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Extracellular vesicle-associated
transcriptomic and proteomic
biomarkers show in vitro potential
for vandetanib treatment
monitoring in anaplastic thyroid
cancer
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Anaplastic thyroid cancer (ATC) is an aggressive and rare disease. Rapid metastasis and limited
treatments call for additional therapeutic options, including drug repurposing. The early spreading
of ATC highlights the importance of rapid therapy success assessment, which could be achieved

by measurement of extracellular vesicle (EV)-associated cell-free RNA in liquid biopsy samples.
Recent studies have discovered the potential of the receptor tyrosine kinase inhibitor vandetanib

for ATC treatment in vitro and in vivo. Given the rarity of ATC patients receiving off-label vandetanib
treatment, acquiring patient samples for clinical studies is a prolonged process, and pre-clinical
investigations are needed to elucidate the effects of vandetanib on ATC cells. Here, we present an

in vitro study addressing holistic transcriptional and proteomic changes induced in the ATC cell line
Cal62 by three doses of vandetanib and quantified by high-throughput methods. By comparing the
transcriptional and proteomic data sets and applying dimensional reduction models such as sparse
partial least-squares discriminant analysis, we refined a set of 21 biomarker candidates. Out of these,
we report a final signature of eight transcriptional biomarkers, validated in cellular and cell-free

RNA by RT-qPCR and verified for biological significance and discriminatory power by pathway over-
representation analysis and partial least-squares regression. This transcriptional biomarker signature
can distinguish vandetanib treatment from control in cell-free RNA isolated from Cal62 EVs and can
be measured reliably, easily, and quickly using RT-qPCR. Our findings may serve as a basis for future
clinical trials with liquid biopsy samples from ATC patients undergoing off-label vandetanib treatment.
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Anaplastic thyroid cancer precision medicine

Thyroid cancer (TC) is the 8th most common type of cancer in women in the US, with a lifetime risk of 0.7%
and 1.7% in men and women, respectively!. Accounting for less than 1% of all TC cases?, anaplastic thyroid
cancer (ATC) is a rare but aggressive subtype, with a 5-year survival rate of less than 15% compared to an
overall rate of 99% for all thyroid malignancies!. This low survival rate is explained by the poor differentiation
of ATC and its tendency for fast growth, high inflammation and early metastasis, which is why ATC is classified
as stage IV upon initial diagnosis**. Due to the usual presence of distant metastases or locally invasive extent
of the disease, surgery is not a treatment option for the majority of patients, resulting in a high demand for
targeted therapy options®. Personalized medicine may therefore provide an effective approach by analyzing each
patient’s cancer-specific mutational and transcriptional profile and choosing targeted therapies tailored to those
individual characteristics.

Receptor tyrosine kinases (RTKs) and their downstream signaling pathways are promising targets for such
precision medicine approaches. For example, overexpression of the RTKs vascular endothelial growth factor
receptor 1, 2 and 3 (VEGFR-1, -2 and -3), epidermal growth factor receptor (EGFR) and the proto-oncogene
RET (“rearranged during transfection”) are commonly found in ATC®>. The RTK inhibitor vandetanib
specifically inhibits the activity of RET, EGFR and VEGFR-2 and -3 and is already approved in the European
Union for the treatment of advanced, non-resectable medullary thyroid carcinoma (MTC), another rare subtype
of TC!?°. Both the FDA and EMA approved a combination of dabrafenib and trametinib for treatment of
unresectable or metastatic BRAF V600E-mutated ATC!?. Dabrafenib inhibits the mutated BRAF kinase, while
trametinib targets MEK1/2. However, this mutation is only found in 10-50% of all ATC cases, and resistance to
therapy is commonly observed®!°. The use of NTRK inhibitors such as entrectinib is also a promising treatment
option in ATC NTRK fusions and showed first successes, although those fusions are generally very rare in ATC
patients'!=13. Other promising treatment options, although not yet approved for use in ATC, include checkpoint
inhibitors or PI3K inhibition (also in combination with CDK4/6 inhibitors)!*-!”. Novel emerging drugs such
as the aurora kinase inhibitors alisertib or chiauranib are further promising candidates for targeted treatment;
however, their full potential in ATC remains to be demonstrated'®-2°,

So far, vandetanib has not received as much attention from researchers and clinicians for off-label ATC
treatment as other drugs. However, in contrast to other multi-kinase inhibitors often used off-label in ATC,
such as lenvatinib, sorafenib, or pazopanib, vandetanib inhibits not only angiogenesis (VEGFR-2/3) but also
proliferation (EGFR) pathways>!. EGFR has been found overexpressed in a high proportion of ATC cases?>%.
Vandetanib also showed antiproliferative and antineoplastic activity against ATC in in vitro studies with ATC
cell lines and primary cell cultures from ATC biopsies, as well as in in vivo mouse experiments®*?°, Vandetanib’s
multitargeted inhibition of oncogenic pathways, proven clinical success in MTC, and demonstrated antitumor
activity in preclinical ATC models make it a promising candidate for drug repurposing applications in ATC.

Liquid biopsies for cancer therapy monitoring

In most research studies and clinical practice, the mutational spectrum and transcriptome of a tumor are
analyzed using tissue biopsies. This invasive biopsy procedure, however, could be a burden for the patient and
can be particularly challenging when metastases are located at difficult-to-reach localizations, such as the brain.
Tissue biopsies can also be problematic when dealing with heterogeneous tumor types like ATC, since they
provide only information from a small section of the tumor®. As an alternative, liquid biopsies are promising
diagnostic tools in tumor patients since tumor cells shed a significant amount of particles and molecules into the
blood, i.e., extracellular vesicles (EVs), cell-free RNA (cfRNA), circulating tumor DNA (ctDNA) or even whole
circulating tumor cells (CTCs)*. EVs are shed by all cells and were long thought to be only a form of waste
management for cells, but in recent years, it has been shown that they can participate in several other processes,
such as intercellular communication?®. For liquid biopsy diagnostics, EVs are of particular interest since they
protect associated cfRNA from RNase degradation, either by the EV lipid bilayer (for intraluminal EV-RNAs)
or by steric protection through association with their protein corona?>*. Since the cfRNA shed by tumor
cells reflects the transcriptome of the originating cell?*!-34, analysis of cfRNA obtained from blood samples
combines information from the whole tumor, including possible distant metastases*’-*>%. Furthermore, imaging
techniques are used to monitor the cancer stages in the clinic. If the chosen therapy is not effective, this is only
discovered after the tumor has had time to grow or even metastasize. Therefore, new and sensitive methods
to assess a therapy’s effectiveness earlier could significantly improve the prognosis for those patients. Cell-free
transcriptomic biomarkers could fill this gap, e.g., cfRNA biomarkers recently showed promising results for
monitoring head and neck cancer therapy with a synergistic drug combination®”.

We aim to develop an EV-associated, cell-free transcriptomic biomarker signature for vandetanib therapy
monitoring in liquid biopsy samples from ATC patients using RT-qPCR. Given the rarity of ATC and the minimal
number of ATC patients receiving vandetanib, obtaining sufficient samples for comprehensive statistical analysis
can take years. To address this, we utilized the ATC cell line Cal62, which has shown a promising response to
vandetanib, as an in vitro model. Using total RNA sequencing (total RNA-Seq) and label-free proteomics, we
investigated transcriptomic and proteomic changes in the cells induced by vandetanib. Additionally, we analyzed
the EV proteome to see how the vandetanib treatment changes the secretion of proteins with EVs. Combining
this information, we selected a set of biologically relevant transcriptional biomarker candidates in the cellular
RNA, which we then validated in the cfRNA using reverse transcription quantitative polymerase chain reaction
(RT-qPCR). Although they still require validation in plasma samples, these findings represent a critical step
toward establishing a cfRNA biomarker signature for monitoring vandetanib therapy (Fig. 1).
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Fig. 1. Overview of the study design, goals, and experiments. Created in BioRender.com*.
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Study design and aims
Cal62 Viability

Cal62 cells showed sensitivity to vandetanib treatment for 48 h in the low micromolar range, as shown in the
dose-response curve in (Fig. 2a). The EC10, EC50 and EC80 values were determined as 2.4, 8.8 and 20 uM,
respectively. Besides Cal62, we also evaluated the ATC cell line 8505C in a preliminary experiment. 8505C
also shows high expression levels of EGFR and harbors the mutations BRAF V600E and TP53 R248, among
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Fig. 2. Vandetanib dose-response assessment of Cal62 cells and NTA results. (a) Dose-response curve of
Cal62 cells treated with different doses of vandetanib for 48 h in triplicate. The EC10, EC50 and EC80 values
are marked as dashed vertical lines. Error bars represent the standard error of the mean (SEM). (b) Mean
number of particles in the EV preparations measured by NTA and normalized to the volume of cell culture
supernatant. Error bars represent the SEM. One-way ANOVA with Tukey’s post-test was used to compare
group means, and asterisks represent significant differences between groups with p-values <0.01 (**) or <0.001
(***). (c) Mean particle size distribution (across all three replicates) of the EV preparations measured by NTA
and normalized to the volume of cell culture supernatant. (d) Box plots of the particle size distribution for each
EV preparation measured by NTA. The lines represent the median, and the lower and upper borders represent
the 25th and 75th percentiles. Whiskers represent the 10th and 90th percentiles. One-way ANOVA with
Tukey’s post-test was used to compare group medians, and no significant differences were found.

others*+0, Because Cal62 cells proved to be slightly more susceptible to vandetanib (Supplementary Fig. S1), we
decided to use Cal62 in this study.

