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Abstract

Objectives To examine the putative functions and mechanisms of lysine crotonylation (Kcr) during the development
and progression of papillary thyroid cancer (PTC).

Methods Samples of thyroid cancer tissues were collected and subjected to liquid chromatography-tandem mass
spectrometry. Crotonylated differentially expressed proteins (DEPs) and differentially expressed Kcr sites (DEKSs) were
analyzed by Motif, dynamic expression model analysis (Mfuzz), subcellular localization, Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway annotation, Go Ontology (GO) annotation, and protein—protein interaction analysis
(PPI). Validation was performed by immunohistochemistry (IHC).

Results A total of 262 crotonylated DEPs and 702 DEKSs were quantitated. First, for the tumor/normal comparison,

a dynamic expression model analysis (Mfuzz) of the DEKSs revealed that clusters 1, 3, and 4 increased with the pro-
gression of thyroid cancer; however, cluster 6 showed a dramatic increase during the transition from NO-tumor

to N1-tumor. Furthermore, based on GO annotation, KEGG, and PPI, the crotonylated DEPs were primarily enriched

in the PI3K-Akt signaling pathway, Cell cycle, and Hippo signaling pathway. Of note, crosstalk between the proteome
and Kcr proteome suggested a differential changing trend, which was enriched in Thyroid hormone synthesis, Pyru-
vate metabolism, TCA cycle, Cell cycle, and Apoptosis pathways. Similarly, for the LNM comparison group, the DEKSs
and related DEPs were primarily enriched in Hydrogen peroxide catabolic process and Tight junction pathway.
Finally, according to The Cancer Genome Atlas Program (TCGA) database, the differential expression of Kcr DEPs were
associated with the prognosis of thyroid cancer, indicating the prognostic significance of these proteins. Moreover,
based on the clinical validation of 47 additional samples, Kcr was highly expressed in thyroid tumor tissues compared
with normal tissue (t=9.792, P< 0.001). In addition, a positive correlation was observed between Kcr and N-cadherin
(r=0.5710, P=0.0015). Moreover, N-cadherin expression was higher in the relatively high Kcr expression group

(¢’ =18.966, P<0.001).
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Conclusions Higher Kcr expression was correlated with thyroid tumorigenesis and lymphatic metastasis, which may
regulate thyroid cancer progression by Pyruvate metabolism, TCA cycle, Cell cycle, and other pathways.

Keywords Crotonylation, Tumorigenesis, Lymphatic metastasis, Papillary thyroid cancer

Introduction

Thyroid cancer is one of the most common endocrine
cancers, and 90% of cases are classified as papillary
thyroid cancer (PTC) [1, 2]. Despite its low morbid-
ity and mortality rates, the incidence of thyroid cancer
has been increasing annually worldwide. Lymph node
metastasis is one of the malignant characteristics of
thyroid cancer, and recurrence indicates poor progno-
sis. Currently, given the unknown molecular mecha-
nisms underlying thyroid cancer development and
progression, identifying putative mechanisms in this
cancer is necessary to facilitate the development of new
treatments.

Post-translational modification (PTM) of proteins
plays an important role in many biological processes
and disease development [3, 4]. It is involved in gene
regulation, material metabolism, embryonic devel-
opment, and other processes. To date, more than 400
types of PTM have been discovered [5-7]. In addition
to classic acetylation modifications, a batch of emerging
short-chain lysine acylation reactions have been identi-
fied, including 2-hydroxyisobutyrylation, succinylation,
and crotonylation [8-11]. Lysine crotonylation (Kcr)
refers to the transfer of crotonyl groups to lysine resi-
dues catalyzed by crotonyl transferase. It is structurally
similar to acetylation in that crotonylation contains one
more C—C double bond than acetylation, which results
in its unique biological function. Most studies on Kcr
have focused on histones, whose functions primar-
ily involve embryonic development, disease preven-
tion, and gene expression. Until 2017, nonhistone Kcr
had been increasingly identified [12], and it is associ-
ated with tumor progression, aging, and myocardial
ischemia—reperfusion [13-15]. However, our current
understanding of Kcr is incomplete and requires fur-
ther study. In particular, the possible functions and
mechanisms of Kcr during the development and pro-
gression of thyroid cancer are not well understood.

In this study, we established a crotonylated proteomic
profile in thyroid cancer and describe the molecular
changes that occur during its development and pro-
gression. We hope to gain insight into the molecular
mechanisms of PTM from a novel perspective.

Materials and methods

Samples collection

All samples were from the department of Thyroid sur-
gery, China-Japan Union hospital of Jilin University.
Patients with PTC who had undergone surgical treat-
ment and pathologically confirmed were included in
the study. Tumor samples and normal samples next to
cancer were collected 30 min after surgery, immedi-
ately transferred to sterilized vials, frozen with liquid
nitrogen, and stored at — 80 °C. The validation sam-
ples were collected from the pathology department,
along with information on their clinicopathological
characteristics.

Ethical standards

This study was conducted in accordance with the Dec-
laration of Helsinki (2013 revision). All sampling pro-
cedures were approved by the Institutional Review
Committee of China-Japan Union hospital of Jilin
University (No.20220804014). All patients signed the
informed consent.

Protein extraction

The sample was removed from — 80 °C, an appropri-
ate amount of tissue sample was weighed into a liq-
uid nitrogen pre-cooled mortar, and liquid nitrogen
was added and fully ground to powder. Each group of
samples was sonically lysed by adding powder 4 X vol-
ume lysis buffer (8 M urea, 1% protease inhibitor, 3 uM
TSA, 50 mM NAM, and 2 mM EDTA). Centrifuge at
12,000 g at 4 °C for 10 min, remove cell debris, transfer
the supernatant to a new centrifuge tube, and perform
protein concentration determination using BCA kit.

