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Abstract

Alternative splicing is the process of generating different mRNAs from the same primary transcript, which contributes to in
crease the transcriptome and proteome diversity. Abnormal splicing has been associated with the development of several dis
eases including cancer. Given that mutations and abnormal levels of the RIPK2 transcript and RIP-2 protein are frequent in 
tumors, and that RIP-2 modulates immune and inflammatory responses, we investigated alternative splicing events that result 
in partial deletions of the kinase domain at the N-terminus of RIP-2. We also investigated the structure and expression of the 
RIPK2 truncated variants and isoforms in different environments. In addition, we searched data throughout Supraprimates evo
lution that could support the biological importance of RIPK2 alternatively spliced products. We observed that human variants 
and isoforms were differentially regulated following temperature stress, and that the truncated transcript was more expressed 
than the long transcript in tumor samples. The inverse was found for the longer protein isoform. The truncated variant was also 
detected in chimpanzee, gorilla, hare, pika, mouse, rat, and tree shrew. The fact that the same variant has been preserved in 
mammals with divergence times up to 70 million years raises the hypothesis that it may have a functional significance.

Key words: alternative splicing, RIPK2, RIP-2, gene expression, stress conditions, isoform conservation.

© The Author(s) 2024. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints 
and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
please contact journals.permissions@oup.com.

GBE

Genome Biol. Evol. 16(7) https://doi.org/10.1093/gbe/evae106 Advance Access publication 16 May 2024                                         1

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/16/7/evae106/7675095 by M

arcela Jalo user on 26 August 2024

https://orcid.org/0000-0002-2603-2057
mailto:tajara@famerp.br
https://creativecommons.org/licenses/by-nc/4.0/


Introduction
Alternative splicing (AS) is an important and prevalent pro
cess in eukaryotic genes that generates different mature 
mRNA variants and protein isoforms from the same primary 
transcript. The patterns of AS comprise exon inclusion or 
skipping, unusual splice site selection and intron retention, 
which can result in an alternative translation initiation 
site (TIS) or in premature termination codons (Park, et al. 
2018). Spliced sequences may contribute to gene expres
sion regulation as well as to increase the transcriptome 
and proteome diversity and genome extent (Blencowe 
2017; Marasco and Kornblihtt 2022). AS can also be non- 
adaptive, as suggested by Xu and Zhang for alternative 
translation initiation (Xu and Zhang 2020).

The mechanisms involved in synthesizing different tran
scripts and isoforms vary among cell types and phases of 
development (Zeng, et al. 2006; Gutierrez-Arcelus, et al. 
2015; Szafranski and Kramer 2015; Reber, et al. 2016) 
and have been associated with stress conditions, including 
temperature (Farashahi Yazd, et al. 2011; Shiina and 
Shimizu 2020; Dominguez, et al. 2022) and osmotic stres
ses (Natua, et al. 2022), reactive oxygen species overload 
(Cote, et al. 2012; Kumar, et al. 2019), hypoxia (Natua, 
et al. 2022) and acidosis (Mauduit, et al. 1999; Elias and 
Dias 2008; Rohani, et al. 2019; Natua, et al. 2022).

Literature has presented many data on the involvement 
of abnormal AS in the occurrence of several biological 
processes, such as normal ageing (Baralle and Romano 
2023), premature ageing (Lopez-Mejia, et al. 2011) and 
age-related disorders, which range from hypertension to 
cardiovascular (Hu, et al. 2017; Gotthardt, et al. 2023) 
and liver diseases (Jobbins, et al. 2023), neurodegeneration 
(Nikom and Zheng 2023), and cancer (Song, et al. 2023; 
Temaj, et al. 2023). Aberrant splicing is also implicated in 
processes that affect people of all ages, such as inflamma
tory bowel disease (Zhou, et al. 2023; Zou, et al. 2023) and 
viral infection (Mann, et al. 2023). The mechanisms under
lying the association of AS and diseases include alteration in 
splice site sequences and in cis- and trans-splicing regula
tory elements (Tang, et al. 2020), chromatin modifications 

(Gomez Acuna, et al. 2013) and mutations that disrupt RNA 

secondary structure (Warf and Berglund 2010), which can 

mediate mRNA decay or cause deletion of domains that 
are important for protein function. When compared to 
the consensus protein, alternative spliced isoforms may ex
hibit different subcellular or tissue localizations and diver
gent enzymatic activities, or interact with unusual ligands 
(Kjer-Hansen and Weatheritt 2023). Aberrant activity of 
splicing factors with multiple substrates may result in 
more broad and severe effects (Gotthardt, et al. 2023).

Specifically in cancer, AS can contribute to the trans
formation and progression processes, and to the response 
and resistance to therapy (Sciarrillo, et al. 2020). Upon ana
lyzing data on 31 cancers, Zhang et al. (Zhang, et al. 2019) 
observed a number of splicing events associated with 
advanced-stage disease, survival and pathologic character
istics, which are potentially relevant as targets for diagnosis 
and therapies. The authors drew attention to the fact that, 
despite the huge number of splicing events in cancer, only 
few RNA variants and isoforms have been validated as dir
ectly involved in tumorigenesis.

In a previous study that assessed expressed sequences de
rived from head and neck cancer, we observed 788 poten
tial new splicing variants in 748 different transcripts (Reis, 
et al. 2005). Analyzing these variants and members of their 
gene family, we found other 12 new splicing events, includ
ing a potential exon 2 skipping (AY562996.1 sequence, par
tial transcript, NCBI) of the RIPK2 (receptor interacting 
serine/threonine kinase 2) gene. The human RIPK2 gene 
has 11 exons spanning 33 kb of genomic sequence on 
chromosome 8q21.3. The full-length transcript (variant 1) 
encodes the RIP-2 isoform 1, whereas the variant 2 results 
in a potential truncated product with a partially deleted 
N-terminal and an intact C-terminal. It is generated by a spli
cing event that shifts the reading frame and results in several 
termination codons in downstream exons, while allowing 
translation from an alternative AUG in exon 3. Recent com
putational analysis supported by EST evidence predicted an
other RIPK2 transcript variant, named X1, potentially 
generated by the skipping of exons 1 to 3 and partial inclu
sion of intron 3.

Significance
RIP-2 protein is a kinase that integrates extra- and intracellular stress signals and has an important role in modulating 
immune responses. RIPK2 gene generates two transcripts by alternative splicing: the longest variant 1 encodes the ca
nonical protein and the short variant 2 results in a predicted truncated product with a partially deleted kinase domain. In 
the present study, we observed that both transcripts were expressed in normal tissues, but differentially expressed in 
tumor samples and in response to temperature stress. The truncated variant is conserved in primates, hare, pika, 
mice, rats, and tree shrew, which diverged several million years ago. These findings suggest that this variant should 
have a biological role and stimulate further functional investigation.
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Receptor-interacting proteins (RIPs) are a family of 
serine/threonine kinases that integrate extra- and intracel
lular stress signals and share a homologous kinase domain 
at the N-terminus but have different C-terminal functional 
domains (He and Wang 2018; Cuny and Degterev 2021). 
RIP-2 (receptor-interacting serine/threonine-protein 
kinase 2) is a member of the RIP family and has received 
attention in recent years for its role in modulating immune 
responses to pathogens (Cuny and Degterev 2021; 
Eng, et al. 2021).

RIP-2 is expressed at high levels in several normal human 
tissues, such as skeletal muscle, but it is weakly expressed or 
absent in other tissues, including squamous epithelia (The 
Protein Atlas, version 23.0; Uhlen, et al. 2005). In most can
cer types, RIPK2 transcript and RIP-2 protein show differen
tial activity in tumors compared to normal tissues, 
particularly in those that usually evolve in an inflammatory 
context, such as inflammatory breast (Zare, et al. 2018) and 
hepatocellular (Lu, et al. 2022) carcinomas. Amplification, 
missense or frameshift mutations and altered splicing of 
the RIPK2 gene are more frequent in tumors, which sug
gests that RIP-2 has an oncogenic role in cancer (Zhang, 
et al. 2022). It has also been reported to promote disfunc
tion and remodeling of lymphatic vessels (Gambino, et al. 
2017), processes that facilitate metastasis (Stacker, et al. 
2014). Other recent data support its involvement in antitu
mor immune responses and immunotherapy resistance 
(Song, et al. 2022). Besides cancer, RIP-2 has also been as
sociated with immune, inflammatory and nervous system 
diseases, such as systemic lupus erythematosus, allergic 
asthma, and amyotrophic lateral sclerosis (Tian, et al. 
2023). These data evidence the role of RIPK2 in processes 
active in several pathological conditions, including cancer, 
and its potential as a therapeutic target.

