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Abstract

The binding of interferon (IFN) to its receptors leads to formation of IFN‐stimulated

gene factor 3 (ISGF3) complex that activates the transcription of cellular IFN‐regulated

genes. IFN regulatory factor 9 (IRF9, also called ISGF3γ or p48) is a key component of

ISGF3. However, there is limited knowledge regarding the molecular evolution of IRF9

among vertebrates. In this study, we have identified the existence of the IRF9 gene in

cartilaginous fish (sharks). Among primates, several isoforms unique to old world

moneys and great apes are identified. These IRF9 isoforms are named as primate‐

specific IRF9 (PS‐IRF9) to distinguish from canonical IRF9. PS‐IRF9 originates from a

unique exon usage and differential splicing in the IRF9 gene. Although the N‐terminus

are identical for all IRF9s, the C‐terminal regions of the PS‐IRF9 are completely

different from canonical IRF9. In humans, two PS‐IRF9s are identified and their RNA

transcripts were detected in human primary peripheral blood mononuclear cells. In

addition, human PS‐IRF9 proteins were detected in human cell lines. Sharing the

N‐terminal exons with the canonical IRF9 proteins, PS‐IRF9 is predicted to bind to the

same DNA sequences as the canonical IRF9 proteins. As the C‐terminal regions of IRFs

are the determinants of IRF functions, PS‐IRF9 may offer unique biological functions

and represent a novel signaling molecule involved in the regulation of the IFN pathway

in a primate‐specific manner.
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1 | INTRODUCTION

The innate immune system comprises the cells and the mecha-

nisms that defend the host from infection by other organisms in a

nonspecific manner. Type I interferons (IFNs) are the proteins

made and released by host cells in response to the presence

of pathogens—such as viruses, bacteria, parasites, or tumor

cells. IFNs are a key component in the vertebrate innate

response to invading pathogens. Once recognizing pathogen‐

associated molecular patterns, IFNs will be produced and

initiate innate as well as adaptive immune responses against

pathogens.1–4

J Med Virol. 2023;95:e28521. wileyonlinelibrary.com/journal/jmv | 1 of 10

https://doi.org/10.1002/jmv.28521

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Journal of Medical Virology published by Wiley Periodicals LLC.

Sam Drury, Grace Claussen, and Allison Zetterman contributed equally to this work.

http://orcid.org/0000-0002-1621-8034
mailto:emoriyama2@unl.edu
mailto:lzhang2@unl.edu
https://wileyonlinelibrary.com/journal/jmv


IFN regulatory factors (IRFs) are a small family of transcription

factors with variety of functions. IRF proteins share extensive similarity

in the DNA‐binding domain (DBD) located in the N‐terminus, which is

characterized by five well‐conserved tryptophans (Ws in Figure 1A).

The DBD region contains a helix‐turn‐helix structure and recognizes a

DNA sequence known as IFN‐stimulated response elements (ISRE).5

The C‐terminal portion of IRFs contains the IRF‐association domain

(IAD), which is variable and defines their specific biological functions

(Figure 1A). The IRF family has a variety of functions including, but not

limited to, apoptosis, oncogenesis, host defense, and viral latency.6–10

IRF9 plays a critical role in Janus kinase–signal transducer and

activator of transcription (JAK–STAT) signaling.11 IRF9 was first named

as IFN‐stimulated gene factor 3γ (ISGF3γ) and p48, because it was first

discovered as part of a protein subunit purified from the ISGF3

complex.12 As a component of ISGF3, IRF9 mediates the IFN response

by binding to ISRE and activating the downstream IFN‐stimulated genes

(ISGs).13 Other than as a subunit in the ISGF3, IRF9 also regulates many

other cellular processes that are related to the pathogenesis of diseases

including cancer, cardiovascular, and inflammatory diseases.14–19

Albeit exciting findings have been made since its discovery,

molecular evolutionary studies of IRF9 have been limited.20–23

Therefore, in this study, we searched IRF9 proteins from a wide

range of vertebrates and compared their sequences. We have

established that cartilaginous fish (sharks) are the first group of

organisms that possesses IRF9 during vertebrate evolution. In

addition, we have identified IRF9 isoforms unique to primate lineages

and named them as primate‐specific IRF9 (PS‐IRF9). As PS‐IRF9 is

associated with primate evolution, they may play a unique role in a

variety of the primate‐specific functions related to IFNs and beyond.