Trypsin digestion

Dithiothreitol was added to the protein solution to
make it a final concentration of 5 mM and reduced at
56 °C for 30 min. Acetamide iodoacetamide was then
added to the final concentration of 11 mM and incu-
bated at room temperature in the dark for 15 min.
Finally, dilute the urea concentration of the sample
to less than 2 M. Add pancreatic enzyme at a mass
ratio of 1:50 (trypsin: protein) and hydrolyze over-
night at 37 °C. Add pancreatic enzyme at a mass ratio
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of 1:100 (pancreatin: protein) and continue enzymatic
hydrolysis for 4 h. Affinity enrichment of crotonylated
polypeptides.

TMT labeling

Tryptic peptides were firstly dissolved in 0.5 M TEAB.
Each channel of peptide was labeled with their respec-
tive TMT reagent (based on manufacturer’s protocol,
Thermo Scientific), and incubated for 2 h at room tem-
perature. Five microliters of each sample were pooled,
desalted and analyzed by MS to check labeling efficiency.
After labeling efficiency check, samples were quenched
by adding 5% hydroxylamine. The pooled samples were
then desalted with Strata X SPE column (Phenomenex)
and dried by vacuum centrifugation.

Pan antibody-based PTM enrichment

To enrich modified peptides, tryptic peptides dissolved
in NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM
Tris—HCI, 0.5% NP-40, pH 8.0) were incubated with
pre-washed antibody beads (PTM-503, PTM Bio) at
4 °C overnight with gentle shaking. Then the beads were
washed for four times with NETN buffer and twice with
H2O. The bound peptides were eluted from the beads
with 0.1% trifluoroacetic acid. Finally, the eluted frac-
tions were combined and vacuum-dried. For LC-MS/
MS analysis, the resulting peptides were desalted with
C18 ZipTips (Millipore) according to the manufacturer’s
instructions,

LC-MS/MS analysis
Peptides were dissolved by liquid chromatography
mobile phase A and separated using an EASY-nLC 1200
Ultra performance liquid system. The mobile phase A
was an aqueous solution containing 0.1% formic acid and
2% acetonitrile. Mobile phase B was an aqueous solution
containing 0.1% formic acid and 90% acetonitrile. Liquid
phase gradient Settings: 0 ~ 38 min, 9-25% B; 38—52 min,
25-35% B; 52-56 min, 35-80% B; The flow rate was
maintained at 400 nL/min at 80% B for 56 to 60 min.
Peptides by ultra high performance liquid separation
system are put into the NSI of ionization ion source and
then into Q Exactive HF-X mass spectrometry analysis.
Ion source voltage is set to 2.0 kV, peptides mother ion
and its secondary debris are using high-resolution Orbit-
rap detection and analysis. The scanning range of the
primary mass spectrometry was set to 350-1600 m/z,
and the scanning resolution was set to 120,000. The scan-
ning range of secondary mass spectrometry was fixed at
100 m/z, and the secondary scanning resolution was set
at 30,000. The data acquisition mode used data-depend-
ent scanning (DDA) program, that is, after the primary
scanning, the top 20 peptide parent ions with the highest
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signal intensity were selected to enter the HCD collision
cell for fragmentation with 28% fragmentation energy,
and the secondary mass spectrometry analysis was also
performed in turn. In order to improve the effective uti-
lization of mass spectrometry, the automatic gain control
(AGC) was set to 1E5, the signal threshold was set to 5E4,
the maximum injection time was set to 100 ms, and the
dynamic exclusion time of tandem mass spectrometry
scanning was set to 15 s to avoid repeated scanning of
parent ions.

Database search

The resulting MS/MS data were processed using Max-
Quant search engine (v.1.5.2.8). Tandem mass spectra
were searched against the human SwissProt database
(20317entries) concatenated with reverse decoy database.
Trypsin/P was specified as cleavage enzyme allowing up
to 4 missing cleavages. The mass tolerance for precursor
ions was set as 20 ppm in First search and 5 ppm in Main
search, and the mass tolerance for fragment ions was set
as 0.02 Da. Carbamidomethyl on Cys was specified as
fixed modification. Acetylation on protein N-terminal,
oxidation on Met, crotonylation on Lys were specified
as variable modifications. TMT-10plex quantification
was performed. FDR was adjusted to < 1% and minimum
score for peptides was set >40.

Motif analysis

Mo Mo (motif-x algorithm) software was used to label
sequence patterns around Kcr in all crotonylated protein
sequences and sequence that modified amino acid com-
position at specific locations in 21mer (10 amino acids
upstream and downstream of the site). All different data-
base protein sequences as background database param-
eters. The minimum number of modifications is set to 20.
Mark the original motif—x for the simulation, and the
other parameters are set to default. Use the R-based heat-
map package to generate heat maps for mold analysis.

Mfuzz

Sites identified from DEPs by likelihood ratio test
(adjusted P value<0.05), c-means clustering using
R-wrap Mfuzz to characterize dynamic changes in
expression patterns. Fuzzy C-means clustering is a soft
clustering method that uses the Mfuzz algorithm with
two key parameters. The algorithm iteratively assigns the
profile to the cluster with the shortest Euclidean distance
while minimizing the arbitrary objective function.

Subcellular localization

Subcellular localization of eukaryotic cells was predicted
using Wolfpsort PSORT II, a software for predicting sub-
cellular localization of eukaryotic cells.
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KEGG pathway annotation

KEGG is an information network that connects known
molecular interactions, such as metabolic pathways,
complexes, and biochemical reactions. KEGG pathways
mainly include: metabolism, genetic information process-
ing, environmental information processing, cellular pro-
cesses, human diseases, drug development, etc. Firstly,
using KEGG online service tools KAAS to annotated
protein’s KEGG database description. Then mapping the
annotation result on the KEGG pathway database using
KEGG online service tools KEGG mapper.