RIP-2 is the only member of the RIP family that, in add
ition to phosphorylating serine and threonine, is able to au
tophosphorylate tyrosine residues (Tigno-Aranjuez, et al. 
2010; Chirieleison, et al. 2016). Its ATP- and substrate- 
binding sites are spread over much of the N-terminal, which 
contains a protein kinase-like domain (PKc_like). At the 
C-terminal region is a caspase recruitment domain 
(CARD) (Inohara, et al. 1998), a binding module that inter
acts with NOD1 and NOD2 (nucleotide-binding oligomer
ization domain-containing protein 1 and 2, also called 
CARD-4 and CARD-5, respectively), which are intracellular 
receptors for innate immunity and are involved in sensing 
the presence of pathogens. After activation by bacterial 
peptidoglycans, NOD1 and NOD2 associate with RIP-2 via 
the CARD–CARD interaction and promote the expression 
of immune response and inflammatory genes through the 
nuclear factor kappa B (NF-κB) signaling (Inohara and 
Nunez 2003; Topal and Gyrd-Hansen 2021). NOD signaling 
may also cooperate with Toll-like receptors (TLRs) in 

detecting bacteria (Kobayashi, et al. 2002), but there is 
no consensus on the mechanisms involved in the activation 
of RIP-2 by TLRs (reviewed by (Kurabi, et al. 2022)).

NOD pathway activation and cytokine production depend 
on RIP-2 polyubiquitination at several lysine residues, a pro
cess that requires XIAP (X-chromosome-linked inhibitor of 
apoptosis), a pivotal ubiquitin ligase in the NOD-RIP-2 in
flammatory response. Although the kinase domain of 
RIP-2 is not functionally important for NOD signaling, it is 
correlated with NOD activation since RIP-2 autophosphory
lation creates a substrate for the ubiquitin ligase binding 
process (Krieg, et al. 2009; Goncharov, et al. 2018; Topal 
and Gyrd-Hansen 2021).

Given that mutations and abnormal levels of the RIPK2 
transcript and RIP-2 protein are frequent in tumors and sup
port their potential as molecular markers for cancer, and 
that RIP-2 kinase integrates extra- and intracellular stress 
signals and modulates immune and inflammatory re
sponses, we investigated AS events that result in the dele
tion of the kinase domain. We also investigated the 
structure and expression of the RIPK2 truncated variants 
and isoforms in different environments and in head and 
neck carcinoma, a type of tumor that evolves in an inflam
matory context. In addition, we searched data throughout 
Supraprimates evolution that could support the biological 
importance of RIPK2 alternatively spliced products. To the 
best of our knowledge, this is the first study on evolutive as
pects and expression of RIPK2 sequences arising through 
skipping of exon 2. Our results may stimulate other studies 
on these transcripts and isoforms and their associated inter
actions, involvement in biological processes and functional 
significance.

Results

In-silico Splicing Analysis

Table 1 reports the human transcripts and proteins of RIPK2, 
Gene (NCBI) and UniProt accession numbers, lengths in base 
pairs (bp) or amino acids (aa), masses (Da), AS types that re
sult in the deletion of the kinase domain, as well as exons 
and introns involved in the AS. Transcript alignments 
(variants 1 and 2, predicted variant X1 and AY sequence) 
performed by BLAT are shown in supplementary fig. S1A, 
Supplementary Material online.

The human full-length variant 1 (NM_003821.6) encodes 
a 61.2 kDa protein (RIP-2 isoform 1; NP_003812.1) with two 
domains: a PKc_like domain and a CARD domain located at 
amino acids 20 to 303 (exons 1 to 6) and 438-524 (exon 11), 
respectively. Human variant 2 (NM_001375360.1) is derived 
from the skipping of exon 2, which alters the reading frame, 
producing several premature stop codons (supplementary 
fig. S1B, Supplementary Material online). A partial sequence 

Expression of RIPK2 Truncated Products                                                                                                                           GBE

Genome Biol. Evol. 16(7) https://doi.org/10.1093/gbe/evae106 Advance Access publication 16 May 2024                                         3

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/16/7/evae106/7675095 by M

arcela Jalo user on 26 August 2024

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae106#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae106#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae106#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae106#supplementary-data


of this variant was previously submitted by us to NCBI 
(GenBank accession number AY562996.1). Translation of 
variant 2 starts in an in-frame alternative AUG (nucleotides 

85 to 87 of exon 3) and gives rise to the 45.6 kDa RIP-2 iso
form 2 (NP_001362289.1; 403 aa) with a short PKc_like do
main of 166 aa (Fig. 1). Another N-truncated variant 

Table 1 
Transcripts and correspondent protein products of human RIPK2. Accession numbers, gene length in nucleotides (bps), number of amino acids (aa), mass 
(Da), alternative splicing (AS) type, exons/introns involved in the AS, and kinase domain location of RIPK2 isoforms, according to Gene (NCBI) and Uniprot 
databases, and to Conserved Domains annotation resource from BLAST search tool

Transcript Protein

Transcript—Gene 
(NCBI) 

accessionnumber

Protein—UNIPROT/Gene 
(NCBI) accession number

Gene Length 
(bps)/number 

ofaa
Mass 
(Da)

AS 
typea

Exons/ 
Introns 

involved

Kinase 
domain 

(aa)

Variant 1 Isoform 1 NM_003821.6 O43353-1/NP_003812.1 2516/540 61,195 … … 20-303
Variant 2 Isoform 2 NM_001375360.1 O43353-2/NP_001362289.1 2362/403 45,582# ES 2/- 1-166
Variant X1b Isoform X1b XM_011517357.3b −/XP_011515659.1b 1889/369b 41,571b IR 1 to 3/3 1-132
AY sequence Isoform b AY562996.1 −/AAS75586.1 302/41 … ES 2/- …

aAS type: ES = exon skipping; pIS = partial intron retention. 
bPREDICTED.

FIG. 1.—Diagram of splice variants and isoforms of human RIPK2. a) The variant/transcript 1 encodes the longer isoform 1 and b) the variant 2 presents 
skipping of exon 2 and encodes a truncated product (isoform 2) with a partially deleted kinase domain and an intact caspase recruitment (CARD) domain. 
Arrows indicate the positions of the forward primer A and reverse primer B for conventional PCR expression analysis, and horizontal bars below the isoform 1 
and 2 indicate the epitope region for anti-RIP-2 ab8428, ab57954, sc8611 and cstD10B11 used in the present study.
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has been predicted by automated computational analysis 
(variant X1; XM_011517357.3) using the gene prediction 
Gnomon method, and it is supported by EST evidence 
(according to NCBI, GenBank; www.ncbi.nlm.nih.gov/ 
nuccore/XM_011517357.3/). The variant X1 shows loss 
of exons 1 to 3, partial retention of intron 3 and a down
stream in-frame AUG codon (nucleotides 31 to 33 of 
exon 4; supplementary fig. S1B, Supplementary 
Material online), potentially generating a protein with a 
smaller PKc_like domain of 132 aa (XP_011515659.1).

The TCGA SpliceSeq tool confirms the skipping of exon 3 
(corresponding to exon 2 of the NCBI NM_003821.6 
sequence) in head and neck squamous carcinoma 
(supplementary fig. S2, Supplementary Material online). 
SpliceSeq also proposes the skipping of a new exon, exon 
2 (derived from intron 1 of NCBI sequence), but with a 
low PSI (Percent Spliced-In or percent of exon inclusion) va
lue. Differences in exon numbering between SpliceSeq and 
NCBI data occur because SpliceSeq merges the known tran
scripts into a unified transcript splice graph, which may re
sult in a numbering different than those used by other 
databases, including NCBI.

A multi-sequence alignment analysis using the UCSC 
browser showed that RIPK2 gene is well conserved across ver
tebrates (supplementary fig. S3, Supplementary Material on
line). To gain insight into mammalian spliced transcripts, we 
analyzed in detail exons 1 to 3 and introns 1 and 2, and 
the corresponding isoform sequences in 12 mammals of 
superorder Euarchontoglires, also called Supraprimates (hu
man, chimpanzee, gorilla, orangutan, gibbon, Rhesus, flying 
lemur, hare, pika, mouse, rat, tree shrew), and in Canis lupus 
familiaris of superorder Laurasiatheria (as an outgroup) 
(supplementary File S1, Supplementary Material online, 
pages 3 to 85; supplementary fig. S4, Supplementary 
Material online). Despite millions of years of divergence be
tween these species, the sequence alignments of exons 2 
and 3 showed high identity (an average of ∼95%) comparing 
29 transcripts with the consensus NM_003821.6 transcript 
(Homo sapiens). Otherwise, the exon 1 sequence evolved to
ward different base compositions (supplementary table S1, 
Supplementary Material online).