EV Characterization

Nanoparticle tracking analysis (NTA) showed a significant increase in particles per ml cell culture supernatant
upon treatment with the EC80 dose (20 uM) of vandetanib compared to the DMSO control and the lower
vandetanib doses (Fig. 2b,c). One-way ANOVA with Tukey’s post-test found no significant differences between
group particle size medians (Fig. 2d). Flow cytometry (FC) analysis revealed that 63-84% of size-gated events
were positive for CFSE and the tetraspanin EV markers CD9, CD63, and CD81 (PanEV), and were therefore
classified as EV's. 36%-48% of events stained additionally positive for EGFR (EGFR* EVs, Fig. 3a). The proportions
of both total EVs and EGFR* EVs increased significantly following treatment with the EC50 and EC80 doses of
vandetanib, compared to DMSO and EC10. Notably, the EC80 dose also resulted in a significantly higher EV
proportion than EC50. Normalized to cell culture supernatant volume, 6.1E7 - 1.5E8 EVs/ml and 3.6E7 - 8.1E7
EGFR* EVs/ml were quantified by FC. The absolute number of (EGFR*) EVs/ml supernatant was significantly
increased in the EC80 dose compared to DMSO, EC10 and EC50, whereas no increase was observed in the EC50
dose relative to the control or EC10. RNA integrity numbers (RIN) calculated on the BioAnalyzer were between
2.4 and 3.3 for all EV RNA samples.
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Fig. 3. EV flow cytometry results. Group means are shown as lines, and whiskers represent the SEM. One-
way ANOVA was used to compare the different treatments. Asterisks represent significant changes with
p-values <0.05 (¥),<0.01 (**),<0.001 (***) and <0.0001 (****). (a) Percentages of positive events for CFSE and
PanEV staining (EVs, left) and additionally for EGFR staining (EGFR + EVs, right). (b) Number of particles
that were positive for CFSE and PanEV staining (EVs, left) and additionally for EGFR staining (EGFR +EVs,

right), normalized to the volume of cell culture supernatant used for EV concentration.

Transcriptomics

Cellular transcriptomics showed that treatment of Cal62 cells with vandetanib had a large effect on gene
expression. In the cellular RNA, total RNA-Seq revealed significant differential expression (padj<0.05 and
absolute log2 fold change (log2FC)>1) of 4,283 genes upon vandetanib treatment compared to the DMSO
control, 2,177 of which were upregulated and 2,109 downregulated (Supplementary Table S1). Treatment with
the EC10 / EC50 / EC80 dose of vandetanib resulted in differential expression of 123 / 792 / 4209 genes compared
to the DMSO control, respectively (Fig. 4a and Supplementary Fig. S2).

Dimensional reduction of the variance-stabilized dataset using principal component analysis (PCA) of the
top 500 genes with the highest variance, separated the samples dose-dependently correlating to the vandetanib
treatment in the first dimension, which also explained 89% of the variance in the data (Fig. 4b). For biomarker
candidate selection, we pre-selected the 94 genes found differentially expressed in all doses (Fig. 4a,d).
Furthermore, we performed sparse partial least-squares (sPLS) regression analysis (3 components, 50/40/25
factors, respectively) to identify the genes that contributed most to the separation of the treatment groups
(Fig. 4c,e). The 52 differentially expressed genes picked by the sPLS model were also included in the biomarker
selection process.

To further evaluate the specificity of our biomarker signature for vandetanib, we compared our results with
publicly available drug perturbation data from the LINCS project*!. Specifically, we selected three compounds
- doxorubicin (LINCS accession BRD-K92093830), mitomycin C (BRD-A48237631), and actinomycin D
(BRD-A73909368) — which are known to exert broad cytotoxic effects independent of vandetanib’s mechanism
of action. Analysis of the transcriptional responses induced by these agents in the LINCS-tested cell lines
revealed that the expression of our eight biomarker candidates was not consistently altered in the same direction
as observed in vandetanib-treated Cal62 cells. Spearman correlation analyses between our RNA-Seq log2FC
values at all three vandetanib doses and the mean LINCS Z-scores (10 uM, 24 h, across all cell lines) generally
revealed very low correlations (Table 1). The only significant correlation was observed between mitomycin C and
the EC50 vandetanib dose, with a Spearman’s rho of 0.83 and a p-value of 0.0154. All eight other comparisons
showed no significant correlation (p-value <0.05 and rho value > 0.6).

Proteomics

A total of 2,325 proteins were detected in the cellular samples via label-free proteomics, with 441 significantly
(padj<0.05 and absolute log2FC>1) altered upon vandetanib treatment — 236 up- and 205 downregulated
(Supplementary Table S2). In EVss, 68 proteins were detected, 29 of which were differentially expressed: 15 up- and
14 downregulated (Supplementary Table S3). Five cellular proteins (BST2, CRAT, NDRG1, NRP1, and WBP2)
were consistently upregulated across all three vandetanib doses compared to DMSO (Fig. 5a). In contrast, only
ANXAS5 was consistently downregulated in EV's across all doses, with most differentially expressed EV proteins
(21 of 24) detected exclusively at the EC80 dose (Fig. 5d). As in the transcriptomics data, PCA of the quantile-
normalized protein expression values (top 500 proteins by variance) showed dose-dependent separation, more
pronounced in cellular samples (Fig. 5b) than in EVs (Fig. 5e). A three-component sPLS-DA model of the
cellular data (47/41/45 factors) identified 43 differentially expressed proteins (Fig. 5¢,g). Similarly, the EV sPLS-
DA model (10/3/24 factors) identified 11 differentially expressed proteins (Fig. 5f, h).

Pathway over-representation analysis (ORA) of the cellular proteomics data revealed 1,087 significantly
regulated pathways (padj < 0.05) across all three vandetanib doses compared to DMSO, with 727 associated with
upregulated and 360 with downregulated proteins (Supplementary Table S4). Out of these, 68 were cancer-related
(38 upregulated, 30 downregulated). The top 20 of these (by smallest padj) are shown in Fig. 6a, and together with
the remaining 48 in Supplementary Figure S3. In the EV proteome, ORA identified 194 significantly regulated
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pathways (padj<0.05), although none were consistently altered across all doses. Specifically, eight pathways
were regulated at EC10 (3 up, 5 down), 19 at EC50 (1 up, 18 down), and 181 at EC80 (71 up, 110 down). Three
pathways were shared between EC10 and EC80, and six between EC50 and EC80 (Supplementary Table S4).
Among the 194 pathways, 15 were cancer-related (3 associated with upregulated and 12 with downregulated
proteins), as shown in (Fig. 6b).

Comparison of cellular RNA-Seq and proteomics data revealed that NDRGI was consistently upregulated
across all vandetanib doses at both RNA and protein levels. Additionally, four genes (AHNAK2, GSN, MVP, and
THBD) were upregulated, and PBK was downregulated in all treatments on the transcriptional level and in the
two highest doses (EC50 and EC80) on the protein level. ISG20 and IFIT3 were upregulated at all vandetanib
doses in the RNA-Seq but only at the EC50 dose in the proteomics data. WBP2 was upregulated in all three
doses on the protein level but only at the highest dose (EC80) on the RNA level. Additionally, seven genes
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«Fig. 4. Cellular transcriptomics results. (a) Venn diagram of differentially expressed genes identified by RNA-
Seq in the different vandetanib doses compared to DMSO. (b) Two-dimensional reduction of the 500 genes
with the highest variance in the variance-stabilized RNA-Seq dataset by principal component analysis (PCA).
Black squares, yellow dots, orange triangles and red diamonds indicate the DMSO control, EC10, EC50 and
ECB80 dose, respectively. Ellipses represent 95% confidence intervals (CIs). (c) Three-dimensional reduction
of the variance-stabilized RNA-Seq data by sparse partial least-squares discriminant analysis (sPLS-DA).
Tuning of the model resulted in choosing three components with 50, 40 and 25 factors each. The plots show
the samples in the first and second (left) and in the second and third (right) dimensions. Black squares, yellow
dots, orange triangles and red diamonds indicate the DMSO control, EC10, EC50 and EC80 dose, respectively.
Ellipses represent 95% ClIs. (d) Heatmap representing the variance-stabilized (vst) expression data of the 94
genes identified as differentially expressed in all three vandetanib treatments compared to DMSO. (e) Heatmap
representing the variance-stabilized (vst) expression data of the 52 genes that were picked by the sPLS-DA
model and significantly differentially expressed in at least one vandetanib dose compared to the DMSO
control.

Comparison Spearman ‘s rho | p-value
Actinomycin D vs vandetanib EC10 | -0.19 0.6646
Actinomycin D vs vandetanib EC50 | 0.29 0.5008
Actinomycin D vs vandetanib EC80 | 0.14 0.7520
Doxorubicin vs vandetanib EC10 0.07 0.8820
Doxorubicin vs vandetanib EC50 0.43 0.2992
Doxorubicin vs vandetanib EC80 0.29 0.5008
Mitomycin C vs vandetanib EC10 0.55 0.1710
Mitomycin C vs vandetanib EC50 0.83 0.0154
Mitomycin C vs vandetanib EC80 0.69 0.0694

Table 1. Spearman correlation between vandetanib-induced log2FC in Cal62 (at all three tested doses) and
mean LINCS Z-scores (10 uM, 24 h) across all cell lines for the eight biomarker candidates.