2 | RESULTS

2.1 | IRF9 first emerged in cartilaginous fish

Due to their rapid evolution, it is difficult to trace the origin and

evolutionary history of IFN sequences. As IRF9 is a critical gene

involved for IFN signaling, studying the evolution of IRF9 would

(A)

(B)

(C)

F IGURE 1 Identification of two unique isoforms/variants of human interferon regulatory factor 9 (IRF9). (A) Domain structures of canonical IRF9
protein. The DNA‐binding domain (DBD), the IRF‐association domain (IAD), the linker region (LK), polyserine linker (PSL), five well‐conserved
tryptophans (W) in DBD, and conserved sequences in the C‐terminus in IAD are shown. The amino acid (aa) position numbers are based on the
human IRF9 (NP_006075.3). (B) Conserved amino acids found in the C‐terminus of IRF9 proteins in mammals. Sequence logos are used to illustrate
the amount of sequence conservation for each position. The overall height of the stack of letters indicates the sequence conservation at each
position. The height of symbols within each stack indicates the relative frequency of each amino acid. The multiple sequence alignments were
generated using mammalian IRF9, ‐8, and ‐4 protein sequences listed in Supporting Information: Table S1. The illustrated regions correspond to aa
349–376 in the human IRF9 (NP_006075.3), aa 358–385 in the human IRF8 (NP_001350836.1), and aa 445–471 in the human IRF4 (NP_002451.2).
The conserved motif sequences for IRF9 and its corresponding sequences in IRF4/8 are underlined. (C) Schematic diagram of human IRF9 proteins.
The four isoforms of IRF9 are illustratively compared. Primate‐specific IRF9 (PS‐IRF9A), IRF9C, and PS‐IRF9D sequences are based on
NP_001372329.1, NP_001372330.1, and NP_001372331.1, respectively. Solid bars represent protein‐coding region and different colors represent
different amino acid sequences. Detailed sequence comparisons are listed in Supporting Information: Figure S2.
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shed a light on the molecular evolutionary process of the IFN

system. Therefore, we conducted systematic searches of IRF9 and

related IRF protein sequences, and identified their IRF member-

ships based on their similarities and phylogenetic locations

(Supporting Information: Tables S1 and S2). It has been thought

that during the vertebrate evolution, IRF9 genes first appeared in

bony fish (Osteichthyes), one of the two major clades of the jawed

vertebrates (Gnathostomata). However, our phylogenetic analysis

among IRF proteins clearly indicated IRF9 is present in cartilaginous

fishes (sharks; Chondrichthyes), although they have been anno-

tated as “IRF8‐like” in the public databases (Figure 2 and

Supporting Information: Table S2). IRF9 has not been identified in

Cephalochordata (such as lancelets) nor in Urochordata (tunicates)