Alignment by BLAT Genome Browser and BLAST Global 
Alignment Tool revealed that human, chimpanzee, gorilla 
and tree shrew have a similar reviewed or predicted variant 
derived from the exon 2 skipping, which alters the reading 
frame and allows protein translation to initiate from an 
AUG in exon 3. These truncated transcripts, except the hu
man variant 2, also showed a partial skipping of exon 
1. Variants of other Supraprimates (X3 in hare, X2 in pika 
and rat) exhibited partial exon 2 skipping accompanied by 
exonization of the next intron and exon 1 deletion, result
ing in an in-frame TIS in exon 3 and in a similar truncated 
protein at the N-terminus. An only event, intron 2 exoniza
tion in the mouse variant 2, showed the same result. A TIS 

in exon 2 associated with intron 1 exonization and partial 
skipping of exon 1 was observed in variants X3 and X1 of 
Rhesus and rat, respectively, which resulted in a truncated 
but longer putative N-terminus compared to that in the hu
man variant 2. Inversely, the human transcript X1 showed a 
drastic deletion in the N-terminus involving exons 1 to 3 
(supplementary table S1, Supplementary Material online). 
Similarities between truncated variants found in ten mam
mals and the human consensus sequence (variant 1) are 
shown in Fig. 2. Besides of the ten mammals analyzed in de
tails, other Supraprimates may exhibit similar truncated var
iants and isoforms, such as rabbit (Oryctolagus cuniculus, 
XM_051844621.1 and XP_051700581.1) and tarsier 
(Carlito syrichta, XM_021713646.1 and XP_021569321.1). 
Differently, Canis lupus familiaris shows a dissimilar structure 
at the 5′-terminal region of RIPK2, with a new exon and a 
more upstream TIS position.

At the amino acid level, the truncated isoforms that ex
hibit the TIS in exon 3 shared ∼75% sequence percentage 
identity with the consensus isoforms (from the same mam
mal) (supplementary table S1, Supplementary Material on
line), a result that is mostly due to the loss of spliced or 
deleted N-terminal regions. Considering independently 
each specie, exon 11 was not involved in deletion or skip
ping events that could result in changes of the CARD size 
(supplementary fig. S4, Supplementary Material online; 
supplementary File S1, Supplementary Material online, 
pages 81 to 85).

To evaluate the efficiency (E) of TISs of mammalian RIPK2 
transcripts, we compared the Kozak sequences flanking 
AUG codons (Kozak 1986) with the sequences described 
by Noderer et al. (Noderer, et al. 2014). According to the 
data generated by these authors, the Kozak sequence in 
exon 3 has E values of 91 to 107, and the one in exon 1 
has E values of 90 to 106 (supplementary table S1, 
Supplementary Material online). The potential Kozak se
quence with an AUG (in frame) in exon 2 (supplementary 
fig. S1B, Supplementary Material online) has E values of 
53 to 60.

In brief, different events associated with a reduction of 
the RIP-2 kinase domain were observed, including partial 
or total exon skipping, exon deletion, and exonization of in
tron segments. No associations were found between alter
native spliced exon 2 and exon/intron size, Kozak sequence 
or splice site motifs.

Expression Patterns of the Human RIPK2 Transcripts and 
Isoforms

Expression of human RIPK2 transcripts in normal and tumor 
samples. RIPK2 transcripts 1 and 2 were co-expressed in 
normal brain, testis, heart, lung, stomach, kidney, larynx, li
ver and tongue tissues (Fig. 3A). Both transcripts were also 
detected in tumor and tumor-free surgical resection 
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samples from patients with oral SCC, as illustrated by five 
matched samples in Fig. 3B.

The in-silico analysis using gnomAD dataset, which ag
gregates human exome and genome sequencing data 
from several large-scale sequencing projects, found very 
low allele frequencies in splice regions of introns 1 and 
2. The data of the GTEx project also showed that RIPK2 is 
expressed across many human tissues and exon 3 (that cor
responds to exon 2 of the NCBI sequences) is less expressed 
than the other exons, which may be explained by two var
iants with different expression profiles.

Quantitative real-time PCR detected no difference in the 
expression of full-length transcript 1 between 16 tumors 
and their respective surgical margins, whereas significantly 

increased levels of transcript 2 were observed in tumor versus 
margin samples (Fig. 3C). Supporting these results, the 
SpliceSeq analysis showed that exon 3 (corresponding to 
exon 2 of the NM_003821.6 sequence) has higher PSI (per
cent of exon inclusion) values in normal samples than in tumor 
samples from the TCGA head and neck neoplasm cohort 
(supplementary fig. S2C, Supplementary Material online).

Expression of human RIP-2 isoforms in normal and tumor 
samples. In tissue samples from tongue, mouth floor and 
larynx carcinomas, Western blots with antibodies sc8611 
and ab57954 directed against the C-terminal region of 
RIP-2 showed a band at ∼55 kDa that corresponds to iso
form 1, but no band at ∼41 to 45 kDa was observed 
(Fig. 3D-G). Unlike transcript 1 that showed no difference 

FIG. 2.—Schematic representation of the 5′-terminal region of RIPK2 truncated transcripts observed in 10 mammals compared to the human consensus 
sequence (variant 1). Truncated variants from Homo sapiens (2 and X1), Pan troglodytes (X3); Gorilla gorilla gorilla (X2); Macaca mulatta (X3); Lepus europaeus 
(X3); Ochotona curzoniae (X2); Mus musculus (2 and X1); Rattus norvegicus (X1 and X2); Tupaia chinensis (X3); and Canis lupus familiaris (X2). Boxes represent 
exons, lines represent introns, potential exonization of introns or 5′UTR sequences are illustrated as gray boxes; potential intronization of sequences (total or 
partial exon skipping) are indicated by red brackets. TIS = translation initiation site.
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in the expression level between tumors and their respective 
surgical margins, isoform 1 was apparently more expressed 
in margins than in tumors, an inverse profile compared to 
transcript 2.

It must be emphasized that Western blot analysis using 
different antibodies, concentrations of antibody, samples 
and exposure times generally showed weak signals for 
RIP-2, unlike for the housekeeping proteins. To address 
this point, we also evaluated a mammalian cell line of a dif
ferent lineage (BHK-21/CCL-10, hamster fibroblasts, 
ATCC), which exhibited a sharp ∼61 kDa band, but also 
no well-defined signal for isoform 2 (Fig. 3G).

Despite the detection of transcripts 1 and 2 and the in- 
silico prediction of RIP-2 isoforms, spliced transcript 2 
was not (or was only minimally) translated into protein 
in the normal human tissues and cancer samples. No iso
form was identified by mass spectrometry (MS) analysis 
of the gel slice containing the 41 to 45 kDa bands, a 

result that may be related to a low limit of detection 
(Gross 2017).

The band at ∼8 kDa, previously observed by Krieg and col
laborators (Krieg, et al. 2009) in the human embryonic kid
ney cell line HEK 293T, was not observed in our blots. To 
date, this small isoform has not been referred to by other in
vestigators or predicted by the Gene (NCBI) or UniProt 
databases.

Expression of human RIPK2 transcripts and isoforms un
der temperature stress conditions. A previous pilot study 
was conducted on three cell lines (FaDu, SiHa and Hep-2) 
to investigate whether AS of RIPK2 is induced or inhibited 
by temperature (40 °C, 17 °C and 5 °C) and acid (atmos
phere of 10% CO2) stresses. In conventional PCR, no effect 
of pH on the expression of either transcript was observed in 
the three cell lines. In contrast, heat/cold stress apparently 
affected RIPK2 transcript expression only in FaDu cells 
(supplementary fig. S5, Supplementary Material online), a 

FIG. 3.—Human RIPK2 variant and RIP-2 isoform expression in normal tissues, and in oral and laryngeal SCC samples. a-b) Conventional PCR products 
from RIPK2 transcript 1 (456 bps), transcript 2 (302 bps), and GAPDH (101 bps) in: a) normal human tissues: 1 = brain, 2 = testis, 3 = heart, 4 = lung, 5 =  
stomach, 6 = kidney, 7 = larynx, 8 = liver, 9 = tongue; b) samples from patients with oral cancer: T = tumor; M = resection margin; L = 100-bp fragment 
size marker. c) RT-PCR performed in triplicates to evaluate the expression of RIPK2 transcripts 1 and 2 in 16 oral cancer samples (T) and resection margins 
(M). Transcript 2 showed a higher expression than transcript 1 in tumors normalized with matched resection margins (P = 0.04, unpaired t test); ACTB as 
the expression reference. d-g) Western blot analysis of RIP-2 expression in oral and laryngeal SCC samples using anti-RICK sc8611 (N-terminus) and 
ab57954 (C-terminus) antibodies. Increased expression of the isoform 1 (∼55 kDa) in several margin (M) compared to tumor (T) samples. g) A sharp 
∼61 kDa band corresponding to isoform 1 in BHK-21 cells and a ∼55 kDa band in margin and tumor samples. Normalization controls: β-actin. L = Protein 
Ladder; T1/M1—T9/M9 = oral SCC samples; T10/M10—T17/M17 = laryngeal SCC samples.
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result that can be cell line dependent. RT–PCR confirmed an 
increase in the transcript 2 expression level at lower tem
peratures and a decrease at a higher temperature, but no 
changes were observed for transcript 1 in FaDu cells 
(Fig. 4A and B). The findings for transcript 2 could be justi
fied by the occurrence of cell death under heat stress 
conditions. However, the control for the heat/cold experi
ment, HSPA1A, showed elevated levels at 40 °C (Fig. 4C), 
indicating that the degree of cell death was not significantly 
increased at temperature extremes.