(PBIXPI, VATI1, ACSS2, MVD, GRN, SQOR, and WARSI) were upregulated, and four (TAGLN, TYMS, TRIP13,
and ERCC6L) downregulated at both RNA and protein levels in the EC50 and EC80 treatments. These findings
are summarized in the UpSet Plot (Fig. 6¢), and the highlighted genes were further considered as additional
potential biomarker candidates.

Comparison of cellular RNA-Seq and proteomics data revealed that NDRGI was consistently upregulated
across all vandetanib doses at both RNA and protein levels. Additionally, four genes (AHNAK2, GSN, MVP, and
THBD) were upregulated, and PBK was downregulated in all treatments on the transcriptional level and in the
two highest doses (EC50 and EC80) on the protein level. ISG20 and IFIT3 were upregulated at all vandetanib
doses in the RNA-Seq but only at the EC50 dose in the proteomics data. WBP2 was upregulated in all three
doses on the protein level but only at the highest dose (EC80) on the RNA level. Additionally, seven genes
(PBIXPI, VAT1, ACSS2, MVD, GRN, SQOR, and WARSI) were upregulated, and four (TAGLN, TYMS, TRIP13,
and ERCC6L) downregulated at both RNA and protein levels in the EC50 and EC80 treatments. These findings
are summarized in the UpSet Plot (C), and the highlighted genes were further considered as additional potential
biomarker candidates.

Biomarker validation

To refine the initial set of 158 biomarker candidates, genes with a baseMean <700 in the DESeq2-analyzed
cellular RNA-Seq data were excluded, as preliminary experiments showed that low-expression genes were
not detectable by RT-qPCR in the cfRNA. The remaining candidates were further filtered based on biological
relevance, retaining only genes with established roles in cancer biology through literature and database research.
This resulted in a refined set of 21 transcriptional biomarker candidates (Table 2). Pathway ORA of these 21
genes using all genes detected in the RNA-Seq experiment as background found 42 pathways significantly
enriched (padj <0.1), the majority of which are involved in key processes related to cancer progression, including
proliferation, growth, and cell cycle regulation (Fig. 8a). Eight of the 21 candidates - NDRG1, FOXM1, TPX2,
ISG20, MYBL2, AHNAK2, GPRC5C, and THBD - could be validated by RT-qPCR in cellular RNA, and the first
five of them also in EV-associated cfRNA. The last three of the eight genes were detected by RT-qPCR in cfRNA,
but showed inverse regulation compared to the cellular RNA. For the other 13 biomarker candidates, validation
failed in the cfRNA due to low expression levels. Across all eight genes, cellular RT-qPCR log2FC values closely
matched those from DESeq?2 analysis.

Among the eight validated biomarker candidates (Fig. 7), NDRGI was significantly upregulated in the EC50
and EC80 in the cfRNA, closely matching the upregulation at the cellular RNA and protein level. FOXM1I and
TPX2 showed significant downregulation at the EC80 dose in the cfRNA, consistent with the cellular RNA
results. ISG20 was significantly upregulated in the EC80 dose relative to EC10 in the cfRNA, again in agreement
with the cellular RNA and protein levels. For MYBL2, although no significant regulation was detected in the

Scientific Reports |

(2025) 15:32464 | https://doi.org/10.1038/s41598-025-18319-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

EC10 EC50
5. £
N >
s 2
3 o Treatment oi; Treatment
count o o DMSO ®° o DMSO
150 g° 00 EC10 T EC10
100 2 A EC50 N A EC50
. < EC80 2 < EC80
50 N ©
O = s
a @
upregulated 251 ;(
A compared to DMSO %
Pb1: 49"% expl.‘var ' 3(—variate 01: 43% e;pl. var ’
EC10 EC50 Il
of 5.
5 -
: 2
S Treatment ;\3 1 Treatment
count g o DMSO o o DMSO
20 Q EC10 by EC10
13 bl A EC50 ﬁ A EC50
5 ) <© EC80 ks <© EC80
0 o [
o
downregulated 24 x
v compared to DMSO 2]
PC1: 50% expl. var * X-variate 1: 39% ZesprA var
Treatment

CSE1L

RPS3A Expression (QN)
RPS2 PLAU 9
RPS7
PCNA 4[ I 8
e SERPINET © 7
RPS11 6
RPS15A 5
e TINAGL1
1 RPS14 :eatment

RPS13 DMSO
Mem7 COL2A1
MYL12AMYL128 EC10
DDX5 B EC50

o rent coLeas M ECS80
RPS15

mcms  Expression (QN)

RANGAP1 9 RPS27A;UBA52;UBB;UBC

RPL38 8 —

RPL23

RPS23 7

PCYOX1 CD9o

PLAUR 6

TMSB10 5

NUP93 NTS5E

MYBBP1A

Neara " Treatment

APOB

TIMP1 u E?)’I‘]SOO CD59

15620 L

wre [l EC50

SRSF5

SRer W EC80 TUBB

EXOSC10

TSR1

RADS50 ANXAS5

MRTO4

STK4 TOMOANM~AN ™ NN

PLXNA2 OI oI OI oI OIOIOIOIOI oI OI oI
2Ig\gl2l2\;\gl;l2\2\;lgl QRO HGH M T 0N
222555888888 DEDD===02228%
ZZZUoUoOoUowUwoa [ayaya)

cfRNA, the expression trend was consistent with the downregulation seen in the cellular RNA. The remaining
three genes - AHNAK2, GPRC5C, and THBD - were inversely regulated, being upregulated in the cellular RNA
but downregulated in cfRNA. AHNAK?2 was significantly downregulated in the cfRNA at EC80 and GPRC5C
showed consistent downregulation across all vandetanib doses in cfRNA compared to DMSO, although this
did not reach statistical significance. THBD was significantly downregulated in cfRNA at the EC50 dose. For
AHNAK2 and THBD, the regulation at the cellular RNA level was close to that detected at the protein level.
FOXM1, TPX2, MYBL2, and GPRC5C were not detected at the protein level. Mean log2FCs and p-values for all
genes and treatments are listed in Supplementary Table S5.

The discriminatory potential of the validated biomarkers in the cfRNA was then assessed using a PLS
regression model with two components, based on RT-qPCR delta-Cq values. This model successfully separated
the EC50 and EC80 dose treatment of vandetanib from the DMSO control by the RT-qPCR delta-Cq values
(Fig. 8b). Receiver-operating characteristic (ROC) analysis further confirmed the model’s high discriminatory
power (Fig. 8¢), achieving perfect classification of the EC80 and EC50 treatment from the other treatments
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«Fig. 5. Cellular and EV proteomics results. a+d. Venn diagrams of differentially expressed cellular (a) and EV
(d) proteins identified by label-free proteomics in the different vandetanib doses compared to DMSO. The gene
names of the differentially expressed proteins in all vandetanib treatments compared to DMSO were added to
the diagrams. b +e. Two-dimensional reduction of the 500 proteins with the highest variance in the quantile-
normalized proteomics dataset by principal component analysis (PCA) in the cellular (b) and EV (e) proteome.
Black squares, yellow dots, orange triangles and red diamonds indicate the DMSO control, EC10, EC50,
and EC80 dose, respectively. Ellipses represent 95% Cls. c +f. Three-dimensional reduction of the quantile-
normalized cellular (c) and EV (f) proteomics data by sparse partial least-squares discriminant analysis (sPLS-
DA). Tuning of the model resulted in choosing three components with 47, 41 and 45 factors each (10, 3 and 24
for EVs). The plots show the samples in the first two dimensions. Black squares, yellow dots, orange triangles
and red diamonds indicate the DMSO control, EC10, EC50 and EC80 dose, respectively. Ellipses represent 95%
CIs. g+h. Heatmap representing the quantile-normalized (QN) expression data of the 43 (g) / 11 (h) proteins
that were picked by the sPLS-DA model and significantly differentially expressed in at least one vandetanib
dose compared to the DMSO control on the cellular (g) / EV (h) level.

with an area under the curve (AUC) of 1.00, strong discrimination of DMSO from the vandetanib treatments
(AUC=0.89) and acceptable separation of the EC10 treatment from other conditions (AUC=0.78).

Discussion

We have demonstrated that vandetanib induces severe expression changes in the transcriptome and proteome
of ATC cells in all tested doses and report a signature of eight EV-associated genes, which indicate the anti-
proliferative effect of vandetanib on the cells. Out of the 21 biomarker candidates, we successfully validated eight
in the cellular RNA, meaning that the log2FCs assessed by RT-qPCR were very close to the results calculated
with DESeq2 from the RNA-Seq experiment. Additionally, the log2FCs of the eight biomarkers that could be
detected at the cellular protein level by label-free proteomics were very close to those measured in the cellular
RNA. Since the biomarker signature should ultimately be measured by RT-qPCR in cell-free RNA to enable
its potential use for therapy monitoring in liquid biopsy samples, the validation experiment was performed
not only in the cellular but also in the EV-RNA. For five genes, the direction of regulation was identical to the
cellular level. Interestingly, the regulation of AHNAK2, GPRC5C, and THBD in the EV-RNA was inverse to that
measured in the cellular RNA. For AHNAK2 and THBD this inverse effect was significant, while for GPRC5C
no significance was detected, although the results showed strong downregulation in all three vandetanib doses.
These findings indicate that although more mRNA is produced for these three genes in the cells upon vandetanib
treatment, the RNA might selectively not be sorted into EVs. While miRNA sorting to EVs is slowly being
unraveled, sorting of mRNA is still a relatively unexplored topic, but there is evidence that RNA-binding proteins
are one mechanism for targeting specific sequences into EVs*. Similar inverse mRNA regulation in cells and
their EVs has been reported in 2022 by O’Grady et al.*®. After stimulating human umbilical vein endothelial
cells with VEGE, they observed downregulation of mRNAs in EVs that were upregulated in the cells and vice
versa. Additional experiments led them to propose that cells can selectively sort RNA to EVs as a mechanism
to regulate cellular expression levels. Our results indicate that the same could be true for AHNAK2, GPRC5C
and THBD, with the vandetanib treatment increasing the amount of mRNA in the cells by downregulating its
sorting to EVs. Further experiments would be needed to verify this hypothesis and further assess the underlying
mechanism of the observed inverse regulation, which is beyond the scope of this paper. The other five biomarker
candidates showed the same direction of regulation in the cell-free as in the cellular RNA.