GO annotation

Gene Ontology (GO), is an important bioinformatics
analysis method and tool for expressing various prop-
erties of genes and gene products. GO annotations are
divided in 3 broad categories: Biological Process, Cellu-
lar Component, and Molecular Function, which explain
the biological role of proteins from different perspectives.
We statistically performed statistics on the distribution
of differentially expressed proteins in GO secondary
annotations.

PPI network analysis

The differential protein database numbers or protein
sequences screened in different comparison groups were
compared with the STRING (v.10.5) protein network
interaction database, and the relationship was extracted
according to the confidence score >0.7 (high confidence).
The differential protein interaction network was then vis-
ualized through the R package “networkD3” tool.

Immunohistochemistry staining

The para-cancerous and PTC tissues were sectioned,
fixed in 4% paraformaldehyde, embedded in paraffin, and
cut into sections with a thickness of 6 pm. To enhance
antigen exposure and deactivate endogenous peroxidase
activity, the sections were deparaffinized, rehydrated, and
treated with Tris—EDTA buffer. Subsequently, the slices
underwent boiling in a pressure cooker for 5 min. After
three washes, the sections were incubated with BSA for
30 min followed by overnight incubation with antibodies
at 4 °C. On day two, secondary antibodies were applied
to the sections for 1 h at room temperature. Finally, the
sections were stained with hematoxylin, dehydrated, and
fixed using neutral resin.

Statistics

Standard bilateral Student’s t test (paired) was used for
pairwise comparison, and X* test was used to evalu-
ate the relationship between Kcr expression and
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clinicopathological features. All statistical analyses were
performed using Graph Pad Prism 8, and p<0.05 was
considered statistically significant.

Results

Comprehensive landscape of Kcr DEPs and DEKSs

in thyroid cancer

To examine the characteristics of protein crotonylation
in thyroid carcinoma, six pairs of thyroid carcinoma and
adjacent tissue were collected and further subjected to
TMT-labeled LC-MS/MS (Fig. 1a). The 12 specimens
were divided into NO and N1 groups based on the pres-
ence or absence of lymph node metastasis. The NO group
did not present with lymph node metastasis, whereas the
N1 group was diagnosed with lymph node metastasis.
We focused on two comparisons: (1) the difference in Kcr
between the tumor and normal groups (tumor/normal
comparison group) and (2) the difference in Kcr between
the proteomes associated with the LNM comparison
groups, with the following three comparisons: standard-
ized N1 tumor vs. normal/NO tumor vs. normal group,
N1 tumor/NO tumor group, and differences between
N1 tumor/N1 normal and NO tumor/NO normal. The
heat map generated by Pearson correlation coefficient
revealed consistency among the six pairs of specimens
(Fig. 1b). Using a fold-change threshold of>1.3 or<0.67,
262 proteins and 702 crotonylation sites were quantified
in the Kcr proteome, whereas 5203 proteins were quan-
tified in the proteome (Fig. 1c). As shown in Fig. 1d, for
the tumor/normal comparison group, 110 differentially
expressed Kcr sites (DEKSs) of 57 DEPs were upregu-
lated, whereas 59 DEKSs of 43 DEPs were downregu-
lated; however, only approximately 20 DEKSs and DEPs
were differentially regulated in the LNM comparison
group. In addition, in the tumor/normal comparison
group, 72.34% of the DEPs were associated with only one
DEKS, whereas 15.96% were associated with two DEKSs
(Fig. le). Similarly, >83.33% of the DEPs were associated
with only one DEKS in the LNM comparison group.

Changes in the characteristics of DEKSs during thyroid
tumorigenesis

To establish a Kcr proteomic profile for thyroid can-
cer development, the MoMo tool was used to analyze
the motif characteristics of crotonylated sites within the
tumor/normal comparison group (Fig. 2a). The heat-
map reflected peptide sequences consisting of 10 amino
acids upstream and downstream of the identified modi-
fication sites. The frequency of lysine (K) residues was
high at positions 5 and 6. Alanine(A) residues occurred
more frequently at positions —4,—5, and 2, 3. Glutamate
(E) residues were more likely to be found at position —2.
In contrast, the frequency of cysteine (C) and proline
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Fig. 1 Comprehensive landscape of Kcr in thyroid cancer tissues and adjacent tissues. a Schematic diagram of the workflow of the study. b

Heatmap of Pearson correlation coefficients from all quantified proteins between each pair of samples. ¢ The bubble chart showed the number
of Ker-modified peptides, Ker sites, and proteins identified by MS. d Overview of Kcr proteins and sites. Blue indicated down-regulated proteins
or sites, and red indicated up-regulated proteins or sites. e Statistics on the number of Kcr sites on DEPs in the Tumor/Normal comparison group

and LNM comparison group

(P) residues was low. Furthermore, by analyzing the fre-
quency of specific crotonylation sites on lysine residues,
three conserved motifs were identified: xxoxoxoxaxxxEx_K_
xxxxxxxxxx and xxxxxxAxxx_K_xxxxxxxxxx were the
top two motif logos. The top 10 upregulated and down-
regulated DEKSs were listed in Fig. 2b. Hook Microtubule
Tethering Protein 3 (HOOK3)-K655, Hemoglobin Subu-
nit Alpha (HBA1)-K17, and Hemoglobin Subunit Delta
(HBD)-K18 were upregulated. Plectin (PLEC)-K1626,
Actinin Alpha 1 (ACTN1)-K312, Heat Shock Protein 90
Alpha Family Class A Member 1 (HSP90AA1)-K632 were
downregulated. Based on a domain enrichment analysis
(Supplement Fig. la and b), some upregulated DEKSs

were significantly enriched in the 14-3-3 domain, Heat
shock protein Hsp90, N-terminal domain, and Histidine
kinase-like ATPase, C-terminal domain. Downregulated
sites were primarily identified in Lamin Tail Domain.