Western blot analysis using the N-terminal domain 
anti-RIP-2 ab8428 demonstrated an immunoreactive band 
at ∼61 kDa, consistent with the molecular weight of isoform 
1 (61,195 Da), but as expected for the N-terminus anti-RIP-2, 
no band at 41 to 45 kDa (isoform 2 and X1) was detected 
(Fig. 4D). A band at ∼61 kDa was also observed using the 

C-terminal domain anti-RIP-2 sctD10B11 and ab57954, and 
again no sharp band at ∼41 to 45 kDa was visualized 
(Fig. 4E and F).

In heat/cold stress experiments, lower expression of iso
form 1 was observed in cells maintained at low tempera
tures than in control cells at 37 °C, and relatively higher 
expression was observed at 40 °C. However, a similar ex
pression profile was visualized for β-actin (Fig. 4D and F), in
dicating that this protein is also sensitive to temperature 
changes and cannot be used as a housekeeping gene in 
the heat stress assay. Thus, four other normalization con
trols were evaluated: β-tubulin, COX IV, GAPDH and his
tone H3 (supplementary fig. S6, Supplementary Material
online). COX IV and histone H3 showed low variation after 
heat/cold stress, and COX IV was chosen as the most reli
able control. Using COX IV as a housekeeping, a very small 

FIG. 4.—Human RIPK2 mRNA expression in cells under temperature stress conditions. a-b) RT-PCR assays were performed in triplicates to evaluate the 
level of human RIPK2 transcripts 1 and 2 in cells under heat/cold conditions. Temperature stress induced a significant increase in transcript 2 expression level at 
lower temperatures and a decrease at a higher temperature (P < 0.0001, unpaired t test), but no effect on transcript 1 expression was observed (control cells at 
37 °C as the calibrator sample; TUBA1C as the expression reference). c) HSPA1A showed elevated levels at 40 °C (P = 0.03, unpaired t test) (TUBA1C as the 
expression reference. Values were log2 transformed (y-axis) so that all values below −1 indicate downregulation in gene expression while values above 1 
represent upregulation. The error bar represents the mean ± S.E.M (standard error of the mean). d-f) Western blot analysis of human RIP-2 expression in cells 
under stress conditions by anti-RIP-2 ab8428 (N-terminus), cstD10B11 and ab57954 (C-terminus) antibodies. In FaDu cell line under temperature stress, a 
reduced isoform 1 expression was observed at 5 °C or 17 °C compared to control cells. Normalization controls: β-tubulin and COX IV. L = Protein Ladder.
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or no effect of hyperthermia was observed for the ∼61 kDa 
band corresponding to isoform 1, but a reduced expression 
was observed at 5 °C or 17 °C (Fig. 4E).

Protein Sequence Alignment and Homology Modeling 
Procedures

The model built for the catalytic domain of human isoforms 
1 and 2 showed good stereochemical quality (Fig. 5—part 
of the kinase domain present only in isoform 1 inside the 
dashed box; superposition of the isoform 1 and 2 models 
outside the box). Despite overall low sequence identity 
among the complex structures of the homolog RIP-2 pro
teins, the active sites were structurally similar and reason
ably well conserved. The model built for isoform 1 was 
128 residues larger than the one obtained for isoform 2 
and included L10 to T296 of the overall sequence. On the 
other hand, isoform 2 included methionine M129 to threo
nine T296 of the overall sequence. Regarding the phos
phorylation sites predicted for isoform 1, the NetPhosK 
1.0 server identified 10 sites that are absent in the isoform 

2 sequence: serines at positions 8, 25, 29, 33, 58, 76, and 
102 and threonines at positions 12, 31, and 95. The study 
of Dorsch’s group (Dorsch, et al. 2006) suggested that S176 
is an important autophosphorylation site for RIP-2 and that 
this phosphorylation can be used to monitor the activation 
state of RIP-2. Figure 5 shows the superposition of the two 
models as well as the localization of S176, which seems to 
be conveniently accessible to the solvent and to phosphor
ylation. K47 in the conserved ATP-binding site and the crit
ical polyubiquitination site K209 are also shown in Fig. 5. 
The rationale for this analysis was to identify potential 
changes in protein features. Although isoform 2 was not 
detected in our samples, it may be expressed in another 
cell type or condition.

Discussion

Conservation of the Alternatively Spliced N-terminal 
Region of RIPK2

It is well known that AS is an important mechanism for 
functional and protein expression and diversity. The present 
study aimed to shed light on the conservation of the alter
natively spliced exon 2 of RIPK2 in mammals belonged to 
the five orders of Supraprimates (Primates, Dermoptera, 
Lagomorpha, Rodentia, Scandentia) and to the Carnivora 
order (dog), analyzing the information about AS-derived 
variants and isoforms that have been reviewed or predicted 
by NCBI. The tree shrew (Scandentia order) was especially 
important for our proposal because it is a potential animal 
model for several human diseases and because its genomic 
data show that the nervous, immune and metabolic sys
tems are similar to those of humans (Fan, et al. 2013; 
Sanada, et al. 2019). In fact, tree shrew is more similar to 
primates than to rodents in terms of immunity. Upon infec
tion by microorganisms, tree shrew receptors, including 
NOD and TLRs, induce the production of cytokines and in
flammatory factors. Many of these receptors and their ef
fectors have high homology with those in primates (Lu, 
et al. 2021) and, therefore, can interact with RIP-2 to pro
mote immune responses.

Alignment of RIPK2 transcripts by BLAT and BLAST tools 
showed that members of the families Hominidae and 
Tupaiidae, two groups with divergence time of 70 to 80 mil
lion years (Shao, et al. 2023), have the same exon 2 skipping 
that leads to a frameshift and changes the translation initi
ation resulting in a shorter putative protein. At first glance, 
the presence of the same AS in Hominidae and Tupaiidae 
suggests the hypothesis that it was present in a common 
ancestor (Gelfman, et al. 2012). However, a similar trun
cated sequence was detected in other mammals, but asso
ciated with different events: partial or total exon deletion, 
exonization, and partial exon skipping. The long intron 1, 
which is present in all mammals analyzed, may explain 

FIG. 5.—Homology modeling of the catalytic domain of human RIP-2 
isoforms. Superposition of the models built for the RIP-2 isoforms 1 and 2 
(ribbon diagram colored in magenta and green, respectively), with part of 
the kinase domain highlighted by the dashed box (present only in isoform 
1), and the superposition of the isoform 1 and 2 models outside the box. 
Isoform 2 lacks the first 137 amino acids of RIP-2 and, consequently, the 
residue critical for kinase activity of RIP-2 (lysine K47). The isoform 2 start 
is indicated by a green arrow. Ten phosphorylation sites (serine and threo
nine residues, respectively) predicted for isoform 1 and absent in isoform 2 
sequence are indicated in blue and cyan inside the dashed box. Serine S176 
is shown in yellow stick, and is indicated to be conveniently accessible to the 
solvent and to phosphorylation. Lysines K47 and K209 are also shown in 
colored sticks.
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the results. In fact, large distances between contiguous 
exons can influence the splice site recognition and the spli
ceosomal assembly, increasing the probability of AS 
(Fox-Walsh, et al. 2005). In brief, different mechanisms re
lated to or associated with AS events promote partial dele
tions of the putative RIP-2 N-terminal in Supraprimates, 
leading to a shorter kinase domain size and loss of ATP 
and substrate binding sites. Interestingly, similar events 
were not found in exon 11 that encodes the CARD domain.