Considering these results, we ultimately propose a signature of eight transcriptional biomarkers for assessing
the vandetanib treatment of Cal62 cells in vitro in the EV-associated cfRNA: Upregulation of NDRGI and ISG20
with simultaneous downregulation of FOXM1, TPX2, MYBL2, AHNAK2, GPRC5C and THBD. The expression
of these genes can be assessed easily, quickly, and cost-efficiently by RT-qPCR, for instance, using the primers
and reference genes described above. For expression measurements of these genes in cellular samples, we want
to point out the caveat that AHNAK2, GPRC5C and THBD are inversely regulated in the cells compared to the
EVs, as explained above.

ORA of the eight biomarker candidates highlighted their biological significance in the context of ATC and
RTK inhibition, since all significantly enriched pathways were related to cancer-related processes like kinase
signaling or cell cycle regulation. Furthermore, the PLS model generated with the cell-free RT-qPCR data could
clearly separate the EC50 and EC80 doses of vandetanib from the DMSO and EC10 treatments, indicating a good
discriminatory power of the proposed biomarker signature. However, the EC10 treatment could not be separated
from the DMSO control since the FC induced by vandetanib in that dose in the cfRNA was very small for most
of the biomarkers. These results, together with the ROC AUC values, confirmed that the eight biomarkers were
able to differentiate between the EC50 and EC80 doses and all other treatments, and discriminate the DMSO
treatment well from all vandetanib treatments.

The EC50 value of 8.8 uM is consistent with previously reported values for vandetanib in thyroid cancer cell
lines. For example, Walter et al. observed an EC50 of 5.0 uM in T'T cells, a medullary thyroid carcinoma cell line
that harbors the activating RET Mutation C634W, and Ferrari et al. reported a range of 4.7 - 13.0 uM in several
different ATC cell lines?*%7. Notably, much lower effective concentrations of vandetanib have been described
in TT cells, e.g., by Vitagliano et al. (50-500 nM)*®. However, those values were obtained using different,
more sensitive assays. Whereas the present study measured metabolic activity using an MTT-based assay,
Vitagliano et al. employed a bromodeoxyuridine (BrdU) incorporation assay, which detects DNA synthesis. The
methodological differences likely account for the various concentrations reported in the different publications.
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Fig. 6. Proteomic pathway ORA results and comparison of the transcriptomic and proteomic data sets. (a)
Top 20 pathways found enriched by ORA in the cellular proteome, filtered for cancer-related pathways and
sorted according to the smallest padj value. (b) Cancer-related pathways found enriched by ORA in the EV
proteome, sorted according to the smallest padj value. a+b. The y-axis shows the respective database as well as
the name of the pathway. The circle diameter shows the number of proteins participating in the pathway that
were found differentially expressed in the proteomics data. Colors and symbols indicate the treatment in which
the pathway was found to be significantly enriched compared to the DMSO control. GO BP = Gene Ontology
Biological Process; GO MF = Gene Ontology Molecular Function; MSigDB: Molecular Signatures Database;
KEGG: Kyoto Encyclopedia of Genes and Genomes*?-#. (c) UpSet plot of the genes found differentially
expressed on both cellular transcriptomic and proteomic levels. The gene names found differentially expressed
in at least four different treatment-analysis combinations were added to the plot. Underlined genes are part of

the final biomarker signature proposed below.
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AHNAK?2 | ISG20 NCAPD2
BIRC5 ITGB3 | NDRGI
CDC25A | KLF9 RDHI10
FOXM1 LAMC3 | THBD
GPRC5C | MTHFR | TOP2A
GSN Mmvp TPX2
HDAC5 | MYBL2 | WNT9A

Table 2. The refined set of 21 transcriptional biomarker candidate genes.

FC confirmed that most of the detected particles were indeed EVs and a big proportion also showed high
expression of the vandetanib target EGFR. The number and percentage of (EGFR*) EVs produced by Cal62
cells significantly increased through vandetanib treatment, likely due to increased cellular stress, since it is well
known that different forms of stress can increase EV secretion®. Interestingly, the proportion of (EGFR*) EVs
was elevated at both the EC50 and EC80 doses, whereas a significant increase in the absolute number per ml
supernatant was observed only at the highest dose. Although additional studies are required to elucidate the
underlying mechanisms, a plausible explanation is that a reduction of non-EV particles at both EC50 and EC80
doses led to an increased relative abundance of EVs and EGFR* EVs within the total particle population. This
interpretation is supported by the NTA results, which showed a slight decrease in total particle concentration at
the EC80 dose, possibly reflecting diminished non-EV particle levels and consequently an increased percentage
of EVs. Only the EC80 dose of vandetanib resulted in increased production of EVs, which likely explains why the
number of (EGFR*) EV's per ml supernatant was elevated exclusively at this concentration.

Besides the reduced cellular viability, this increased cellular stress, causing elevated release of EV’s, is another
indicator that the vandetanib treatment impaired the proliferation of Cal62 cells. Since the median particle size
did not differ between groups, it is unlikely that the increased particle number was caused by apoptotic bodies
produced from dying cells, as those particles are generally much larger than exosomes and ectosomes. Given those
results, we demonstrated that precipitation yields particles predominantly positive for EV markers, despite being
a crude method™. Compared to other commonly used EV isolation or concentration techniques, precipitation
offers high cfRNA recovery while remaining inexpensive, rapid, and easy to implement®!->%. It requires only a
standard swinging-bucket centrifuge — equipment available in most diagnostic laboratories, making it highly
compatible with clinical workflows. Since the reproducibility of cfRNA biomarker studies is inherently dependent
on the protocols used for sample collection, EV isolation, RNA extraction, and analysis, it is important that the
discovery workflow closely mirrors the methods intended for later clinical implementation®~>". This ensures the
reliability, validity, and eventual translational potential of the identified biomarkers.

Dimensional reduction by PCA confirmed that the transcriptional and proteomic changes induced by
vandetanib treatment were the predominant effect in the data. When looking for treatment response biomarker
candidates, genes that are differentially expressed throughout a broad range of treatment concentrations are of
special interest. In this study, 94 genes were differentially expressed in all vandetanib doses compared to DMSO.
Additionally, potential biomarkers should enable clear discrimination between the treatment and control, such
as the 52 genes picked by the sPLS-DA model*’.

The five cellular proteins found differentially expressed in all treatments were all upregulated but not
associated with a common function or pathway. Notably, the protein N-Myc Downstream Regulated 1 (NDRG1)
is involved in the recycling and sorting of endosomes, and specifically the recycling of E-Cadherin, indicating
that it might be a suppressor of metastasis®®. Transcription of NDRGI is regulated by the N-Myc transcription
factor, which is activated by the MEK/ERK signaling cascade downstream of RTK signaling®®. By inhibiting RTK
signaling, vandetanib therefore most likely induces the differential expression of NDRGI through the MEK/ERK
pathway. Another upregulated protein, Neuropilin 1 (NRP1), has been characterized as a coreceptor for VEGE,
enhancing the binding of a specific VEGF isoform to VEGFR-2%. Upregulation of NRP1 might therefore be an
attempted escape mechanism as a consequence of the VEGF-signaling inhibition induced by vandetanib. The
next protein, WBP2, was identified a few years ago as an oncogenic transcription factor connected to several
important pathways involved in tumorigenesis, including EGFR signaling®. Tetherin (BST2) is an important
protein for antiviral defense, but has also been shown to initiate cell cycle progression and therefore overcome
EGFR inhibition in oral squamous cell carcinoma®!. Finally, carnitine O-acetyltransferase (CRAT) has also been
associated with several tumors and has, in mice, been linked to cell cycle progression®.

Comparison of the RNA-Seq and proteomics data showed that NDRGI1 was upregulated on both RNA and
protein levels in all doses. This means that not only was the RNA, which would ultimately be the analyte of a
PCR-based biomarker test, regulated in all tested treatments, but also that the biologically active protein was
affected in the cells in all tested vandetanib doses. This result underlined the suitability of NDRGL as a possible
biomarker, as it was also identified by multiple other analyses described above.