and Agnatha (lampreys).21,22,24 Therefore, IRF9 likely first emerged

in cartilaginous fishes, which coincided with the emergence of a

primitive Type I IFN system.25

We also identified IRF9 proteins from lobe‐finned fishes (lungfish

and coelacanth; Sarcopterygii). Similar to what was observed for

shark IRF9s, these proteins are misannotated as “IRF8‐like” in the

database (Supporting Information: Table S2). However, based on

the phylogenetic analysis, it is evident that after its emergence in

ancestral bony vertebrates, IRF9 proteins have been maintained

F IGURE 2 Phylogenetic relationships among interferon regulatory factors IRF4, IRF8, and IRF9 protein families. The maximum likelihood
phylogeny was reconstructed using the IRF9 protein sequences from 32 species and those of IRF8 and IRF4 from 35 species. The IRF6 protein
sequences from 10 representative species were also included as the outgroup. The internal nodes supported by 80% or higher by both
ultrabootstrap and SH‐aLRT branch test are denoted by gray dots. The size of the dots is correlated with the ultrabootstrap values (80%–100%).
External branches and sequence names are colored based on the taxonomic groups as shown in the color legend. The newly identified shark
IRF9s are indicated with the yellow highlight. See Supporting Information: Tables S1, S2, and S3 for the protein sequences used.
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during the entire vertebrate evolution, although they have become

more divergent than other IRF proteins (Figure 2).

2.2 | Identification of a conserved motif unique to
IRF9 proteins in mammals

Previously, we compared the DBD regions among nine IRF families

and identified that PYKVY as a signature sequence for the IRF4/8/9

subfamily.26 By comparing the IAD protein sequences within the

IRF4/8/9 subfamily in mammals, the conserved signature motif for

IRF9 (MEQAFAR) in placental mammals is identified (Figure 1B and

Supporting Information: Figure S1 and Table S1).

By mapping this IRF9‐specific conserved motif sequence on the

phylogeny, the evolution of IRF9 proteins can be studied more in

detail. Primitive forms of IRF9s are first emerged in the sharks, where

the motif regions are occupied by quite different amino acids

(Figure 3). By the time of the emergence of reptiles, gradually, the

sequences in the motif region have evolved into those similar to the

current motif (MEQAFAR). Mammals are divided into two major

groups: Monotremata and Theria. The platypus (Ornithorhynchus

anatinus) and soft‐beaked echidna (Tachyglossus aculeatus) are extant

species of monotremes, the only mammals that lay eggs instead of

giving birth to live young. Monotremes have the LEQ(T/I)FAR

sequences. The phylogenetic distribution of the motif sequences

indicates that the first amino acid of the motif was changed from “M”

to “L” in the monotreme lineage (Figure 3 and Supporting Informa-

tion: Table S1). Therian mammals include marsupials and placental

mammals. In the marsupial lineage, the MEGAFAR motif sequence

has been largely conserved. Among placental mammals, the

conserved MEGAFAR sequences are present in almost all of IRF9

proteins examined (Figure 3 and Supporting Information: Table S1).

Clearly, the conserved motif, MEQAFAR, is favored through

mammalian evolution. As the IAD region of IRF9 proteins, especially

in the C‐terminus, are generally more divergent, it suggests that the

important role of the motif in IRF9 protein functions and it must have

been under strong functional constraints.

2.3 | Identification of PS‐IRF9 in primates

When IRF9 protein sequences in primates were examined, we had

found a portion of IRF9 isoforms do not contain the MEGAFAR motif.

In humans, four entries are listed for proteins and transcripts of

human IRF9 on the National Center for Biotechnology Information

Reference Sequences (NCBI RefSeqs) (GeneID: 10379). The Isoform

2 is the canonical IRF9 (p48 or ISGF3γ; NM_006084.5 and

NP_006075.3). The protein sequence of the Isoform 3 is identical

to the Isoform 2, except nine amino acid deletion. However, the other

two IRF9 isoform sequences (Isoforms 1 and 4) have large differences

from the sequence of the canonical IRF9. Although all IRF9 isoforms

have common sequences in the N‐terminus, the IRF9 Isoforms 1 and

4 have completely different C‐terminal sequences (indicated in

different colors in Figure 1C). This is caused by alternative splicing

generating frame‐shifts of the open reading frames (ORFs) that

produce completely different amino acid sequences at the C‐terminal

region (Supporting Information: Figure S2).