To study the dynamic expression patterns of upregu-
lated DEKSs during thyroid tumorigenesis, Mfuzz soft-
ware was used to divide the 110 sites of the tumor/normal
comparison group into 6 modules (Fig. 2c). The sites
were classified into three groups as follows: normal group
(NO normal and N1 normal), tumor without lymph node
metastasis group (NO-Tumor), and tumor with lymph
node metastasis group (N1-Tumor). The expression pat-
terns of clusters 1, 3, and 4 gradually increased during
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Fig. 2 Characteristics and expression pattern clustering of DEKSs. a Heat map of amino acid occurrence frequency enrichment near modification
sites. The frequency significance of each amino acid at a specific location was calculated by the enrichment test method, and then the heat

map was drawn after log10 conversion of the p value. The different colors in the figure showed the frequency changes of each amino acid

at the specified position to reflect the characteristics of Motif. Red indicates high frequency and green indicated low frequency. Motif feature logo
diagram. When a feature sequence contained a number of identified modification sites greater than 20, and the statistical test p-value was less than
Te-6, the feature sequence was considered to be a motif of the modified peptide. Motif characteristics were reflected in the height ratio of amino
acid abbreviations at specific locations. b Peptides with differences in crotonylation in the Tumor vs Normal group. Blue represented peptides
that were downregulated in cancerous tissue, and red represented peptides that were upregulated in cancerous tissue. The name of the gene
described in the peptide has been marked in each bar. ¢ Continuous sample expression pattern clustering result plot. 6 clusters were identified
using Mfuzz software. The Kcr proteins in Cluster 1, Cluster 3 and Cluster 4 showed a consistent upward trend from normal tissue to N1-Tumor,
representing the process of thyroid cancer. The Kcr proteins in Cluster 2 and Cluster 5 showed a downward trend from NO-Tumor to N1-Tumor,
while Cluster 6 showed an upward trend, suggesting the development of thyroid cancer

the progression of thyroid cancer. These sites were sig-
nificantly enriched for African trypanosomiasis, Autoim-
mune thyroid disease, hemoglobin beta binding, and the
haptoglobin—hemoglobin complex. Of note, a dramatic

increase was observed in cluster 6 during the transition
from NO-tumor to N1-tumor, although no change was
evident from normal to tumor. These Kcr sites appeared
to be particularly associated with lymph node metastasis
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and were enriched in Autoimmune thyroid disease, chap-
erone binding, and extracellular space. Clusters 2 and 5
were initially upregulated during the transition from nor-
mal to tumor but later downregulated during the transi-
tion from NO-tumor to N1-tumor. These related DEKSs
were primarily enriched in Ribosome, dynactin binding,
Autoimmune thyroid disease, and chondroitin sulfate
binding. These findings suggested that these DEKSs, and
their associated signaling pathways, may play important
roles in the development of thyroid cancer.

Potential functions and molecular mechanisms

of crotonylated DEPs in thyroid tumorigenesis

To further explore the potential functions and mecha-
nisms of Kcr modification in thyroid tumorigenesis, we
analyzed crotonylated DEPs in the tumor/normal com-
parison group. A volcano map revealed that 110 sites in
57 proteins were upregulated and 59 sites in 43 proteins
were downregulated (Fig. 3a). Based on subcellular local-
ization analysis (Fig. 3b), nearly half of the crotonylated
DEPs were located in the cytoplasm. Interestingly, 17.5%
(16 out of 91) were located in the mitochondria, which
may be associated with cancer metabolism. In addi-
tion, Go annotation was applied to the upregulated
and downregulated DEPs separately, which included
biological process (BP), cellular component (CC), and
molecular function (MF) (Fig. 3c). Both upregulated and
downregulated DEPs were primarily enriched in cellu-
lar processes, biological regulation, metabolic processes,
binding, catalytic activity, and structural molecule activ-
ity. As shown in the clusters of the COG/KOG category
analysis (Fig. 3d), the upregulated crotonylated DEPs
were emphatically clustered in posttranslational modifi-
cation, protein turnover, chaperones, energy production
and conversion, and the cytoskeleton. For downregulated
crotonylated DEPs, translation, ribosomal structure and
biogenesis, cytoskeletal activity, and energy production,
and conversion were primarily associated.

To gain insight into the putative molecular mecha-
nisms underlying the tumorigenesis of crotonylated
DEPs, KEGG analysis was performed (Fig. 4a). Upregu-
lated DEPs were primarily enriched in protein process-
ing in the endoplasmic reticulum, antigen processing and
presentation, thyroid hormone synthesis, and the hippo
signaling pathway. Downregulated DEPs were primarily
involved in the regulation of actin cytoskeleton, cysteine
and methionine metabolism, and pyruvate metabolism.
In addition, according to the PPI network (Fig. 4b), all
upregulated crotonylated DEPs were primarily enriched
in the PI3K-Akt signaling pathway, Cell cycle, and Hippo
signaling pathways. These results suggested that Kcr
modification may regulate thyroid tumorigenesis through
these pathways.
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Crosstalk of the proteome and Kcr proteome in thyroid
tumorigenesis

To further examine the crosstalk between the pro-
teome and Kcr proteome, as well as its roles in thy-
roid tumorigenesis, we analyzed the DEKSs and DEPs
together. Based on a nine-quadrant map (Fig. 5a), five
proteins and five Kcr sites were upregulated simulta-
neously, including lamin A/C (LMNA)-K417, Pyruvate
Kinase M1/2 (PKM)-K135, and Diablo IAP-Binding
Mitochondrial Protein (DIABLO)-K146. Of note, in
the first quadrant, 28 proteins were downregulated,
whereas 94 Kcr sites were upregulated, such as HBA1-
K17, HBD-K18, and HBA1-K145. In contrast, in the
ninth quadrant, 44 proteins were upregulated, and 70
Kcr sites were downregulated, including LMNA-K450,
Cytochrome C Oxidase Subunit 5A (COX5A)-K115,
and Solute Carrier Family 25 Member 6 (SLC25A6)-
K147. We assumed that differential changes between
the DEPs and DEKSs levels could be interesting. Some
top changed and interesting DEKSs and associated
DEPs were listed in Fig. 5b, such as HOOK3-K655,
HBA1-K17, and PLEC-K2396.

