications of

the dsRNA species in different samples. Specifically, the sequencing

reads from the dsRNA libraries were mapped to the dsRNA regions

with local mode (bowtie2 –local –L 15 –norc –k20). Only the best

alignments for each read were selected, and the read count for each

region in a sample was used as a quantification for the abundance

of the particular dsRNA region. With these data, we made an MA

plot to show the overall difference in the dsRNA regions by compar-

ing their read counts in siHNRNPC and siNC cells. 928 up-regulated

dsRNA regions were identified from the MA plot, which exhibited

markedly higher read counts in siHNRNPC cells.

Frequencies of the Alu repeat sequences in these 928 up-regu-

lated dsRNA regions were assessed with RepeatMasker (version

open 4.0.6). For the purpose of comparison, the same number of

intra-genic regions with the same length distribution as the 928 up-

regulated dsRNA regions was randomly selected with the bedtools

“shuffle”. Such process was performed for 10 times, generating 10

random sets of intra-genic regions, which were also assessed by

RepeatMasker for the percentages of regions that have Alu.

Analysis of the dsRNA-originating introns

Annotations of introns were extracted from the GENCODE v23 refer-

ence annotation with a customized Perl script. Specifically, for

multi-transcript genes, an intron was defined as any transcriptome

region that is annotated as intron, by the reference genome, in at

least one transcript from a gene. Next, the dexseq_prepare_annota-

tion.py script from DEXseq package (Anders et al, 2012) was used

to collapse the overlapping introns from multiple transcripts.

The HNRNPC binding region information was derived from

Zarnack et al (2013) and downloaded from starBase v2.0 (Guo et al,

2014). 698 introns were found to harbor 864 of 928 up-regulated

dsRNA regions shown in Fig 6C, and the percentages of these

introns that have at least one of the HNRNPC binding regions were

counted to generate Fig 6E. For comparison, out of all the introns

genome-wide, 10 sets of randomly selected 698 introns with the

same length distribution as the dsRNA-hosting introns were gener-

ated, and the percentages of these 10 sets that have the HNRNPC

binding regions were counted, for the box plot in Fig 6E.

Data availability

The gene expression data sets generated in this study are available in

the GEO database repository (https://www.ncbi.nlm.nih.gov/geo/,

GEO accession ID: GSE100451).

Expanded View for this article is available online.
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