In addition to humans, similar IRF9 isoforms are identified in

great apes as well as in old world monkeys based on current

sequence deposits in the databases (Figure 4, Table 1, and Supporting

Information Figure S3 and Table S4). We therefore have named this

new class of IRF9 as PS‐IRF9, because they are found only in the

primate lineages. In humans, the four protein isoforms are named as

IRF9 (canonical IRF9, Isoform 2), IRF9C (Isoform 3), PS‐IRF9A

(Isoform 1), and PS‐IRF9D (Isoform 4) (Figure 1C). Of note, PS‐

IRF9D is apparently only present in humans based on currently

available sequence data. Gorillas (as well as Colobus) do not have the

similar sequences as human PS‐IRF9s. Instead, it has two unique

splicing variants with different amino acid sequences (Supporting

Information: Figure S4 and Table 1). The gorilla IRF9 protein

sequences are also primate‐specific based on the current sequence

deposits. In addition, we tried to trace the earliest form of the PS‐

IRF9 and identified in three species that have short sequences similar

to PS‐IRF9 (Table 1 and Supporting Information: Figure S5).

To address the biogenesis of PS‐IRF9, we examined the

relationship among RNA splicing and coding sequence usages in

IRF9 genes. As shown in Figure 5, there is a unique exon

(corresponding to the green sequences in Supporting Information:

Figure S2) used by humans and other primates for PS‐IRF9A.

Rodents, for example, do not use this exon and do not have PS‐

IRF9 isoform (Figure 5B). These data collectedly suggest that PS‐IRF9

must have offered some advantageous traits, especially in primates

and must have been kept during their evolution.

2.4 | PS‐IRF9s are present in human cells

We examined whether PS‐IRF9 is present in humans at both RNA

and protein levels. A common primer for all IRF9 transcripts as well as

primers specific to IRF9A or 9D were synthesized, respectively. Total

RNAs from eight healthy individuals' peripheral blood mononuclear

cells (PBMCs) were used for reverse‐transcription polymerase chain

reaction (RT‐PCR) analysis. All eight samples have IRF9A transcripts

and 50% of them (four samples) contained IRF9D transcripts

(Figures 6A,B). We did detect some additional bands in the samples,

which were not present in the positive controls. The identities of

those additional bands are currently unknown.

Because of decent differences in the number of amino acids

among IRF9 isoforms (Figure 1C), an antibody against the N‐terminal

IRF9 may be able to detect the various forms of IRF9 based on their

molecular weights. HEK293 cell lysates were first immunoprecipi-

tated with IRF9 mouse monoclonal antibody, then the immuno-

precipitation products were used for Western blot analyses with

rabbit IRF9 antibody. A band, similar to overexpressed IRF9D, was

observed (Figure 6C). IRF9 per se is an ISG. Therefore, we reasoned

that PS‐IRF9s might be also ISGs. When HEK293 cells were treated
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F IGURE 3 Distribution of the MEQAFAR motifs in the vertebrate evolution. The maximum‐likelihood phylogenies of interferon regulatory
factor 9 (IRF9) proteins were reconstructed from 103 IRF9 as well as 4 IRF8 protein sequences as the outgroup (see Supporting Information:
Tables S1 and S2 for the sequences used). Internal nodes supported by 70% or higher by both or either of ultrabootstrap and SH‐aLRT branch
test are denoted by closed or open circles. For each species or group of organisms, the amino acid sequence corresponding to the MEQAFAR
motif is shown on the right. When the amino acid is different from the corresponding amino acid in MEQAFAR, it is shown in either blue (for
similar amino acids) or red (for dissimilar amino acids).
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with Type I IFNs, two specific bands, in addition to the one for the

canonical IRF9, were detected (Figure 6D). The sizes were predicted

to be consistent to those for PS‐IRF9A and 9D. In addition, one IRF9

antibody (Cell Signaling, D2T8M) could detect endogenous IRF9 in a

reasonably consistent manner. Akata cells are an Epstein‐Barr virus

(EBV)‐positive Burkitts' lymphoma line and human IgG treatment can

induce virus replications in Akata. A specific band (molecular weight

was similar to IRF9D) was detected (Figure 6E). Finally, an antibody

specifically against a peptide sequence unique to PS‐IRF9, but not to

the canonical IRF9, was generated. The antibody recognized two

bands, corresponding to the PS‐IRF9s, in human cell lines (Figure 6F).