According to cluster analysis of the KEGG pathways of
crotonylated DEPs between different comparison groups
(Supplement Fig. 2), we merged representative DEKSs
and DEPs into enriched signaling pathways (Fig. 5c).
The crotonylated proteins were primarily enriched in
Thyroid hormone synthesis, Pyruvate metabolism, TCA
cycle, Cell cycle and Apoptosis pathways. For the Thy-
roid hormone synthesis pathway, the expression of Thy-
roglobulin (TG) at the protein and crotonylation levels
was reversed. For the Pyruvate metabolism pathway,
PKM protein and its crotonylation expression levels were
upregulated simultaneously, whereas Lactate Dehydro-
genase A (LDHA), Aldehyde Dehydrogenase 9 Family
Member Al (ALDH9A1), and Malate Dehydrogenase
2 (MDH2) exhibited opposite changes in protein and
crotonylation expression levels. In the TCA cycle, the
protein levels of several key enzymes, such as MDH2
and Oxoglutarate (OGDH) were significantly increased,
whereas their crotonylation levels were decreased. This
suggested that crotonylation levels may affect the expres-
sion of proteins related to metabolism, and the specific
mechanism warrants further study. In addition, for the
Cell cycle pathway, most 14—3-3 family proteins were
upregulated at the protein and crotonylation levels; how-
ever, the 3-Monooxygenase/Tryptophan 5-Monooxyge-
nase Activation Protein Epsilon (YWHAE) protein levels
was downregulated, whereas its crotonylation levels was
upregulated. These data suggested that differentially
changing models and profiles should be considered when
determining the mechanisms responsible for the devel-
opment and progression of thyroid cancer.
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Features and possible molecular mechanisms of the Kcr
proteome in lymphatic metastasis of PTC

To determine the possible functions and molecular
mechanisms of the Kcr proteome in the process of lym-
phatic metastasis of PTC, we specifically focused on the
DEKSs and DEPs within the LNM comparison group.

As shown in Fig. 6a, the frequency of lysine (K)
residue was high at position 9. Alanine(A) residues
were more inclined to be distributed in positions
-3, -5, and -6. Nevertheless, cysteine (C) and gly-
cine (G) occurred rarely. Moreover, two sequences
with specific crotonylation sites were discovered:
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Hippo signaling pathway

Cell cycle

Fig. 4 KEGG and PPI of Kcr DEPs in thyroid cancer. a Significant enrichment of KEGG pathway chord diagram. The pie chart above showed the first
10 pathways enriched by upregulated DEPs, and the pie chart below showed the enrichment of the first 10 pathways of downregulated DEPs.

b DEPs interaction network diagram. The red node represented the up-regulated DEPs, the blue node represented the down-regulated DEPs,

and the green node refered to the up-regulated and down-regulated DEPs. The size of the dots represented the number of interacting proteins

xxxxxAxxxx_ K _xxxxxxxxxx and  xxxxxxxAxx_K_
xxxxxxxxxx. Subsequently, expression pattern cluster-
ing analysis was performed on 36 upregulated DEKSs
(Fig. 6b). All clusters showed a significant upward
trend during thyroid cancer progression. These DEKSs
were primarily gathered in Complement and coagu-
lation cascades, Autoimmune thyroid disease, and
iodide transport. According to the PPI network from
the LNM comparison group (Fig. 6¢), the upregulated
DEPs were enriched into Hydrogen peroxide cata-
bolic process and Tight junction pathway. This sug-
gested that lymph node metastasis of thyroid cancer
may be related to crotonylation modification in these
pathways.

Prognositic prediction of Kcr DEPs in thyroid cancer

To verify the predictive value of crotonylated proteins
in the development and progression of thyroid cancer,
TCGA database analysis was performed. According to
the screening criteria, survival analysis was performed on
18 crotonylated DEPs, and 6 of them showed a potential
predictive value. As shown in Fig. 7a, compared with low
HOOK3 expression, high HOOK3 expression was asso-
ciated with decreased progression-free survival (PES),
indicating that high HOOK3 expression was positively
correlated with worse prognosis. This phenomenon was
also observed in Myosin Heavy Chain 9 (MYH9) and
Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxyge-
nase Activation Protein Gamma (YWHAG). However,
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Fig. 5 Crosstalk between proteome and Kcr proteome. a The quadrant plot illustrated the positional changes between DEPs and DEKSs
in the Tumor/Normal comparison group. Each data point represented a specific site. The x-axis and y-axis represented the tumor/normal ratio of Kcr
proteome and proteome, respectively. The numbers in the corners indicated the DEPs and DEKSSs that were either upregulated or downregulated

within each quadrant. Additionally, each quadrant highlighted the top three Kcr proteins and their corresponding sites. “Pro” denoted "Proteins,’
while "Cro" refered to "Kcr sites!” b Comparison of changes in proteome and Kcr proteome associated with thyroid cancer. The figure shows
the changes of the relative folds of the 10 sites upregulated by Kcr and the 5 sites of Kcr down-regulated in the Tumor/Normal comparison
group, and also showed the relative fold changes of the corresponding proteins. € KEGG pathway visualization based on proteomics and croton
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different trends had emerged in Clusterin (CLU), Heat
Shock Protein 90 Beta Family Member 1 (HSP90B1),
and YWHAE, suggesting that low expression of CLU,
HSP90B1, and YWHAE indicated poor prognosis. In
addition, the differential expression of Kcr DEPs was

validated, and their expression levels were higher in can-
cer tissues than in adjacent tissues (Fig. 7b).