These findings raise challenging questions: Why the 
truncated RIPK2 variants have been selected? Are the trun
cated variants non-coding RNAs with high decay rates or 
regulatory activities? Do the truncated variants encode 
functional proteins that are expressed in specific tissues or 
developmental stages? What the adaptive advantage for 
a truncated kinase domain?

The predominance of the kinase domain deletion of po
tential RIP-2 isoforms fits with the hypothesis of AS “hot
spots” that are selected during mammalian evolution (Xing 
and Lee 2005). Our suggestion is that, in Supraprimates, dif
ferent mechanisms acting on a specific transcript region led 
to the same effect, i.e. the usage of a downstream TIS. The 
advantageous effects were selected and converged toward 
the partial deletion of the RIP-2 N-terminal.

Expression of Human RIPK2 Transcripts and Isoforms in 
Normal and Tumor Samples

RIPK2 transcripts 1 and 2 were co-expressed in normal tis
sue samples. In tumor samples, our results showed discord
ant expression patterns of RIPK2 transcripts 1 and 2. The 
ratio of transcript 1 to transcript 2 was lower in tumor 
than in margin samples, with transcript 2 (but not transcript 
1) exhibiting higher expression in tumors than in their re
spective surgical margins.

At the protein level, isoform 2 was not detected in any of 
our samples, and most tumors showed reduced expression 
of isoform 1, a result concordant with the report by Wang 
and collaborators (Wang, et al. 2014). These authors ana
lyzed oral SCCs by immunohistochemical techniques to 
reveal the presence of RIP-2 protein using a mouse mono
clonal anti-RIP-2 antibody from Abcam, one of the anti
bodies used in the present study. Although the authors 
clearly showed that the expression of RIP-2 decreases 
with the progression of OSCC, their results did not eluci
date the contribution of each RIP-2 isoforms since the anti
body is unable to differentiate between them by 
immunohistochemical techniques with only an antibody 
against an immunogenic peptide. In contrast to Wang 
et al., the present study focused on detecting RIPK2 protein 
products using Western blotting with several antibodies 
and included oral and laryngeal subsites.

Zhang and collaborators (Zhang, et al. 2022) observed 
that the levels of RIP-2 protein were significantly higher in 

several tumors than in the corresponding normal tissues. 
The protein expression presented by Zhang et al. was deter
mined using the immunohistochemical data from the 
Human Protein Atlas (HPA) database. However, the HPA 
(version 23.0; Uhlen, et al. 2005)) results show moderate, 
weak or negative intensity of RIP-2 in HNSCC, an heteroge
neous group of more than ten anatomical subsites.

The different expression profiles observed for transcript 
1 (similar expression in tumor and margin samples) and 
the corresponding protein isoform 1 (upregulation in mar
gin samples) can be explained by the fact that protein abun
dance may differ from mRNA expression, mainly because of 
posttranscriptional control of gene expression or protein 
half-lives (Greenbaum, et al. 2003; Kuchta, et al. 2018). 
The high levels of transcript 2 and low levels of protein iso
form 1 in tumors compared to normal tissues may also re
present a random finding or a regulatory relationship.

Differences in AS between tumor and normal samples 
have been widely described in the literature. For example, 
Gracio et al. (Gracio, et al. 2017), using ExonArray analysis 
of breast cancer and normal breast tissue samples, identified 
more than 200 genes with splicing differences associated 
with clinical outcome. Other studies using the TCGA BRCA 
cohort have also provided significant results, such as the 
one described by Bjørklund et al. (Bjorklund, et al. 2017), 
who reported AS events specific for invasive breast ductal 
carcinoma in five genes after validation in patient samples. 
Pani et al. (Pani, et al. 2021) also detected AS events in the 
sphingolipid gene CERS and showed the potential of this 
gene as a marker for diagnosis and survival in breast cancer 
subtypes. A large study by Kahles et al. analyzed 32 cancer 
types, including head and neck cancers, using RNA and 
whole-exome sequencing data and observed many differ
ences in AS events in cancer compared to normal cells 
(Kahles, et al. 2018). Specifically, in regard to head and 
neck cancer, several groups have described genes with dif
ferential expression of spliced variants (Sam, et al. 2012; 
Liborio, et al. 2013; Palve, et al. 2014; Radhakrishnan, 
et al. 2016; Brady, et al. 2017), among others). However, 
to the best of our knowledge, this is the first report showing 
differential expression of RIPK2 transcript 2 and isoform 1 
between oral and larynx carcinomas and normal tissues.

Regulatory Mechanisms Involved in AS and Translation 
Initiation

Dasgupta and collaborators (Dasgupta, et al. 2008) de
scribed a C-terminal fragment of a member of the RIP family, 
RIP-1, that can activate signaling events, including the NF-κB 
and TNF pathways. They concluded that the short RIP-1 with 
a deleted N-terminus affects long isoform levels and may re
present a new regulatory mechanism. Although they exhibit 
some differences, RIP-1 and RIP-2 participate in the 
same regulatory metabolism; therefore, RIP-2 isoform 2, if 
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translated, might have a similar function and modulate full- 
length RIP-2 in other tissues and under different conditions.

Interestingly, Callow et al. (Callow, et al. 2018) observed 
that PTBP1, an RNA binding protein, controls RIPK1 protein 
abundance by determining alternative splice site selection 
and proposed that this type of regulation might be used 
by developmental processes, cell death modulation or 
stress–response pathways. To our knowledge, no similar 
RIPK2 AS regulation is known.

It is tempting to speculate that the AUG codon of RIPK2 
transcript 1 may modulate translation of the downstream 
transcript 2, as cited for stress–response mRNAs in the litera
ture (Spriggs, et al. 2010; Andreev, et al. 2018). The intercis
tronic region between both ORFs should be long enough to 
support ternary complex (eIF2-GTP-Met-tRNAi) reacquisition 
and downstream AUG recognition by the scanning ribosome 
subunit (Kozak 1987). Li et al. (Li, et al. 2022) evaluating more 
than 13,000 yeast variants also observed that out-of-frame 
downstream AUGs can inhibit translation at the annotated 
AUG depending on the distance between them.

The usage of noncanonical AUG initiation sites has been 
explored recently as a potential therapeutic approach. For 
example, Bowling et al. (Bowling, et al. 2022) investigated 
the cystic fibrosis transmembrane conductance regulator 
(CFTR) gene and observed that N-terminal variants undergo 
downstream translation initiation, resulting in escape from 
nonsense-mediated mRNA decay and in the generation of 
stable transcripts. The authors hypothesized that these var
iants may be used for recovery of CFTR gene function via 
combination of translation readthrough promotion at 
stop codons and protein modulator therapy.

Using numeric scores based on TIS efficiencies defined in 
mammalian cells by Noderer et al. (Noderer, et al. 2014), 
we determined that TISs in exon 1 and exon 3 have good E 
values (90 to 107), and therefore both have a high probability 
to initiate the translation of transcripts 1 and 2, respectively. 
However, a well-defined expression of the short protein iso
form was not observed in the analyzed cells and tissues. 
Literature data have demonstrated that several factors may af
fect the translation reinitiation occurring at a downstream TIS. 
For example, the distance between the upstream and down
stream sites, if short or long, may facilitate or inhibit reinitia
tion. A similar effect has been cited for the presence of a 
terminator codon that halt translation and allow restart. 
Competence of ribosomal subunits is also another factor since 
some subunits detach and others remain bound to the mRNA 
and may resume scanning (Kozak 1986; Hernandez, et al. 
2019).

Expression of Human RIPK2 Transcripts and Isoforms 
Under Stress Conditions

In the present study, we observed different expression pat
terns of transcripts and isoforms in FaDu cells under 

temperature stress conditions: variant 1 expression was 
insensitive to low or high temperatures. In contrast, variant 
2 was upregulated at 5 °C or 17 °C and downregulated at 
40 °C compared to control conditions. Isoform 2 was not 
detected in any of these conditions.

The band sizes and levels of isoform 1 in cell lines ana
lyzed by Western blot assays were different than those ob
served in tissue samples, which may be explained by 
dissimilar posttranslational modifications or cleavages in 
distinct contexts. Concerning SiHa and HEp-2 cells, variant 
1 and 2 expression levels were not clearly affected by heat/ 
cold stress or by acid stress.

It is well known that all organisms from prokaryotes to 
higher eukaryotes, including bacteria, yeast, plants and an
imals, respond to heat and cold stress by changing tran
scription, translation, signaling and other metabolic 
processes (Al-Fageeh and Smales 2006). The hyperthermia 
response involves molecular chaperones called heat-shock 
proteins (HSPs) that repair conformational changes or trig
ger degradation of damaged proteins and represent a de
fense response to adverse conditions (Paszek, et al. 2020; 
Ruta, et al. 2021). HSPs are classified into families based 
on their molecular weight, with HSP70 being the best char
acterized. HSPA1A is a stress-inducible member of the 
HSP70 family that is constitutively expressed at low levels 
but upregulated when cells are subjected to adverse condi
tions, such as heat shock (Vostakolaei, et al. 2021).