These results show that PS‐IRF9s are present in human cells in both

RNA and protein forms.

3 | DISCUSSION

3.1 | Evolution of IRF9

IRF9 was initially discovered as a component of the potent

transcription factor ISGF3 responsible in initiating transcription of

hundreds of ISGs to mount antiviral response, which is further

implicated in expansive roles across various fields such as can-

cer.32–34 Therefore, the IRF9 has to adapt for two aspects: its own

biological functions and virus–host interactions.

In this study, we have identified two shark IRFs as the most

primitive IRF9 based on phylogenic analyses (Figure 2). Previously,

we have identified that a PYKVY motif sequences are present in the

DBD region of the IRF4/8/9 subfamily proteins.26 Now we have

identified uniquely conserved sequences in the IAD region of

mammalian IRF9s (Figure 1B). The MEGAFAR or similar sequences

were identified from reptiles, monotremes, and marsupials. The

MEGAFAR motif is strongly conserved in placental mammals,

indicating an importance of this motif sequence in the IRF9 function

in this group of organisms (Figure 3).

The amino acid positions 217–377 of the canonical IRF9, the

region containing MEQAFAR, are required for ISGF3 complex

formation.35–37 It, therefore, suggests that the motif may be important

for the ISGF3 formation and thereby IFN signaling. Interestingly, a

structural analysis based on the published IRF9‐STAT2 complex38

indicates that theMEQAFAR motif region does not involve in the direct

interactions with STAT2 (data not shown). The exact function of the

MEQAFAR motif in IRF9 needs further investigation.

Emergence of IRF9 coincided with the formation of the primitive

Type I IFN system.25 Although this strongly suggested the important

functional role of IRF9 in IFN signaling, an alternative factor for IRF9

might be present in some species. (1) Although only a few divergent

exceptions were identified (e.g., XP_033928400.1, XP_031363717,

and TRZ10743.1), bird genomes usually lack IRF9 genes.21 (2) IRF9 is

not found in many fish genomes. (3) Variations found in the

MEQAFAR motif per se (Figure 3) suggests a flexibility in their

structures for potential ISGF3 complex formations. Therefore, it is

quite interesting to examine whether some other IRFs or IRF‐like

molecules have similar functions as IRF9 for IFN signaling.

3.2 | PS‐IRF9 molecule may have additional
functions

In this report, we have identified a specific class of IRF9 isoforms

in primates and confirmed their presence in human cells (Figure 6

and Table 1). Unique exon usages in primates have generated those

PS‐IRF9s (Figure 5). Although a trace of PS‐IRF9‐like sequences

was detected in mustelidae members (Table 1 and Supporting

Information: Figure S5), PS‐IRF9 are found only in primates,

especially in old word monkeys and great apes including humans

(Figure 4).

We are in the process to explore the functions of PS‐IRF9. In

humans, the amino acid positions 217–377 of the canonical IRF9 are

required for ISGF3 complex formation.35–37 PS‐IRF9s lack this

C‐terminal region partially (Isoform 1) or entirely (Isoform 4). Both

PS‐IRF9s, without the conserved MEQAFAR in the C‐terminal region,

is likely not able to form the ISGF3 complex. However, IRF9 and PS‐

IRF9 have the identical N‐terminal DBD region and the intact

polyserine linker (PSL) (Figure 1A,C). The PSL is considered as a

flexible, disordered spacer that enhances domain interactions and

substrate accessibility,39 which may be used to keep both the

N‐terminus and C‐terminus domain intact. Therefore, the PS‐IRF9 is

predicted to bind to the same DNA sequences as the canonical IRF9

and likely to act as a negative regulator for IFN signaling by direct

DNA‐binding competitions to the same sites with the canonical IRF9.