The correlation between the expression of these six
proteins and clinicopathological features was further
evaluated. The results showed that their expression were
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Fig. 6 Characteristics and pathways of Kcr DEKSs in the LNM comparison group. a Heat map of amino acid occurrence frequency enrichment
near modification sites. The frequency significance of each amino acid at a specific location was calculated by the enrichment test method,

and then the heat map was drawn after log10 conversion of the p value. The different colors in the figure showed the frequency changes of each
amino acid at the specified position to reflect the characteristics of Motif. Red indicated high frequency and green indicates low frequency. Motif
feature logo diagram. When a feature sequence contains a number of identified modification sites greater than 20, and the statistical test p-value

is less than Te-6, the feature sequence is considered to be a motif of the modified peptide. Motif characteristics are reflected in the height ratio

of amino acid abbreviations at specific locations. b Continuous sample expression pattern clustering result plot. 6 clusters were identified using
Mfuzz software. The Kcr proteins in all cluster showed a consistent upward trend from normal tissue to N1-Tumor, representing the process

of thyroid cancer. ¢ Differential crotonylated protein interaction network diagram. The orange node represented the up-regulated crotonylated
protein, the purple node represents the down-regulated crotonylated protein. The size of the dots represented the number of interacting proteins

correlated with tumor grade, subgroup histologic type,
etc. (Fig. 7c). As shown in Fig. 7d, the expressions of
CLU, HSP90B1, and YWHAE were negatively correlated
with the increase of riskscore, which showed they were
protective factors. On the contrary, HOOK3, MYH9, and

YWHAG were risk factors, with an upward trend in their
expression with the increase of riskscore.

Moreover, to better predict the prognosis of thy-
roid cancer, a nomogram was constructed (Fig. 7e). For
example, in a 42-year-old (10.74) female (0) patient with
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Fig. 7 The prognositic prediction of Kcr DEPs in thyroid cancer. a The KM curves for PFS of 6 Kcr DEPs. b 6 Kcr DEPs differentially expressed

in thyroid cancer, **P<0.01, ****P <0.0001. (c) Correlation between 6 DEPs expression and clinicopathological features, *P < 0.05, **P<0.01,

P < 0,001, ¥¥*P < 0.0001, *****P < (0.,00001. d Riskscore distribution, state of each patient’s prognosis, and six Kcr DEPs heat maps. @ A nomogram
was established to predict new tumor event at 1, 3, and 5 years. f Time-dependent ROC curves of the nomogram to predict the 1-, 3-, and 5-year

progression-free surial

thyroid cancer, T1 category (60.87), NO category (6.19), respectively. The nomogram had good prediction accu-
and high risk score (87.13), the score is 164.93. The racy, with a C-index of 0.72 (95% confidence interval,

1-, 3-, and 5-year PFS rates were 95%,

86%, and 82%, 0.65-0.79). The receiver operating characteristic curve
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showed that the areas under the curve of the nomogram
for predicting postoperative 1-, 3-, and 5-year PFS rates
were 0.78, 0.75, and 0.74 (Fig. 7f). The calibration curve
showed that the nomogram could predict 1-, 3-, and
5-year disease-free survival well (Supplement Fig. 3). The
above validation implied that the crotonylated proteins
showed good performance in predicting the prognosis of
thyroid cancer.

Clinical validation of the relationship between Kcr levels
and lymphatic metastasis in PTC

To further verify the differential expression of Kcr in
thyroid cancer as well as the relationship between Kcr
expression and PTC development, additional 47 paired
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PTC specimens and adjacent normal tissues were col-
lected. Kcr expression was measured by IHC and evalu-
ated by a pathologist. Representative images of six
patients were shown in Fig. 8a. Compared with adjacent
normal tissues, Kcr was significantly highly expressed in
tumor tissues (t=9.792, P<0.001) (Fig. 8b). This result
was consistent with the original sequencing data; how-
ever, inconsistent with our expectation, no significant
differential expression was observed between the NO and
N1 groups (¢=0.930, P=0.357) (Fig. 8c). This may have
been the result of the smaller sample size or the lower
detection efficiency. N-cadherin is a marker for the epi-
thelial-mesenchymal transformation (EMT), which is
indicative of metastasis [16]. As shown in Figs. 8d and e,
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Fig. 8 Clinical validation of the relationship between Kcr with the development and progression of thyroid cancer. a-c Immunohistochemistry
(IHC) showed that the level of crotonylation was higher in thyroid cancer tissues. However, in thyroid cancer tissues with lymph node metastasis,
the level of crotonylation did not change significantly. d, e The Ratio of Kcr and N-cadherin IHC scores in thyroid cancer tissues of the same

patient was calculated, and 12 samples that could not be calculated were excluded. The ratio > 2 was defined as a relatively high expression

group, otherwise a relatively low expression group. The results showed that crotonylation was positively correlated with N-cadherin. f, g The
difference of N-cadherin IHC scores between thyroid cancer tissues and adjacent tissues of the same patient was calculated. A difference of > 2

was defined as a relatively high N-cadherin expression group, otherwise a relatively low N-cadherin expression group. The results showed that most

of the N-cadherin is lower expression in the Kcr low expression group



Li et al. Journal of Translational Medicine (2024) 22:874

a positive correlation between Kcr expression and N-cad-
herin expression was observed (r=0.571, P=0.0015),
which indicated that Kcr is associated with thyroid can-
cer tumorigenesis and lymphatic metastasis.