Hyperthermic stress effects have been studied in many or
ganisms, and cell line models. The examples include clinical re
sponses in humans (Wetsel 2011; Cui and Sinoway 2014), 
transcriptome alterations in Caenorhabditis elegans (Xu, 
et al. 2023), Drosophila, yeast, mouse, human (reviewed by 
(Pessa, et al. 2024)), and in cancer cells (Scutigliani, et al. 
2022). In contrast, cold-shock stress has been less well inves
tigated, and little is known about the underlying mechanisms 
involved in responses to hypothermia, which can occur as a 
response to a drug, disease or exposure to the cold. The litera
ture suggests that mild hypothermic conditions induce or in
hibit the synthesis of specific proteins, an effect that is cell line/ 
tissue dependent (Tait, et al. 2013; Adjirackor, et al. 2020; 
Baudier and Gentil 2020). In microorganisms, mistranslated 
proteins synthesized at low temperatures are apparently 
well tolerated and even beneficial to cells (Han, et al. 2020). 
Focusing on stem cells, the literature survey by Farashi and 
Sharifi (Farashi and Sharifi 2021) proposed potential mechan
isms involved in the response to temperature changes. The 
survey conclusions suggested that hypothermia enhances 
cell adhesion, proliferation and survival, reducing oxidative 
stress and preventing apoptosis.

Regulation of AS by Stress Conditions

Regarding AS regulation by temperature and other stressors, 
a significant amount of data has already been published. 
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For example, Gemignani and collaborators (Gemignani, et al. 
2002) observed a shift in splicing of a mutated human 
b-globin gene affected by temperature in vitro, which led 
the authors to propose temperature changes as a treatment 
for β-thalassemia. Farashahi Yazd’s group (Farashahi Yazd, 
et al. 2011) also described a novel spliced variant of the 
OCT4 gene (or POU5F1) whose expression was significantly 
elevated under heat stress conditions and suggested a po
tential role of the transcript (OCT4B1) and its product in me
diating temperature responses and apoptosis. In the same 
line of investigation, Horii et al. (Horii, et al. 2019) observed 
that hypothermia modulates AS of the Cirbp (inducible RNA 
binding protein) gene in mice and suggested that the long 
isoform may function as a dominant-negative isoform. In 
Drosophila, Telonis-Scott et al. (Telonis-Scott, et al. 2014) 
showed that products of starvin, a thermally responsive 
gene with seven transcripts and five proteins derived from 
alternative transcription and AS, present distinct pheno
types: the largest and least heat-responsive isoforms have 
geographic and temporal profiles, while the highly 
heat-inducible isoforms are mostly conserved across popu
lations. These data demonstrate how complex and broad 
thermal stress responses are, a subject that, according to 
Telonis-Scott and collaborators, deserves an approach 
that goes beyond the gene level.

Under stress, RIPK2 transcripts generated by AS could dis
turb RIP-2 isoform 1 expression. It is known that abnormal 
RIP-2 levels affect immune responses (Kobayashi, et al. 
2002; Park, et al. 2007; Hall, et al. 2008). Concerning this 
issue, Yan and collaborators (Yan, et al. 2007) found evi
dence that hyperthermia induces Toll-like receptor expres
sion and TLR signaling-mediated activation of the NF-κB 
and MAPK (mitogen-activated protein kinase) pathways, re
sulting in increased synthesis of pro- and anti-inflammatory 
cytokines. These and other similar data (Zhao, et al. 2007) 
indicate that heat stress (such as fever or localized tempera
ture increase in an inflamed area) may modulate immune re
sponses by the TLR pathway, and provide a potential link to 
RIPK2 expression changes under temperature variation.

Final Remarks and Conclusions
To the best of our knowledge, this is the first report show
ing splicing imbalances of the RIPK2 gene. In brief, our re
sults showed that, unlike variant 1, variant 2 is regulated 
by temperature. Both are co-expressed in normal tissues, 
but variant 2 has significantly increased levels in tumors ver
sus surgical margins, as determined by quantitative PCR 
(qPCR) assays in oral and larynx carcinoma and normal sam
ples. At the protein level, isoform 1 was apparently less ex
pressed in tumors than in margins and, although truncated 
transcript 2 has coding potential, we found no direct evi
dence that it is translated in isoform 2 in the tissues and 
cell lines analyzed.

Considering that the same transcript, potentially encod
ing a truncated kinase domain, was conserved for millions 
of years, the human variant 2 may have a functional signifi
cance. The finding that transcript 2 and isoform 1 have op
posite expression profiles is compatible with a regulatory 
relationship modulated by a dominant-negative mechanism, 
in a similar way to the regulation performed by the short 
RIP-1, another kinase of the RIP family. Even without clarify
ing this issue, the present study raises many questions about 
RNA biology that may stimulate further functional investiga
tion of the molecular mechanisms underlying RIPK2 splicing 
regulation and their links to physiological and environmental 
changes.

Materials and Methods

In-silico Splicing Analysis

An analysis of human RIPK2 transcripts was performed using 
the Basic Local Alignment Search, Global Alignment and C-D 
(Conserved Domains) Tools (BLAST) (Altschul, et al. 1990), 
BLAST-like Alignment Tool (BLAT) (Kent 2002), Gene data
base (NCBI) (Benson, et al. 2013), UniProt (2010), gnomAD 
(Karczewski, et al. 2020), The Genotype-Tissue Expression 
(2013), and The Human Protein Atlas (Uhlen, et al. 2005). 
The sequences analyzed were: (a) the full-length variant 1 
(NM_003821.6), (b) variant 2 (NM_001375360.1), (c) the 
predicted variant X1 (XM_011517357.3) and (d) the se
quence identified by us (AY562996.1).

We also investigated RIPK2 variant 2 in twelve mammals 
of all orders of the supraorder Euarchontoglires (also called 
Supraprimates), using the transcript and protein sequences 
reported in supplementary table S1, Supplementary 
Material online and supplementary File S1, Supplementary 
Material online and the same tools cited above. Canis lupus 
familiaris (dog, order Carnivora) was used as an outgroup. 
Order, family, genus, species, and common name of mam
mals analyzed in the present study are presented in Table 2.

Transcript and protein sequences included reviewed and 
provisional ones (NM, NR and NP) and the ones predicted by 
automated computational analysis and supported by 
mRNA or EST evidence (XM and XP).

BLAST Global Alignment Tool was used to search the 
identity percentage of exons 1-3 sequences analyzed by the 
present study compared with the consensus NM_003821.6 
transcript (Homo sapiens). This tool also provided the ami
no acid sequence percentage identity when the consensus 
isoform from each mammal was compared with the trun
cated isoform presenting TIS in exon 3 (from the same 
mammal). The identity of the kinase domain was evaluated 
by the BLAST C-D Tool. Alignments were obtained using 
the NCBI sequences and the more recent UCSC genome as
sembly of each mammal, except for Lepus and Tupaia. 
Lepus UCSC genome assembly is not available and Tupaia 
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UCSC assembly (2006, Broad/tupBel1) showed many gaps 
and inconclusive results (supplementary File S1, 
Supplementary Material online, pages 74 to 80). Thus, 
the alignments were performed using the BLAST Global 
Alignment Tool and two genome shotgun sequences: 
NC_084830.1 (Lepus europaeus isolate LE1 chromosome 
4, mLepTim1.pri, region complement 53495737 to 
53525433), and NW_006160059.1 (Tupaia chinensis un
placed genomic scaffold, TupChi_1.0 Scaffold000547_1, 
region 1480814-1531425).

Multiz Alignments of 100 Vertebrates; 30 mammals con
servation by PhastCons (27 primates); Mammals Multiz 
Alignment & Conservation (27 primates) and 470 mammals 
Basewise Conservation by PhyloP were obtained by the 
UCSC browser using the genome assembly Dec. 2013 
(GRCh38/hg38).

In addition, the RIPK2 gene was interrogated for novel 
splice isoforms using The Cancer Genome Atlas (TCGA) 
Program (Weinstein, et al. 2013). The TCGA (The Cancer 
Genome Atlas) SpliceSeq tool (Ryan, et al. 2012) was also 
used to confirm the exons involved in AS events, although 
with different numbering.