PS‐IRF9 may be used for fine‐tuning of the IFN pathways in primates.

F IGURE 4 The emergence of primate‐specific
interferon regulatory factor 9 (PS‐IRF9) during the primate evolution.
Evolutionary relationship among the primate species used in this
study is illustrated. Canonical IRF9 is found in all of these primate
species. Green lines indicate on which lineages the acquisition of
PS‐IRF9 occurred. Not all old world monkeys have PS‐IRF9 and
mixed colored lines indicate the facts. Approximated phylogenetic
relationships and age estimates for diversifications among primates
are based on refs.27–31 Numbers on the right represent approximate
divergence time in million years ago (Mya).
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Although no significant domains nor motifs were identified in the C‐

terminus of PS‐IRF9, because C‐terminal regions are the determi-

nants of IRF functions, the unique C‐terminus may offer PS‐IRF9

unique biological functions. Understanding the functions of PS‐IRF9

may not only contribute to our knowledge about IFN pathway, but

also help exploring the species variations of innate immunity and IRF

biology at the molecular levels.

4 | MATERIALS AND METHODS

4.1 | Searching of IRF proteins

The sequences of the human IRF protein were used as the queries

(see Supporting Information: Tables S1, S2, and S3 for accession

numbers) to perform protein similarity searches using BLASTP against

the nonredundant protein database at NCBI with the default options.

Sequences were collected from mammals, reptiles, birds, amphibians,

and fishes. When more than one isoforms were available from the

same species, one isoform that was most similar to those from other

species was selected. Protein sequences that were partial and too

short were excluded. All sequences collected in this study are listed in

Supporting Information: Tables S1, S2, and S3.

4.2 | Phylogenetic analysis of IRF proteins

The grouping of IRF proteins was confirmed using phylogenetic

analysis. The protein sequences were aligned using MAFFT v7 with

the E‐INS‐i iterative refinement method. The maximum likelihood

phylogeny was reconstructed using IQ‐Tree release 1.6.11 with the

default options and the amino acid substitution model estimated.

Branch support values were obtained using the ultrafast bootstrap

support and SH‐aLRT branch test both with 1000 replicates.

Representative IRF6 protein sequences were included as the

outgroup (Supporting Information: Table S3).

Starting with the IRF protein sequences obtained from the

BLASTP searches, alignment and phylogenetic analysis were itera-

tively performed. After identical sequences were removed and

grouping of IRF4, IRF6, IRF8, and IRF9 protein families was

established, the alignment was performed again using each IRF

family. The final alignment including all IRF sequences was performed

using protein sequences from each of the IRF‐family specific

alignment as the profile and using the “merge” alignment of MAFFT

with the E‐INS‐i iterative refinement method. The visualization of the

phylogenies was performed using Interactive Tree of Life website.40

All data sets including multiple sequence alignments are available

upon request.

TABLE 1 Distribution of PS‐IRF9 in various species.