We also determined whether Kcr expression was asso-
ciated with clinical characteristics. We compared the
IHC scores of the thyroid cancer and adjacent normal
tissues of each patient. Three patients were excluded
because of undetectable signals; thus, 44 tumor/normal
ratios from 44 patients were obtained, with an average of
2.125. All patients were divided into a relatively high and
a relatively low expression group with a ratio of 2 as the
cutoff. That is, patients with a ratio >2 were identified as
the relatively high expression group, whereas those with
a ratio of <2 were identified as the relatively low expres-
sion group. The statistical relationships between Kcr
expression and clinical characteristics were presented
in Table 1. As shown in Fig. 8f and g, the expression of
N-cadherin was higher in the relatively high Kcr expres-
sion group than in the relatively low Kcr expression
group (y’=18.966, P<0.001), suggesting that those with
high Kcr expression may be at a higher risk of develop-
ing thyroid cancer with lymphatic metastasis. However,
no significant association was observed between relative

Table 1 Differences in clinical characteristics at different Kcr
expression levels

Features Relatively low  Relatively high x2 p
expression expression
(T/Nratio<2) (T/N ratio>2)

Gender
Male 13(44.8) 3(20.0) 0.8448 0.26
Female 16(55.2) 12(80.0)

Age
<45 23(79.3) 8(53.3) 0.7656 0.54
>45 6(20.7 7(46.7)

Diameter
<lcm 21(72.4) 9(60.0) 1.96 0.39
>1cm 8(27.6) 6(40.0)

Calcification
No 21(72.4) 10(66.7) 3.063 033
Yes 8(27.6) 5(33.3)

Invasion
No 22(75.9) 11(73.3) 3.063 033
Yes 7(24.1) 4(26.7)

Thyroiditis
No 21(72.4) 11(73.3) 5444 0.26
Yes 8(27.6) 4(26.7)

N-cadherin
T-N<2 17(58.6) 3(20.0) 18.966 <0.001
T-N>2 12(41.4) 12(80.0)
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Kcr expression and sex, age, tumor diameter, calcifica-
tion, local external invasion, or complicated inflamma-
tion. Again, the smaller validation set may be a limitation,
and further trials with larger sample sizes are needed.

The literature review also revealed that HMGA1 and
FN1, as EMT markers, were associated with the develop-
ment and progression of thyroid cancer, and represented
potential biomarkers for its diagnosis and prognosis [17,
18]. Thus, based on the TCGA database and our previous
study, we further investigated the association between
Kcr and HMGAL and FN1. As illustrated in Fig. 9, the
correlation between the expression of FN1 and 18 Kcr
DEPs was examined. The findings indicated a significant
correlation between FN1 and these DEPs. Specifically, its
expression was positively correlated with the expression
of HOOKS3 (P=8.4¢-25, r=0.44), YWHAG (P=1.7¢-19,
r=0.39), and MYH9 (P=2.1e-34, r=0.52), which were all
identified as risk factors for thyroid cancer. Similarly, the
same study on HMGAL1 found that HMGA1 expression
was correlated with HOOK3 (P=4.1e-12, r=0.31) and
MYH9 (P=4.9e-12, r=0.31). These findings suggested
a correlation between Kcr expression and HMGA1 and
FN1, which are EMT markers.

Discussion

The incidence of thyroid cancer, the most common endo-
crine malignancy, has been increasing annually. Under-
standing the pathogenesis of thyroid cancer is important
for improving the accuracy of diagnosis and develop-
ing strategies for individual treatment. Crotonylation
is a novel acylation modification that it contributes to
numerous diseases. Therefore, we examined the role of
crotonylation in the mechanisms of thyroid cancer occur-
rence and progression. First, we performed a comprehen-
sive analysis of crotonylation in thyroid cancer tissues.
Second, we analyzed the clustering of DEKSs and their
pathways. In addition, the signaling pathways involved
in crotonylated DEPs were identified. Crosstalk between
the proteome and Kcr proteome indicated a differen-
tial expression of DEKSs and DEPs. Finally, utilizing the
TCGA database, we identified that Kcr DEPs possessed
significant prognostic value. In addition, we validated the
association between Kcr levels and thyroid tumorigenesis
and lymph node metastasis using an additional set of 47
clinical samples.

Crotonylation is a novel PTM of proteins. Since its
discovery in 2011 [19], it has been proven to play a non-
negligible role in various diseases, such as kidney dis-
ease, tumors, depression, bacterial infections, and AIDS
[20-27]; however, these studies have focused on histones.
With the development of MS, nonhistone crotonylation
modification was proposed. Since then, numerous non-
histone crotonylation modifications have been identified.
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Fig. 9 Correlation between Kcr and EMT special markers in thyroid cancer

Previous studies have shown that nonhistone crotonyla-
tion is involved in various diseases, such as kidney and
cardiovascular diseases, obesity, tumors, and muscle
damage [28-32, 32-34].

Crotonylation modifications are strongly associated
with the pathogenesis and metastasis of some tumors.
As presented in Supplementary Table 1, laminA K265/
K270 crotonylation plays a crucial role in the prolifera-
tion of hepatocellular carcinoma cells [26]. High levels
of crotonylation at PGD-K163 and TKT-K140 suppress
the pentose phosphate pathway and glycolysis in HCC
cells while constraining the Warburg effect [35]. Further-
more, Ehhadh K572cr has been implicated in promoting
increased DNA damage in vitro and driving the occur-
rence and progression of liver cancer [27]. In cervical
cancer, CDYL negatively regulates the K88, K379, and
K395 sites on RPA1 and participates in the repair of DNA
damage resulting from ionizing radiation or antitumor