Samples and Cell Lines

Nine samples of normal human tissues obtained at aut
opsy (brain, testis, heart, lung, stomach, kidney, larynx, li
ver and tongue samples) and 16 matched tumor/resection 
margin samples of oral squamous cell carcinoma (OSCC) 
were used to evaluate the expression of RIPK2 transcripts. 
RIP-2 protein levels were investigated in 17 matched tu
mor (T)/surgical margins (M) from oral (T1/M1—T9/M9 
samples) and laryngeal (T10/M10—T17/M17 samples) 
SCCs.

Patients were recruited by the Head and Neck Cancer 
Research Consortium (GENCAPO) between 2006 and 
2016 at the Clinics Hospital of the School of Medicine of 
University of São Paulo, Heliopolis Hospital, Arnaldo Vieira 
de Carvalho Cancer Institute (São Paulo, SP), Clinics 
Hospital of University of São Paulo (Ribeirão Preto, SP), 
and University of Vale do Paraíba, (São José dos Campos, 
SP). All cancer patients received no preoperative radiation 
or chemotherapy and were diagnosed with clinically and 
histologically confirmed primary squamous cell carcinoma 
of the head and neck (subsites C02 = other and unspecified 
parts of tongue; C04 = floor of mouth; C32 = larynx; ac
cording to the International Classification of Diseases, 
10th revision—ICD-10). The tumors were classified by the 
TNM system according to tumor size (T), lymph node spread 
(N), and distant metastasis (M). Immediately after their col
lection, the samples were assigned a laboratory code to 
maintain confidentiality. Analysis of hematoxylin and eosin- 
stained sections indicated that each tumor sample con
tained at least 70% tumor cells and the surgical margins 
were tumor-free.

A pilot study was conducted on three cell lines to select 
the one(s) showing good performance in stress experi
ments: the FaDu cell line (HTB-43, American Type Culture 
Collection/ATCC), derived from an SCC of the hypophar
ynx; the SiHa cell line (HTB-35, ATCC), derived from an 
SCC of the cervix; and the HEp-2 cell line (CCL-23, 
ATCC), originally established from a laryngeal carcinoma. 
The identity of the cells was confirmed by cell line authen
tication (STR profiling).

The cell lines were cultured in Eagle’s Minimum Essential 
Medium (MEM, Cultilab) supplemented with 10% fetal 
bovine serum (FBS, Cultilab), 10 mM nonessential amino 
acids (M7145, Sigma−Aldrich), 2 mM L-glutamine (Cultilab), 

Table 2 
Mammal species of superorder euarchontoglires (supraprimates) and superorder Laurasiatheria analyzed in the present study

Superorder Euarchontoglires (Supraprimates)

Order Family Genus specie Common Name

Primates Hominidae Homo sapiens human
Pan troglodytes chimpanzee
Gorilla gorilla gorilla gorilla
Pongo pygmaeus orangutan

Hylobatidae Nomascus leucogenys gibbon
Cercopithecidae Macaca mulatta Rhesus macaque

Dermoptera Cynocephalidae Galeopterus variegatus Sunda flying lemur
Lagomorpha Leporidae Lepus europaeus hare

Ochotonidae Ochotona curzoniae pika
Rodentia Muridae Mus musculus House mouse

Rattus norvegicus Norway rat
Scandentia Tupaiidae Tupaia chinensis Tree shrew

Outgroup Superorder Laurasiatheria
Order Family Genus specie Common Name

Carnivora Canidae Canis lupus familiaris dog
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1 mM sodium pyruvate (P5280, Sigma−Aldrich), 1.5 g/L 
sodium bicarbonate (S5761, Sigma−Aldrich), penicillin 
(100 units/mL) and streptomycin (90 μg/mL) (Cultilab) 
at 37 °C in a humidified atmosphere with 5% CO2.

RIPK2 transcripts and proteins were analyzed by PCR 
and Western blot assays, respectively. Proteins from the 
BHK-21 cell line (C-13, CCL-10, fibroblasts from hamster 
kidneys, ATCC) were used as an external reference in 
Western blot assays.

The study protocol was approved by the National 
Committee of Ethics in Research (CONEP 1763/05, 18/05/ 
12/2005, and CONEP 128/12, 02/03/2012), and informed 
consent was obtained from all patients enrolled.

Temperature and Acid Stresses

Replicates of FaDu, SiHa and Hep-2 cells were grown to 
80% to 90% confluence, and the cell cycle was synchro
nized in serum-free medium for 24 h. The cells were incu
bated in serum-containing medium during the stress 
experiments. For temperature stress, cells were maintained 
at 40 °C, 17 °C or 5 °C for 3 h. For acid stress, cell lines were 
grown in a humidified atmosphere with 10% CO2 at 37 °C 
for 24 or 72 h. Four or eight replicates were assayed for 
each condition. Six control replicates were also cultured in 
medium with FBS at 37 °C and 5% CO2. Immediately after 
treatments, the cells were lysed by adding TRIzol 
(15596026, Thermo Fisher Scientific) and stored at 
−80 °C until RNA and protein extraction.

RNA Extraction and cDNA Synthesis

RNA from tissue samples and cell lines was obtained following 
the TRIzol protocol. The integrity of the RNA was confirmed 
by gel electrophoresis, and the purity and concentration 
were determined using a NanoDrop ND-1000 spectropho
tometer (Thermo Fisher Scientific). One microgram of total 
RNA was converted to cDNA using the High-Capacity cDNA 
Reverse Transcription kit (4368813, Applied Biosystem) ac
cording to the manufacturer’s instructions.

Detection of RIPK2 Transcripts by Conventional 
Polymerase Chain Reaction (PCR)

The levels of RIPK2 transcripts were evaluated in cell lines, 
normal tissues obtained at autopsy, and matched pairs of tu
mor and resection margin samples using the following pri
mer sequences: CGCCTCTGGCACTGTGTCGT-3′ (RIPK2 
forward primer F) and 5′-CGTGACTGTGAGAGGGACAT-3′ 
(RIPK2 reverse primer R). The PCR primers for the en
dogenous control gene GAPDH were GAPDH forward 
(5′-ACCCACTCCTCCACCTTTGA-3′) and GAPDH reverse 
(5′-CTGTTGCTGTAGCCAAATTCGT-3′). Conventional PCR 
was carried out in a total volume of 25 μL containing 1X 
PCR buffer, 1 mM MgCl2, 2 μM of each RIPK2 primer, 
2 μM GAPDH primers, 5 mM dNTP mix, 1 U of Taq DNA 

polymerase (EP0402, Thermo Fisher Scientific) and 50 ng 
of cDNA. After a denaturation step at 94 °C, amplification 
was performed in a 9700 GeneAmp PCR System (Applied 
Biosystems). The PCR program consisted of 35 cycles of de
naturation at 94 °C for 50 s, annealing at 58 °C for 40 s, and 
extension at 72 °C for 50 s, followed by one final cycle at 72 °C 
for 10 min. The expected lengths for PCR amplicons were 
101 bp for GAPDH and 456 and 302 bp for RIPK2 transcripts 
1 and 2, respectively. The amplicons were separated on 2% 
agarose gels or 7.5% polyacrylamide gel and sequenced in 
both directions after being isolated from the gels. The se
quences were analyzed using a BLAST similarity search against 
the nonredundant database available from NCBI (Johnson, 
et al. 2008).

The pilot study conducted on FaDu, SiHa, and Hep-2 cells 
showed that only FaDu cells exposed to temperature stress 
exhibited a variable expression pattern of RIPK2 transcripts. 
FaDu was thus selected for RT−PCR and Western blot 
assays.

Evaluation of RIPK2 Transcripts by Relative 
Quantification Using RT−qPCR

The expression of RIPK2 transcripts was investigated by 
qPCR assays in 16 matched pairs of oral tumor and resec
tion margin samples and in eight replicates of FaDu cells fol
lowing stress treatment. As a control for the heat/cold 
experiment, the RNA expression of the HSPA1A gene (heat- 
shock protein family A (Hsp70) member 1A) was also inves
tigated. Reactions were performed in triplicate using an 
ABI Prism 7500 Sequence Detection System (Applied 
Biosystems). The primers were manually designed and opti
mized for RT−qPCR using basic parameters for PCR primer 
design. The final sequences were 19 to 24 bp long, with 
30% to 70% GC content and producing short amplicon 
sizes (66 to 104 bp), as follows: RIPK2 transcript 1 forward 
5′- AGAAGCTGAAATTTTACACAAAGC-3′ and reverse 
5′-CCATTTGGCATGTATTCAGTAAC-3′; RIPK2 transcript 
2 forward 5′-TGCTCGACAGAAAACTGAATATC-3′ and 
reverse 5′-AAGGAGGAGTCATATTGTGCAG-3′; GAPDH 
forward 5′-ACCCACTCCTCCACCTTTGA-3′ and reverse 
5′-CTGTTGCTGTAGCCAAATTCGT-3′; TUBA1C forward 
5′- TCAACACCTTCTTCAGTGAAACG-3′ and reverse 5′- 
AGTGCCAGTGCGAACTTCATC-3′; ACTB forward 5′-GGCA 
CCCAGCACAATGAAG-3′ and reverse 5′-CCGATCCACAC 
GGAGTACTTG-3′; and HSPA1A forward 5′-CCGAGAAGG 
ACGAGTTTGAG −3′ and reverse 5′-CTGGTACAGTCCGCT 
GATGA-3′.