Interestingly, only Annexin V (ANXA5) was downregulated in all vandetanib treatments in the EVs.
Although more popular for its capacity for binding to phosphatidylserine in the EV membrane and commonly
used to stain EVs for fluorescence analysis, Annexin V and other Annexins are also regularly found as part of
the cytosolic cargo of EVs and were suggested as protein markers for EV characterization in the 2018 MISEV
guidelines®®. Additionally, Annexin V has been reported to interact with VEGFR-2, the most important target
of vandetanib®®. Unfortunately, there seems to be no further research analyzing this interaction, although other
Annexins have also been associated with VEGFR-2 signaling, e.g., Annexin A8%. On the protein level, VEGFR-2
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Fig. 7. Expression values of the eight validated biomarkers on the protein and transcriptional level. Bar charts
show the mean log2FC on protein and cellular and cell-free RNA level measured by label-free proteomics

(left, a, ¢, e, g only) total RNA-Seq (second from left in a, ¢, e, g and left in b, d, £, h, cellular RNA only) and
RT-qPCR (second from right: cellular RNA, right: cfRNA). Error bars represent the SEM, and asterisks indicate
significant changes with p-values <0.05 (*),<0.01 (**) and <0.001 (***) as assessed by Student’s t-test with
Benjamini-Hochberg multiple testing correction (proteomics) and one-way ANOVA (RNA-Seq and RT-
qPCR). For ANOVA, Dunnett’s post-test was used to compare treatment with the DMSO control, while the
different vandetanib concentrations were compared using Tukey’s post-test. Each diagram shows the data for a
different biomarker candidate gene: NDRG1 (a), FOXM1 (b), ISG20 (c), TPX2 (d), AHNAK2 (e), MYBL2 (f),
THBD (g), and GPRC5C (h). FOXM1, TPX2, MYBL2, and GPRC5C were not detected on protein level.
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Fig. 8. Biological relevance and discriminatory power of the biomarker candidates. (a) Pathway ORA of the
21 biomarker candidates in the total RNA-Seq dataset, filtered by padj <0.1 and sorted by fold enrichment.
Pathway names are indicated on the y-axis, and colors represent the corresponding database. The names of the
biomarker candidate genes contributing to each pathway are indicated next to the bars. (b) Two-dimensional
projection of the samples in the first two dimensions of a partial least-squares regression of the delta Cq
values measured in the cfRNA. Black squares, yellow dots, orange triangles and red diamonds indicate the
DMSO control, EC10, EC50 and EC80 dose, respectively. Ellipses represent 95% Cls. (c) Receiver operating
characteristic (ROC) curves and area under the curve (AUC) values for the PLS regression model of the eight
biomarker candidates’ delta Cq values.

was not detected, but the transcriptomics data showed that VEGFR-2 (KDR) mRNA was expressed at a low level
in Cal62 cells, and this expression was significantly downregulated upon EC80 vandetanib treatment (log2FC
-2.24, Supplementary Table S1). Since expression of the Annexin V protein in the cells was not significantly
altered by vandetanib treatment, this could mean that its secretion as EV cargo was downregulated in order to
retain it in the cells as a possible feedback mechanism from the signaling cascade impaired by vandetanib.

Most of the pathways associated with upregulated cellular proteins were linked to protein signaling and cell
growth, also matching the functions of the proteins upregulated in all vandetanib doses. However, the pathways
associated with downregulated proteins were mainly related to cell cycle progression or DNA damage repair,
indicating that although the cellular proliferation pathway proteins were generally upregulated, the cells went
into senescence or apoptosis, probably because the activating input from EGFR or VEGFR was missing due
to vandetanib inhibition. Interestingly, pathways linked to targets of the aforementioned transcription factor
Myc were significantly enriched. Most likely, vandetanib treatment decreased the activity of Myc since the
results showed upregulation of genes that are described as downregulated by Myc (e.g., NDRGI, APP, ITGBI),
and downregulation of genes described as upregulated by Myc (e.g., TK1, TOP2A, UBE2S)%*%. In the EVs,
the pathways containing upregulated proteins were associated with apoptosis and energy metabolism, while
the pathways with downregulated proteins were mainly linked to cell adhesion and migration, and therefore
metastasis. This indicates once more that vandetanib treatment resulted in senescence and decreased viability
of Cal62 cells.

Except for the EC50 vandetanib dose and mitomycin C, no significant Spearman correlations were observed
between the vandetanib-induced log2FCs and the mean LINCS Z-scores of the three cytotoxic drugs for the
eight biomarker genes. These results support the conclusion that the identified biomarker signature reflects a
specific transcriptional response to vandetanib, rather than a general cytotoxic effect.

Finally, this study has several limitations that should be acknowledged. First, all experiments were conducted
using a single cell line (Cal62) with just three biological replicates. Nonetheless, the low variability observed
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in the cellular transcriptomic and proteomic data suggests a strong and consistent response to vandetanib
treatment, indicating similar results may be obtained with additional replicates or with other ATC cell lines
exhibiting EGFR overexpression. Another limitation is the absence of patient-derived samples, which leaves the
applicability of the identified biomarker signature in more complex biological matrices such as human plasma
to be demonstrated. In plasma, EVs and cfRNA shed by healthy cells are also present and are co-isolated with
tumor-derived material. Since RTKSs are also expressed in healthy tissues, especially EGFR in epithelial cells,
vandetanib treatment also affects those tissues, as evidenced by its known side effects®®. Nonetheless, tumor
cells typically release significantly more EVs than normal cells, suggesting that cancer-derived cfRNA may
predominate®. Moreover, ATC tissues in patients considered for off-label treatment with vandetanib usually
exhibit pathologically high overexpression of vandetanib targets, increasing the likelihood that the drug will
preferentially bind to cancer cells rather than healthy tissue. Notably, several prior studies have validated liquid
biopsy biomarkers in patient body fluids that were initially identified through in vitro experiments, supporting
the potential clinical relevance of our biomarker signature’%-7>.

Despite these limitations, this study is the first to comprehensively investigate the impact of vandetanib on
the transcriptome and proteome of ATC cells and propose a biomarker signature for monitoring the therapy
success in vitro, offering a valuable foundation for future research and potential clinical translation.

Conclusion

Given the rapid growth and aggressiveness of ATC, it is of utmost importance to evaluate the therapeutic success
as soon as possible. Additionally, off-label therapy is becoming increasingly important in heterogeneous and
complex diseases like ATC. In this study, we identified an EV-associated, cell-free transcriptional biomarker
signature for the vandetanib in vitro treatment of Cal62 ATC cells. Furthermore, we elucidated the holistic
transcriptional and proteomic changes induced in these cells by vandetanib treatment in three different doses. To
the best of our knowledge, this is the first published work regarding the treatment of Cal62 cells with vandetanib
and the transcriptional and proteomic effects of vandetanib on ATC. Because of the limited number of ATC
patients undergoing off-label vandetanib treatment, these results are an important basis for designing further
studies involving valuable patient liquid biopsy samples. Our results might also provide helpful information for
decision-making in single ATC patients treated with vandetanib since no clinical study results are yet available.

Methods

Cell culture and vandetanib treatment

Cal62 cells (RRID:CVCL_1112) were obtained from Prof. Netea-Maier’s lab (Radboudumc, Netherlands)
through the EU Horizon Project REPO4EU, and cultured in EV-depleted medium. For EV depletion, the
medium - DMEM (Gibco 41,965) without Pyruvate and supplemented with 4.5 g/l D-Glucose and L-Glutamine,
10% fetal calf serum (FCS, Sigma Aldrich F7524, Lot Nr. 0001664377), 5 mM HEPES (Invitrogen 15630056),
50 uM 2-mercaptoethanol (Invitrogen 31350010) and 100 U/ml Penicillin-Streptomycin (Amimed 4-01F00-H)
- was supplemented with 20% FCS and ultracentrifuged for 18 h at 100,000 g, as described by Théry et al. in
200674, After ultracentrifugation, the medium was carefully collected from the centrifugal tubes by pipetting,
discarding the bottom 10% of the volume to minimize possible FCS EV transfer to the depleted medium. The
depleted medium was then mixed with FCS-free medium to an FCS concentration of 10% and sterile-filtered
(0.22 um) before storage.

Vandetanib (Thermo Fisher Scientific 464332500) was dissolved in DMSO to 20 mM and subsequently
diluted with EV-depleted medium to the required concentrations: 2.4, 8.8, and 20 uM for the main experiment;
and 1.25, 2.5, 5, 7.5, 10, 15, and 20 pM for the viability assay. A DMSO concentration of 0.1% was used as the
non-treatment control. The culture medium was used as an additional control for viability assays. Cell seeding
density was 5850 live cells per cm? and culture volumes were 100 pl/well (TPP 92,096) or 20 ml/flask (TPP
90,151). The culture medium was carefully removed 24 h after seeding and replaced with medium containing
the respective vandetanib / DMSO concentration.

Cell viability was assessed using the EZMTT cell proliferation assay (Sigma Aldrich CBA410) according
to the manufacturer’s instructions. The EC10, EC50, and EC80 values were determined using a variable slope
four-parameter non-linear model in GraphPad Prism 10 (RRID:SCR_002798). All cell culture experiments were
performed in triplicate, and cultures were regularly confirmed negative for mycoplasma contamination by gPCR
using the primers described by Young et al. in 20107°.

For preliminary cell viability assays (Supplementary Fig. S2), 8505C and Cal62 cells were cultured in DMEM
with 10% FCS, 1% GlutaMAX supplement (Gibco 35,050,061), and 1% ml Penicillin-Streptomycin. 2000 cells
were seeded per well, and vandetanib treatment was performed 24 h after seeding at 0.3125, 0.625, 1.25, 2.5, 5,
and 10 uM, with a DMSO concentration of 0.1% as the non-treatment control. The viability was measured 48 h
after treatment using the CellTiter-Glo 2.0 Cell Viability Assay (Promega G9241) according to the manufacturer’s
instructions. Dose-response curves were plotted in GraphPad Prism 10.

EV concentration and characterization
All EV experiments were conducted in accordance with the MISEV guidelines to the best of our ability®37°,
The entire cell culture supernatant was centrifuged at 300 g for 10 min and subsequently at 2,000 g for 10 min to
remove any cells, apoptotic bodies and cellular debris. EVs were concentrated from the pre-cleared supernatant
by precipitation with 10% v/v 6 kDa polyethylene glycol (PEG-6000). After incubation on ice for 2 h, the
precipitated EV's were pelleted by centrifugation at 3,200 g for 30 min and resuspended in 240 ul PBS.