HHIGAT ow eorossion HMGA high ression 3 LR S HMGAT low exprossion HMGAT hgh rpression

drugs [28]. ENO1 K420cr is associated with the prolif-
eration, invasion, and metastasis of colorectal cancer
[36]. Similarly, differentially expressed Kcr sites have
been identified in acute lymphoblastic leukemia [37].
This study focused on the mechanism of crotonylation in
tumorigenesis and lymphatic metastasis of PTC. Based
on mass spectrometry (Fig. 10), 388 Kcr proteins and
1057 Kcr sites were identified. Of these, the crotonylation
of proteins, such as HOOK3, HBA1, HBD, PLEC, and
ACTNI, was significantly increased in cancer tissues. In
the KEGG signaling pathway analysis, these DEPs were
primarily enriched in signaling pathways, such as the
PI3K-Akt signaling pathway, Cell cycle, Apoptosis, TCA
cycle, Pyruvate metabolism, and Hippo signaling path-
ways. The proteins included the 14-3-3 protein family,
LMNA, TG, PKM, and LDHA. In particular, the 14-3-3
protein family has been previously implicated in can-
cer. In addition, LMNA, which is associated with liver
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cancer cell proliferation [30], was significantly upregu-
lated in thyroid cancer, particularly at K417. In addition,
PKM, which is highly expressed in most cancers [38], was
expressed in this study. The above results indicate the
involvement of crotonylation in the tumorigenesis and
lymphatic metastasis of thyroid cancer.

Thyroid cancer has a 5-year survival rate of >90% [39,
40]. Although it remains relatively benign [41], a sig-
nificant concern is the possibility of lymph node metas-
tases, which is challenging. Therefore, our next study
will examine the mechanism of lymph node metastasis.
First, the tissue samples were divided into non-lymph
node metastasis (NO) and lymph node metastasis (N1).
MS revealed that compared with the NO group, the lev-
els of crotonylation in corresponding proteins, such as
HBD (K18), Hemoglobin Subunit Beta (HBB) (K145, K9),
HBA1 (K17, K91), Peroxiredoxin 2(PRDX2) (K92), Pro-
tein Kinase C Substrate 80 K-H (PRKCSH) (K376) were
significantly increased. Further analysis revealed that
most of these proteins were enriched in hydrogen perox-
ide catabolic process and tight junction pathway. These
findings present the potential involvement of crotonyla-
tion in the regulation of lymph node metastasis in thy-
roid cancer. Given the sample size of this study, the study
must be expanded and verified. Moreover, we identified
the crotonylation modification of proteins in only a small
set of clinical samples, which should be verified in future
in vitro and in vivo studies.

Using TCGA database, we developed a nomogram to
predict prognosis with high accuracy. Among the six pro-
teins included in the nomogram, HOOK3, MYHY, and
YWHAG received particular attention because they were
identified as risk factors for new tumor events following
thyroid cancer surgery. HOOK3, a member of the hook
microtubule-tethering protein (HOOK) family, is an
adaptor protein that connects organelles to microtubules
[42]. Several studies have suggested that HOOK3 is asso-
ciated with cancer. For example, the RET-HOOXK3 rear-
rangement has been reported in thyroid cancer, which is
carcinogenic [43]. In another study, high HOOKS3 expres-
sion levels were found to be an independent predictor of
prostate cancer recurrence [44]. MYH9 is a subunit of
class II conventional myosin, which interacts with actin
and participates in cell movement, migration, and adhe-
sion. MYH9 facilitates the progression of various can-
cers, including prostate, ovarian, esophageal, and breast
cancers [45-48]. YWHAG belongs to the 14-3-3 acidic
protein family, and its dysregulated expression has been
observed in various cancer types, playing a crucial role
in the progression of malignant tumors [49]. Thus, this
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nomogram can serve as a tool for predicting prognosis.
Nevertheless, the accuracy of this predictive capability
requires further validation in future multicenter studies
with larger cohorts.

In previous studies, Kcr was considered to be more
strongly expressed in cancer tissue, and we demon-
strated this in thyroid cancer using IHC. In this study,
Kcr expression was significantly higher in cancer tissues
than in normal tissues. Although there was no signifi-
cant difference between the lymph node and non-lymph
node metastasis groups, there was a trend toward higher
expression in the lymph node metastasis group. With
respect to higher Kcr expression in the lymph node
metastasis group, we examined the relationship between
Kcr and metastasis. As a marker of EMT, N-cadherin
exhibits increased expression and promotes cancer cell
migration and invasion in various cancers [50]. Our
results showed that the relative expression of Kcr was
positively correlated with the expression of N-cadherin.
Therefore, lymph node metastasis from thyroid cancer
may be related to increased Kcr levels.

A limitation of this study is that it was a single-center
study with a small sample size. Therefore, the results
should be validated using a larger sample size from
multiple centers. In addition, although sequencing
results were provided, further experimental verification
of important target molecules is required.

In summary (Fig. 10), we examined the potential
functions and mechanisms of lysine crotonylation mod-
ification in the tumorigenesis and lymphatic metastasis
of PTC. First, during thyroid tumorigenesis, DEKSs
and crotonylated DEPs may regulate thyroid tumo-
rigenesis through metabolism, the PI3K-Akt signaling
pathway, Cell cycle, and Hippo signaling pathway. Sec-
ond, the crosstalk between the proteome and Kcr pro-
teome indicates differentially changing trends between
DEPs and DEKSs levels, which might tell an interesting
story and should be paid special attention. In addition,
DEKSs and crotonylated DEPs may regulate lymphatic
metastasis by Hydrogen peroxide catabolic process
and Tight junction pathway. Finally, base on the TCGA
database, we found that Kcr DEPs had significant
potential for prognostic prediction. In addition, clini-
cal validation suggested that higher Kcr expression was
correlated with thyroid tumorigenesis and lymphatic
metastasis. These results suggested that Kcr may play
an important role in PTC development and progres-
sion, providing a theoretical basis for its future applica-
tion in the clinical management of thyroid cancer.
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