All primers were purchased from Invitrogen (Thermo 
Fisher Scientific). Briefly, reactions were carried out in a to
tal volume of 20 μL with 10 μL of SYBR Green PCR Master 
Mix (Applied Biosystem), 250 nM of each primer and 20 ng 
of cDNA. The PCR conditions were 50 °C for 2 min and 95 °C 
for 10 min followed by 40 cycles of 95 °C for 15 s, 58 °C for 
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10 s, and 60 °C for 1 min. Following qPCR, a dissociation 
curve was generated to confirm that a single gene product 
was generated. Three reference genes were selected by 
the geNorm algorithm (Vandesompele, et al. 2002): ACTB 
for tumor/margin samples and GAPDH or TUBA1C for heat/ 
cold stress assays. The relative expression ratio (fold-change) 
of the target genes was calculated according to Pfaffl (Pfaffl 
2001). Statistical analysis was carried out by two-tailed un
paired t test using GraphPad Prism (GraphPad Software, 
Inc.). Values were log2 transformed, and those below −1 in
dicated downregulation in gene expression, while values 
above 1 represented upregulation. Significant differences 
were defined by P < 0.05.

Protein Extraction and Western Blot Analysis

Protein fractions from the tissue samples and FaDu cell line 
were obtained after RNA extraction by TRIzol, as described 
previously by our group (Polachini, et al. 2012). The protein 
concentrations were determined using a Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific).

The anti-RIP-2 primary antibodies used were as follows: 
(a) a rabbit polyclonal antibody (ab8428, Abcam, immuno
genic peptide corresponding to amino acids 11/30 of 
human RIP-2, N-terminal domain, diluted 2:1000 or 
3:1000); (b) a mouse monoclonal antibody (ab57954, 
Abcam, immunogenic peptide corresponding to amino 
acids 431 to 541, C-terminal domain, used at a concentra
tion of 2 to 4 µg/mL); (c) a goat polyclonal (C-19) antibody 
(sc-8611, Santa Cruz Biotechnology, Inc., immunogenic 
peptide corresponding to the C-terminal domain, diluted 
1:100 to 1:200); (d) a rabbit monoclonal antibody 
(D10B11) (#4142, Cell Signaling Technology/CST, immuno
genic peptide near the C-terminal domain, diluted 
1:10000. The antibodies against housekeeping proteins 
were (a) a rabbit monoclonal anti-COX IV (3E11) antibody 
(#4850, CST, diluted 1:1000); (b) a rabbit monoclonal 
anti-β-tubulin (9F3) antibody (#2128, CST, diluted 
1:1000); (c) a rabbit monoclonal anti-histone H3 (D1H2) 
XP® antibody (#4499, CST, diluted 1:1000); (d) a rabbit 
monoclonal anti-GAPDH (D16H11) XP® antibody (#5174, 
CST, diluted 1:1000); (e) a mouse monoclonal anti-β-actin 
antibody (A5441, Sigma−Aldrich, diluted 1:5000).

In brief, protein samples (10 to 30 μg) were separated by 
SDS−PAGE (12% resolving gel with 5% stacking gel) at 
130 V for 70 min in denaturing conditions. The molecular 
weight ladder used was the PageRuler Prestained Protein 
Ladder (#26616, Thermo Fisher Scientific). The proteins 
were then transferred electrophoretically (162.5 mA per 
blot for 70 min; Mini-Protean 3 Cell System, Bio-Rad 
Laboratories, Inc.) to polyvinylidene fluoride (PVDF) mem
branes (IPVH00010, Immobilon-P, Merck Millipore) in 
transfer buffer (25 mM Tris, 0.2 M glycine, 20% v/v metha
nol; Merck Millipore). After blocking, the membranes were 

incubated with primary antibodies overnight at 4 °C 
and then with HRP (horseradish peroxidase)-conjugated 
secondary antibodies (074 to 1506, 074-1806, KPL, 
Kirkegaard & Perry Laboratories, Inc.). The immunoreactive 
bands were detected using a chemiluminescence detection 
kit (Amersham ECL Select Western Blotting Detection 
Reagent, RPN2235) according to the manufacturer’s proto
col, and the proteins were visualized using a Fusion FX5 sys
tem (Vilber Lourmat). The PVDF membranes were also 
subjected to chromogenic staining using a WesternBreeze 
Chromogenic Kit (Invitrogen, Thermo Fisher Scientific). 
The blots were then scanned and analyzed (Gel Logic HP 
2200 imaging system, Carestream Health Inc./Kodak 
Health Group). Different exposure times were tested for 
band development (1 to 30 min or 5 to 60 s in chromogenic 
or chemiluminescent assays, respectively).

MS and Protein Identification

Protein bands at ∼41 to 45 kDa were excised manually from 
Western blot membranes and one-dimensional electrophor
esis gels, reduced, alkylated and submitted to in-gel diges
tion with trypsin, as described previously by our group 
(Polachini, et al. 2012). In brief, an aliquot of the peptide mix
ture was separated using a C18 column RP-nanoUPLC 
(nanoAcquity, Waters Corp., Milford) coupled with a Q-Tof 
Ultima mass spectrometer (Waters) with nano-electrospray 
source. The gradient was acetonitrile in formic acid over 
45 min. The instrument was operated in the “top three” 
mode, in which one MS spectrum is acquired followed by 
MS/MS of the top three most-intense peaks detected. The 
spectra were analyzed using the MassLynx software version 
4.1 (Waters) and the raw data files were converted to a peak 
list format (mgf) by the Mascot Distiller software, version 
2.2.1.0, 2008 (Matrix Science Ltd., London).

Protein Sequence Alignment and Homology Modeling 
Procedures

Homology modeling of RIP-2 isoforms 1 and 2 was carried 
out using MODELLER software, which performs modeling 
by satisfying spatial restraints (Sali and Blundell 1990). Six 
homologs with structures available in the Protein Data 
Bank (codes: 2GSF, 1JPA, 1K2P, 1U59, 1UWH, 2EVA) 
used as templates were selected through a nonredundant 
BLASTp search (Johnson, et al. 2008). Two putative con
served domains with statistical significance were detected: 
TyrKc and S_TKc, which correspond to the catalytic do
mains of tyrosine and serine/threonine protein kinases, re
spectively, and include the leucine L10-threonine T296 
sequence. These six templates share sequence identities 
of 27.1% (Eph receptor tyrosine kinase, PDB code: 1JPA) 
to 30% (transforming growth factor-β [TGF-β]-activated 
kinase 1—TAK1, PDB code: 2EVA) with RIP-2. Analyses 
were performed using pairwise alignments via the AMPS 
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(Alignment of Multiple Protein Sequences) package (Barton 
and Sternberg 1987). Prior to modeling, a final multiple 
alignment was obtained by analyzing the superposition of 
the six structures regarding the α-carbons of the residues 
using the INSIGHT II program, version 2005 (Accelrys, 
Inc.), which allowed refinement of the previous alignment 
obtained from the AMPS MULTALIGN module. The second
ary structure information in the template sequence was in
corporated into this previous alignment using the 
MULTALIGN module of the AMPS package, with the restric
tion that all insertions and deletions were limited to regions 
outside the common core of  a-helices and β-sheets. A gap 
penalty of 1000 was fixed to any deletion or insertion inside 
a secondary structure element. The alignment obtained 
was edited, investigating and considering the aligned resi
dues, which were close in space, as visualized in the struc
tural superposition. This procedure resulted in a final 
alignment that was different from the one based on the 
Dayhoff matrix (PAM 250) used in AMPS.

The NetPhosK 1.0 server (Blom, et al. 2004) was used for 
phosphorylation site analyses. The algorithm produces 
neural network predictions of kinase-specific eukaryotic 
protein phosphorylation sites. Currently, NetPhosK covers 
the following kinases: PKA, PKC, PKG, CKII, Cdc2, 
CaM-II, ATM, DNA PK, Cdk5, p38 MAPK, GSK3, CKI, 
PKB, RSK, INSR, EGFR, and Src.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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