Species Common name
# of protein
isoforms

# of
canonical IRF9

# of
PS‐ IRF9

% of
PS‐IRF9

Homo sapiens Human 4 2 2 50

Pan paniscus Bonobo 5 2 3 60

Pan troglodytes Chimpanzee 5 2 3 60

Gorilla gorilla gorillaa Western lowland gorilla 4 2 2 50

Pongo abelii Sumatran orangutan 2 1 1 50

Trachypithecus francoisi Francois' leaf monkey 3 1 2 67

Papio anubis Olive baboon 5 4 1 20

Macaca mulatta Rhesus macaque 2 1 1 50

Chlorocebus sabaeus Green monkey 2 1 1 50

Colobus angolensis palliatesa Peters' Angolan colobus 2 1 1 50

Mustela ermineb Stoat 3 2 1 33

Mustela putorius furob Domestic ferret 2 1 1 50

Lontra canadensisb North America river otter 2 1 1 50

Bos taurus Cattle 3 3 0 0

Mus musculus Mouse 3 3 0 0

Monodelphis domestica Gray short‐tailed opossum 4 4 0 0

Orcinus orca Killer whale 2 2 0 0

Abbreviations: IRF9, interferon regulatory factor 9; PS‐IRF9, primate‐specific interferon regulatory factor 9.
aThe species have primate‐specific IRF9 but with C‐terminal sequences different from human PS‐IRF9 (Supporting Information: Figure S4).
bThe species have PS‐IRF9‐like gene sequences with only a stretch of sequence similarities (Supporting Information: Figure S5).
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4.3 | Sequence logos

A sequence logo was generated from the protein sequence alignment

using WebLogo v3 (https://weblogo.threeplusone.com/create.cgi).

For simplicity, the composition adjustment was suppressed. The

amino acid “chemistry” color scheme was chosen.

4.4 | Cells and plasmids

Human primary PBMCs from healthy individuals were gifts from

Dr. Wei Jiang. Human embryonic kidney fibroblast 293 (HEK293,

CRL‐1573) was obtained from the American Type Culture Collection.

The U2OS osteosarcoma cell line was a gift from Dr. Aiming Peng.

These cells were grown and maintained in Dulbecco's modified Eagle's

medium containing 10% fetal bovine serum (FBS) and 1× penicillin‐

streptomycin (PS) in a humidified chamber with 5% CO2 at 37°C. Akata

cells are an EBV‐positive Burkitt's lymphoma cell line and EBV lytic

replication can be induced by the treatments of human IgG (hIgG).

Akata cells were cultured in RPMI medium with 10% FBS and 1% PS at

37°C. PS‐IRF9A and 9D expression plasmids were synthesized and

cloned into pcDNA3 expression vector by Synbio Technologies, LLC.

4.5 | RT‐PCR

A common primer (5′‐GGATCAGAGGTCCCTGGAG‐3′) for all IRF9

transcripts as well as IRF9A (5′‐GATATGCAACACACAAGCGCAG‐3′)

or 9D (5′‐GAGCCATGGCTCTCTTCCC‐3′) specific primers are made

by Thermo Fisher Scientific Inc. Total RNAs were isolated from eight

healthy individuals' PBMCs with Trizol method (Invitrogen™ TRIzol™

Reagent, Thermo Fisher Scientific Inc.). Invitrogen™ SuperScript™

First‐Strand Synthesis System was used for complementary DNA

synthesis and RT‐PCR analyses. The common primer plus IRF9A‐

specific one generated a 461 bp DNA and plus IRF9D‐specific one

generated a 202 bp product.

4.6 | Antibody production and western blot
analysis with enhanced chemiluminescence (ECL)

Rabbit polyclonal antibody against IRF9A peptide (amino acids

432–446 in IRF9A), “ADSRAAGSHSVPGVE‐C,” was custom made

by GenScript. The last cysteine was added to link the peptide to KLH

for antibody production. Anti‐ISGF‐3γ p48 mouse monoclonal

antibody (H‐10) and goat anti‐mouse IgG‐HRP (sc‐2005) were

F IGURE 5 Structure of interferon regulatory factor 9 (IRF9) transcripts. (A) Primate IRF9 transcripts. IRF9 gene structures from human (gene
ID: 10379), bonobo (100973587), chimpanzee (744767), baboon (101020807), and Francois' leaf monkey (117069921) are as shown. Light
green bars represent exon sequences and dark green bars represent open reading frames (ORFs). The canonical IRF9 ORFs are indicated with
green solid squares and primate‐specific IRF9 (PS‐IRF9) ORFs are indicated with solid red square on the right. The accession numbers are listed
on the left. The species are listed on the right. The diagrams are directly obtained from the NCBI gene report pages. The scales of the diagrams
have been adjusted for comparison purpose among species. (B) Mouse IRF9 transcripts. The mouse (Gene ID:16391) IRF9 gene structure is as
shown. The potential exons corresponding to primate IRF9 exons are indicated by dashed blue lines.
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purchased from Santa Cruz (sc‐365893). Normal mouse serum was