The particle concentration and size distribution of the EV preparation were assessed via NTA using a
ZetaView PMX 110 (Particle Metrix, RRID:SCR_016647) equipped with a 520 nm laser. All 11 positions were
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recorded in two cycles (30 fps, shutter: 70, sensitivity: 85) at 23 °C. The image evaluation settings in the ZetaView
Software version 8.05.12 SP1 were adjusted for EV detection (brightness: 20-255, area: 5-1000, trace length: 15,
classes/decade: 64, 5 nm/class). More than 500 traced particles per sample were measured.

For FC EV analysis, 5E8 EV particles were first diluted in 200 uL of PBS. A 300 ul antibody master mix was
prepared, containing 10 uM carboxyfluorescein succinimidyl ester (CFSE; 1:500 dilution, BioLegend 423801),
2.5 uL of PanEV antibody mix (1:200 dilution), and 5 pL of APC/Fire 750 anti-EGFR antibody (1:100 dilution,
AY13 clone, BioLegend Cat# 352926, RRID:AB_2814285). The PanEV antibody mix was prepared with 1 uL
each of PE anti-CD63 (H5C6 clone, Cat# 353003, RRID:AB_10896786), PE anti-CD81 (5A6 clone, Cat# 349506,
RRID:AB_10645519), and PE anti-CD9 (HI9a clone, Cat# 312105, RRID:AB_2075893) (all from BioLegend).
Isotype controls (IgG) without CFSE staining (APC/Fire 750: BioLegend Cat# 400195, RRID:AB_2942001; PE:
BioLegend Cat# 400113, RRID:AB_326435) were included as negative controls. 200 pL of EVs were combined
with 300 pL of the antibody master mix and incubated for 1 h at 37 °C.

The stained EVs were then analyzed on the BD LSR Fortessa flow cytometer (Becton, Dickinson and
Company). EV populations were initially gated using FSC-A and SSC-A to identify vesicle populations. To
enhance signal accuracy, CFSE* EVs were further gated based on CFSE and FSC-A signals. Disease-specific EV
populations were identified by gating PanEV* and EGFR* EVs, as compared to isotype controls. Percentages for
each sample were adjusted by subtracting the corresponding IgG control values to ensure accurate determination
of EV purity and to minimize potential artifacts from nonspecific antibody binding.

Isolation of cellular RNA and cfRNA

For lysis and total RNA isolation, the Monarch Total RNA Miniprep Kit (New England Biolabs T2010S) was used.
Cells were lysed with 1.5 ml lysis buffer per sample directly in the cell culture flasks, immediately after removing
the supernatant and washing with PBS. 50 pl nuclease-free water was used for elution. Concentration and purity
were assessed on a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, RRID:SCR_016517).

Total cfRNA was isolated from the EV preparation using the miRNeasy Micro Kit (Qiagen 217084). The eluate
was reapplied to the column once to repeat the elution for maximum RNA recovery. Quantitative and qualitative
assessment was performed with an RNA 6000 Pico Kit on a Bioanalyzer 2100 automated electrophoresis system
(Agilent Technologies 5067-1513, RRID:SCR_018043).

Total RNA-Seq

Libraries for cellular total RNA-Seq were prepared using the Watchmaker RNA Library Prep Kit with Polaris
Depletion (Watchmaker Genomics BK0002-096), with the Illumina universal adapter and index primers from
the Twist UDI adapter system (Twist Bioscience 101308) and Mag-Bind TotalPure NGS beads (Omega Bio-Tek
M1378) for all bead purification steps. The RNA was fragmented for 5 min at 85 °C, the adapter was diluted to
2 uM before use, and the second post-ligation cleanup was skipped. Library amplification was performed with
12 cycles. A Bioanalyzer DNA High Sensitivity Chip (Agilent Technologies 5067-4626) was used for library
quality assessment and quantification. Next-generation sequencing was performed at Novogene Europe GmbH,
Munich, on an Illumina NovaSeq X Plus (RRID:SCR_024568) 10B flow cell lane (1.25B reads) with 1% PhiX
sequencing control.

The nf-core/rnaseq (https://nf-co.re/rnaseq, version 3.14.0, RRID:SCR_026973) pipeline was used
for QC and processing of the raw RNA-Seq FASTQ data in R (https://www.r-project.org/, version 4.4.1,
RRID:SCR_001905) using the RStudio application (https://posit.co/download/rstudio-desktop/, version
2024.9.1.394, RRID:SCR_000432)77-8. As part of the pipeline, rRNA reads were removed using SortMeRNA
(https://sortmerna.readthedocs.io/, version 4.3.4, RRID:SCR_014402)3!. The remaining reads were mapped
to the human genome (GRCh38) using the STAR aligner (https://github.com/alexdobin/STAR, version 2.7.9,
RRID:SCR_004463) in combination with the Ensembl genome annotation (https://www.ensembl.org/, version
107, RRID:SCR_006773)3283, Gene expression was quantified with Salmon (https://combine-lab.github.io/
salmon/, version 1.10.1, RRID:SCR_017036)%¢. Read count normalization and differential gene expression
analysis were performed in R using the DESeq2 package (https://doi.org/10.18129/B9.bioc.DESeq2, version
1.46.0, RRID:SCR_015687)%. For dimensional reduction - principal component analysis (PCA) and (sparse)
partial least-squares discriminant analysis (s)(PLS-DA) - the R package mixOmics (https://mixomics.org/,
version 6.30.0, RRID:SCR_016889) was used®. Pathway ORA was performed against the Gene Ontology
(https://geneontology.org/, GO, RRID:SCR_002811) database including the aspects Molecular Function (MF)
and Biological Process (BP), the Molecular Signatures Database (https://www.gsea-msigdb.org/gsea/msigdb,
MSigDB, RRID:SCR_016863), the Kyoto Encyclopedia of Genes and Genomes (https://www.kegg.jp/, KEGG,
RRID:SCR_012773), the Reactome database (https://reactome.org/, RRID:SCR_003485), and the WikiPathways
database (https://www.wikipathways.org/, RRID:SCR_002134)*>-44. The R packages clusterProfiler (https://doi.
org/10.18129/B9.bioc.clusterProfiler, version 4.14.4, RRID:SCR_016884) and msigdbr (https://igordot.github.io
/msigdbr/, version 7.5.1, RRID:SCR_022870) were used, and the universe was defined as all genes detected in
the cellular RNA-Seq®”%,

Proteomics

Cells were lysed directly in the flasks using 1 ml 1 xRIPA buffer (Abcam ab156034) with 1x ProteaseArrest
protease inhibitor cocktail (G-Biosciences 786-711). A total of 5E8 EV's per sample were prepared in the same
buffer. Cellular and EV samples were boiled at 70 °C for 10 min, sonicated at 4 °C for 5 min, and then centrifuged
at 10,000 g at 4 °C for 30 min. Protein concentration was determined using a Pierce BCA assay (Thermo Fisher
Scientific A55864). Subsequently, 14 ug of EV proteins and 25 ug of cellular proteins were prepared in 4 x Laemmli
Sample Buffer (Bio-Rad 1,610,747) containing 2-mercaptoethanol (Merck 805,740) in a final volume of 30 pl.
Proteomics sample preparation was performed by in-gel trypsin digestion as described previously®.
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Proteomics measurements were carried out on a Vanquish™ Neo UHPLC (microflow configuration; Thermo
Fisher Scientific, MA, USA; RRID:SCR_026495) coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo
Fisher Scientific, MA, USA; RRID:SCR_027000). The workflow was performed as previously published, with
minor adjustments®. Peptides were applied onto a commercially available Acclaim PepMap 100 C18 column
(2 um particle size, 1 mm ID x 150 mm, 100 A pore size; Thermo Fisher Scientific, MA, USA) and separated on
a stepped gradient from 3 to 31% solvent B (0.1% FA, 3% DMSO in ACN) in solvent A (0.1% FA, 3% DMSO
in HPLC grade water) over 60 min. A flow rate of 50 ul/min was applied. The mass spectrometer was operated
in DDA and positive ionization mode. MS1 full scans (360 - 1300 m/z) were acquired with a resolution of
60,000, a normalized automatic gain control target value of 100%, and a maximum injection time of 50 ms.
Peptide precursor selection for fragmentation was carried out using a cycle time of 1.2 s. Only precursors with
charge states from two to six were selected, and dynamic exclusion of 30 s was enabled. Peptide fragmentation
was performed using higher energy collision-induced dissociation and a normalized collision energy of 28%.
The precursor isolation window width of the quadrupole was set to 1.1 m/z. MS2 spectra were acquired with a
resolution of 15,000, a fixed first mass of 100 m/z, a normalized automatic gain control target value of 100%, and
a maximum injection time of 40 ms.

Peptide identification and quantification were performed similarly to our prior publication®’, using the
MaxQuant software (https://www.maxquant.org/, version 1.6.3.4, RRID:SCR_014485)°!, with its built-in search
engine Andromeda®. MS2 spectra were searched against the human protein database from UniProt (https:
/Iwww.uniprot.org/, UP000005640, downloaded on May 4th, 2020, RRID:SCR_002380), supplemented with
common contaminants (using the built-in option). Trypsin/P was specified as the proteolytic enzyme, and
carbamidomethylated cysteine was set as a fixed modification. Oxidation of methionine and acetylation at the
protein N-terminus were defined as variable modifications. The results were adjusted to a 1% false discovery
rate (FDR) at both the peptide-spectrum match (PSM) and protein levels using a target-decoy approach with
reversed protein sequences.