made in our laboratory from C57BL/6 mice. The rabbit IRF9 Abs

were from Novus Biologicals (NBP1‐81577) and Cell Signaling

(D2T8M, #76684). Goat‐anti‐Rabbit IgG‐HRP (#7074) were pur-

chased from Cell Signaling.

Separation of proteins on sodium dodecyl‐sulfate polyacrylamide gel

electrophoresis was carried out following the standard protocol. After the

proteins were transferred to a nitrocellulose or Immobilon membrane, the

membrane was blocked with 5% nonfat dry milk inTBST (50mm Tris‐HCl

pH 7.5, 200mmNaCl, 0.05% Tween‐20) at room temperature for 30min.

It was washed briefly withTBST and incubated with the primary antibody

in 1%milk inTBST for 1 h at room temperature, or overnight at 4°C. After

washing the membrane with TBST three times (10min each), it was

incubated with the secondary antibody at room temperature for 1 h. The

membrane was then washed three times with TBST, treated with ECL

detection reagents, and exposed to BlueBlot™ HS film from Life Science

Products (XR‐0810‐100).
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F IGURE 6 Detection of primate‐specific interferon regulatory factor 9 (PS‐IRF9) in human cells. (A, B) Total RNAs were isolated from eight
healthy individuals' peripheral blood mononuclear cells (PBMCs) and used for reverse‐transcription polymerase chain reaction (RT‐PCR) analysis with
specific primers for PS‐IRF9A (A) and PS‐IRF9D (B). The PCR products were analyzed in an 8% polyacrylamide gel. The second lane for PBMC1 in A
is the overexposure of the same lane on the left. The plasmids for IRF9, PS‐IRF9A, and 9D are mixed at 1:1:1 ratio and used as positive controls.
Numbers on the left indicate DNA size makers (in bp). (C) HEK293 cell lysates were immunoprecipitated (IP) with mouse monoclonal anti‐ISGF‐3γ
p48 antibody (H‐10) (Santa Cruz, # sc‐365893) or normal mouse serum (NMS). The immunoprecipitates were separated in a 10% sodium dodecyl‐
sulfate polyacrylamide gel electrophoresis (SDS‐PAGE). Western blotting (WB) with rabbit IRF9 Ab (Novus Biologicals, NBP1‐81577) was conducted.
The transfected PS‐IRF9D lysates were used as a control. (D) HEK293 cells were treated with IFN‐β (100 IU/ml) overnight, the cell lysates were used
for IP‐WB as in the C. (E) Cell lysates from Akata cells were used for WB analysis with IRF9 (D2T8M) rabbit monoclonal antibody (mAb) (Cell
Signaling, #76684). Akata cells were treated with human IgG (hIgG) for induction of Epstein–Barr virus (EBV) lytic replication. HEK294 cells were
transfected with canonical IRF9A and 9D, respectively, and their lysates were mixed at 1:1 ratio and used as a positive control for WBs. Molecular
weight markers are shown on the left for C and D, and on the right for E. All antibodies used here are against common regions of all IRF9s. (F)
HEK294 cells were transfected with IRF9A and 9D plasmid, respectively, and their lysates were used as a positive control. Cells lysates from HEK293
and U2OS were separated in a 12% SDS‐PAGE. WB with rabbit PS‐IRF9‐specific Ab was conducted. The identities of the signals are as shown.
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