Label-free quantification (LFQ) intensities were further analyzed using Perseus (https://maxquant.net/p
erseus/, version 2.0.9.0, RRID:SCR_015753)%. Perseus’s built-in filter functions were used to remove reverse
hits, proteins identified only by site, and contaminants. Only proteins with a peptide count greater than 1 and
detected in at least 50% of the samples in at least one group were retained. All proteins detected in the culture
medium samples were removed from the EV samples. For protein quantification, LFQ intensities were log10-
transformed. Missing values were imputed using a normal distribution with default settings (width=0.3, down
shift=1.8). The imputed dataset was normalized by quantile normalization before statistical testing. Paired
t-tests were conducted on the imputed/normalized datasets, followed by Benjamini-Hochberg correction
(FDR=0.05). Enrichment analysis of significant proteins was performed against terms from the GO, KEGG,
GSEA, and Reactome databases using Fisher’s exact test with Benjamini-Hochberg FDR correction and a
threshold value of 0.014>-44,

Target Primer sequences (5’—>3’) Source Tm | Amplicon size
ARF1 - BioRad (qHsaCED0045157) | 60 °C | -

UBC ﬁ\\/]\/ %%?gggfgggggggi?gﬁggc Designed with Primer3 60 °C | 169 bp
GappH | fw: CAGCCTCARGRTCATCAGCA | Designed with Primer3 o8 s | 135bp
NDRG1 ix\/]v gég[g{ggﬁcc égzgﬁgggégc Designed with Primer3 28 :8 75 bp
1SG20 f‘: gggggggﬁ%@%ﬁégﬁgg&ﬂc Designed with Primer3 2(1) :8 64 bp
FOXM1 f:}v ?gf&zﬁG(jT/-\G%C;TéTﬁ%i%EEGCAGGG Designed with Primer3 g? :g 120 bp
| & MSAIOCCOCTOOITC | pesgervinbams | 9.5 |10
MYBL2 fvvv CCTGCCTIACAAGTOGGTCG | Designed with Primer3 S1oC | 107bp
AHNAKy | fw: GOAAGCGAGMITCAGGGGAC | peqigned with Primer3 807 | sobp
GPResc | v GATGCACARAGTTCCATCCS | Designed with Primer3 600 | 3bp
THBD ft]v '?f(?cGCTCG[Q_:,F”[Tég”?gg fé%iAGA Designed with Primer3 g(l) :8 65 bp

Table 3. Sequences and information of the RT-qPCR primers used for validation of the final eight biomarkers.
fw=forward, rv=reverse, bp=base pairs. ARF1, UBC and GAPDH were chosen as reference genes for the
cell-free RNA, and UBC and GAPDH for the cellular RNA after analyzing Cq values of multiple reference gene
candidates from a preliminary Cal62 vandetanib treatment EV experiment with the algorithms NormFinder
(https://www.moma.dk/software/normfinder, RRID:SCR_003387)°° and geNorm (https://genorm.cmgg.be/,
RRID:SCR_006763)1%. Log2FCs were calculated by normalizing the Cq values to the mean Cq of the reference
genes and with respect to the PCR amplification efficiency!?l.
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RT-qPCR

Transcriptomic biomarker signature candidates were validated by RT-qPCR. The newest MIQE guidelines were
applied while performing all RNA handling and RT-qPCR experiments®*®>. RNA samples (cellular and EV-
cfRNA) were reverse transcribed using the LunaScript RT SuperMix Kit (New England Biolabs E3010). qPCR
was performed on a MIC qPCR cycler (Bio Molecular Systems) using the Luna Universal qPCR Master Mix
(New England Biolabs M3003), 40 cycles and 0.3 °C/s increments for the melting curve. The primers used for
RT-qPCR were either ordered as premixed primer assays from BioRad or designed using Primer3 (https://pri
mer3.ut.ee/, RRID:SCR_003139)°°%%, All primers used for the RT-qPCR experiments shown in this paper are
listed in ( \* MERGEFORMAT Table 3). Primers were used at 1 x concentration (BioRad primers) or 480 nM
(Primer3-designed primers).

Data availability

The RNA-Seq data were uploaded to the European Nucleotide Archive under accession number PRJEB88458.
The Proteomics data files have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-
pository and can be accessed using the identifier PXD064007. RT-qPCR data are available on Zenodo (https://d
oi.org/10.5281/zenodo.15425227). The R code used for RNA-Seq data evaluation (after gene expression quantifi
cation with Salmon) was uploaded to GitHub (https://doi.org/10.5281/zenodo.16914565).

Received: 11 July 2025; Accepted: 1 September 2025
Published online: 12 September 2025

References

1. American Cancer Society (Atlanta: American Cancer Society; 2024).

2. Cabanillas, M. E., McFadden, D. G. & Durante, C. Thyroid cancer. Lancet 388, 2783-2795. https://doi.org/10.1016/S0140-6736(1
6)30172-6 (2016).

3. Rao, S. N. & Smallridge, R. C. Anaplastic thyroid cancer: An update. Best Pract. Res. Clin. Endocrinol. Metab 37, 101678. https://
doi.org/10.1016/j.beem.2022.101678 (2023).

4. Bible, K. C. et al. 2021 American thyroid association guidelines for management of patients with anaplastic thyroid cancer.
Thyroid 31, 337-386. https://doi.org/10.1089/thy.2020.0944 (2021).

5. Hoffmann, S. et al. Targeting the EGF/VEGEF-R system by tyrosine-kinase inhibitors—a novel antiproliferative/antiangiogenic
strategy in thyroid cancer. Langenbecks Arch. Surg. 391, 589-596. https://doi.org/10.1007/500423-006-0104-y (2006).

6. Antonelli, A. et al. New targeted therapies for thyroid cancer. Curr. Genomics 12, 626-631. https://doi.org/10.2174/13892021179
8120808 (2011).

7. Smallridge, R. C. et al. American thyroid association guidelines for management of patients with anaplastic thyroid cancer.
Thyroid 22, 1104-1139. https://doi.org/10.1089/thy.2012.0302 (2012).

8. Raue, F. & Frank-Raue, K. Thyroid cancer: Risk-stratified management and individualized therapy. Clin. Cancer Res. 22, 5012—
5021. https://doi.org/10.1158/1078-0432.ccr-16-0484 (2016).

9. European Medicines Agency (EMA) Caprelsa Produktinformationen. https://www.ema.europa.eu/en/medicines/human/EPAR/
caprelsa (2024).

10. Subbiah, V. et al. Dabrafenib plus trametinib in patients with BRAF V600E-mutant anaplastic thyroid cancer: updated analysis
from the phase II ROAR basket study. Ann. Oncol. 33, 406-415. https://doi.org/10.1016/j.annonc.2021.12.014 (2022).

11. Damiésio, I et al. Entrectinib in the neoadjuvant setting of anaplastic thyroid cancer: a case report. Eur. Thyroid J. 12, €220179.
https://doi.org/10.1530/ET]J-22-0179 (2023).

12. Sukrithan, V., Jain, P,, Shah, M. H. & Konda, B. Kinase inhibitors in thyroid cancers. Endocrine Oncol. 3, €220062. https://doi.org
/10.1530/EO-22-0062 (2023).

13. Pozdeyev, N., Rose, M. M., Bowles, D. W. & Schweppe, R. E. Molecular therapeutics for anaplastic thyroid cancer. Semin. Cancer
Biol. 61, 23-29. https://doi.org/10.1016/j.semcancer.2020.01.005 (2020).

14. Wong, K., Di Cristofano, E, Ranieri, M., De Martino, D. & Di Cristofano, A. PI3K/mTOR inhibition potentiates and extends
palbociclib activity in anaplastic thyroid cancer. Endocr. Relat. Cancer 26, 425-436. https://doi.org/10.1530/erc-19-0011 (2019).

15. Li, Z., Zhang, Y., Wang, R., Zou, K. & Zou, L. Genetic alterations in anaplastic thyroid carcinoma and targeted therapies (review).
Exp. Therapeut. Med. https://doi.org/10.3892/etm.2019.7869 (2019).

16. Dierks, C. et al. Combination of lenvatinib and pembrolizumab is an effective treatment option for anaplastic and poorly
differentiated thyroid carcinoma. Thyroid 31, 1076-1085. https://doi.org/10.1089/thy.2020.0322 (2021).

17. Jannin, A. et al. Anaplastic thyroid carcinoma: An update. Cancers 14, 1061. https://doi.org/10.3390/cancers14041061 (2022).

18. Jingtai, Z. et al. Targeting Aurora-A inhibits tumor progression and sensitizes thyroid carcinoma to Sorafenib by decreasing
PFKFB3-mediated glycolysis. Cell Death Dis. https://doi.org/10.1038/s41419-023-05709-z (2023).

19. Baldini, E. et al. Effects of selective inhibitors of Aurora kinases on anaplastic thyroid carcinoma cell lines. Endocrine Relat. Cancer
21, 797-811. https://doi.org/10.1530/erc-14-0299 (2014).

20. Li, J. et al. Efficacy and safety of chiauranib in a combination therapy in platinum-resistant or refractory ovarian cancer: a
multicenter, open-label, phase Ib and II study. Mol. Cancer https://doi.org/10.1186/s12943-024-02076-x (2024).

21. Cabanillas, M. E.,, Ryder, M. & Jimenez, C. Targeted therapy for advanced thyroid cancer: Kinase inhibitors and beyond. Endocr.
Rev. 40, 1573-1604. https://doi.org/10.1210/er.2019-00007 (2019).

22. Schiff, B. A. et al. Epidermal growth factor receptor (EGFR) is overexpressed in anaplastic thyroid cancer, and the EGFR inhibitor
gefitinib inhibits the growth of anaplastic thyroid cancer. Clin. Cancer Res. 10, 8594-8602. https://doi.org/10.1158/1078-0432.cc
1-04-0690 (2004).

23. Ensinger, C. et al. Epidermal growth factor receptor as a novel therapeutic target in anaplastic thyroid carcinomas. Ann. N. Y.
Acad. Sci. 1030, 69-77. https://doi.org/10.1196/annals.1329.009 (2004).

24. Ferrari, S. et al. Vandetanib has antineoplastic activity in anaplastic thyroid cancer, in vitro and in vivo. Oncol. Rep. https://doi.or
2/10.3892/0r.2018.6305 (2018).

25. Ferrari, S. M. et al. Antineoplastic effect of lenvatinib and vandetanib in primary anaplastic thyroid cancer cells obtained from
biopsy or fine needle aspiration. Front. Endocrinol. https://doi.org/10.3389/fendo.2018.00764 (2018).

26. Chmielik, E. et al. Heterogeneity of thyroid cancer. Pathobiology 85, 117-129. https://doi.org/10.1159/000486422 (2018).

27. Mader, S. & Pantel, K. Liquid biopsy: Current status and future perspectives. Oncol. Res. Treat. 40, 404-408. https://doi.org/10.11
59/000478018 (2017).

28. van Niel, G., D’Angelo, G. & Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19,
213-228. https://doi.org/10.1038/nrm.2017.125 (2018).

Scientific Reports |

(2025) 15:32464 | https://doi.org/10.1038/s41598-025-18319-w nature portfolio


https://primer3.ut.ee/
https://primer3.ut.ee/
https://doi.org/10.5281/zenodo.15425227
https://doi.org/10.5281/zenodo.15425227
https://doi.org/10.5281/zenodo.16914565
https://doi.org/10.1016/S0140-6736(16)30172-6
https://doi.org/10.1016/S0140-6736(16)30172-6
https://doi.org/10.1016/j.beem.2022.101678
https://doi.org/10.1016/j.beem.2022.101678
https://doi.org/10.1089/thy.2020.0944
https://doi.org/10.1007/s00423-006-0104-y
https://doi.org/10.2174/138920211798120808
https://doi.org/10.2174/138920211798120808
https://doi.org/10.1089/thy.2012.0302
https://doi.org/10.1158/1078-0432.ccr-16-0484
https://www.ema.europa.eu/en/medicines/human/EPAR/caprelsa
https://www.ema.europa.eu/en/medicines/human/EPAR/caprelsa
https://doi.org/10.1016/j.annonc.2021.12.014
https://doi.org/10.1530/ETJ-22-0179
https://doi.org/10.1530/EO-22-0062
https://doi.org/10.1530/EO-22-0062
https://doi.org/10.1016/j.semcancer.2020.01.005
https://doi.org/10.1530/erc-19-0011
https://doi.org/10.3892/etm.2019.7869
https://doi.org/10.1089/thy.2020.0322
https://doi.org/10.3390/cancers14041061
https://doi.org/10.1038/s41419-023-05709-z
https://doi.org/10.1530/erc-14-0299
https://doi.org/10.1186/s12943-024-02076-x
https://doi.org/10.1210/er.2019-00007
https://doi.org/10.1158/1078-0432.ccr-04-0690
https://doi.org/10.1158/1078-0432.ccr-04-0690
https://doi.org/10.1196/annals.1329.009
https://doi.org/10.3892/or.2018.6305
https://doi.org/10.3892/or.2018.6305
https://doi.org/10.3389/fendo.2018.00764
https://doi.org/10.1159/000486422
https://doi.org/10.1159/000478018
https://doi.org/10.1159/000478018
https://doi.org/10.1038/nrm.2017.125
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Schwarzenbach, H., Hoon, D. S. & Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer 11, 426
437. https://doi.org/10.1038/nrc3066 (2011).

Téth, E. A. et al. Formation of a protein corona on the surface of extracellular vesicles in blood plasma. J. Extracell. Vesicles https:
//doi.org/10.1002/jev2.12140 (2021).

Roskams-Hieter, B. et al. Plasma cell-free RNA profiling distinguishes cancers from pre-malignant conditions in solid and
hematologic malignancies. NPJ Precis. Oncol. 6, 28. https://doi.org/10.1038/s41698-022-00270-y (2022).

Sorber, L. et al. Circulating cell-free DNA and RNA analysis as liquid biopsy: Optimal centrifugation protocol. Cancers (Basel)
https://doi.org/10.3390/cancers11040458 (2019).

Albitar, M. et al. Combining cell-free RNA with cell-free DNA in liquid biopsy for hematologic and solid tumors. Heliyon 9,
€16261. https://doi.org/10.1016/j.heliyon.2023.e16261 (2023).

Larson, M. H. et al. A comprehensive characterization of the cell-free transcriptome reveals tissue- and subtype-specific
biomarkers for cancer detection. Nat. Commun. 12, 2357. https://doi.org/10.1038/s41467-021-22444-1 (2021).

Ignatiadis, M., Sledge, G. W. & Jeftrey, S. S. Liquid biopsy enters the clinic—implementation issues and future challenges. Nat. Rev.
Clin. Oncol. 18, 297-312. https://doi.org/10.1038/s41571-020-00457-x (2021).

Pantel, K. & Alix-Panabieres, C. Real-time liquid biopsy in cancer patients: fact or fiction?. Cancer Res. 73, 6384-6388. https://do
i.0org/10.1158/0008-5472.CAN-13-2030 (2013).

Tosevska, A. et al. Cell-free RNA as a novel biomarker for response to therapy in head & neck cancer. Front. Oncol. 12, 869108.
https://doi.org/10.3389/fonc.2022.869108 (2022).

Gritz, C. Figure 1: Overview of the study design, goals, and experiments. Created with BioRender.com. Created in BioRender:
https://BioRender.com/1gfu3mgq (2025).

Gule, M. K. et al. Targeted therapy of VEGFR2 and EGFR significantly inhibits growth of anaplastic thyroid cancer in an
orthotopic murine model. Clin. Cancer Res. 17, 2281-2291. https://doi.org/10.1158/1078-0432.CCR-10-2762 (2011).

Nucera, C. et al. Targeting BRAFV600E with PLX4720 displays potent antimigratory and anti-invasive activity in preclinical
models of human thyroid cancer. Oncologist 16, 296-309. https://doi.org/10.1634/theoncologist.2010-0317 (2011).
Subramanian, A. et al. A next generation connectivity map: L1000 platform and the first 1,000,000 profiles. Cell 171, 1437-1452.
e1417. https://doi.org/10.1016/j.cell.2017.10.049 (2017).

Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947-1951. https://doi.org/1
0.1002/pro.3715 (2019).

Kanehisa, M. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/nar/28.1.27
(2000).

Kanehisa, M., Furumichi, M., Sato, Y., Matsuura, Y. & Ishiguro-Watanabe, M. KEGG: biological systems database as a model of
the real world. Nucleic Acids Res. 53, D672-D677. https://doi.org/10.1093/nar/gkae909 (2025).

Dixson, A. C., Dawson, T. R., Di Vizio, D. & Weaver, A. M. Context-specific regulation of extracellular vesicle biogenesis and
cargo selection. Nat. Rev. Mol. Cell Biol. 24, 454-476. https://doi.org/10.1038/s41580-023-00576-0 (2023).

O’Grady, T. et al. Sorting and packaging of RNA into extracellular vesicles shape intracellular transcript levels. BMC Biol. https://
doi.org/10.1186/s12915-022-01277-4 (2022).

Walter, M. A. et al. Metabolic imaging allows early prediction of response to vandetanib. J. Nucl. Med. 52, 231-240. https://doi.o
rg/10.2967/jnumed.110.081745 (2011).

Vitagliano, D. et al. The tyrosine kinase inhibitor ZD6474 blocks proliferation of RET mutant medullary thyroid carcinoma cells.
Endocrine Relat. Cancer 18, 1-11. https://doi.org/10.1677/erc-09-0292 (2010).

Erwin, N., Serafim, M. E. & He, M. Enhancing the cellular production of extracellular vesicles for developing therapeutic
applications. Pharm. Res. 40, 833-853. https://doi.org/10.1007/s11095-022-03420-w (2023).

Welsh, J. A. et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches. J.
Extracell. Vesicles https://doi.org/10.1002/jev2.12404 (2024).

Buschmann, D. et al. Evaluation of serum extracellular vesicle isolation methods for profiling miRNAs by next-generation
sequencing. J. Extracell. Vesicles 7, 1481321. https://doi.org/10.1080/20013078.2018.1481321 (2018).

Coughlan, C. et al. Exosome isolation by ultracentrifugation and precipitation and techniques for downstream analyses. Curr.
Protocols Cell Biol. https://doi.org/10.1002/cpcb.110 (2020).

Crossland, R. E., Norden, J., Bibby, L. A., Davis, J. & Dickinson, A. M. Evaluation of optimal extracellular vesicle small RNA
isolation and qQRT-PCR normalisation for serum and urine. J. Immunol. Methods 429, 39-49. https://doi.org/10.1016/j.jim.2015.
12.011 (2016).

Boulestreau, J. et al. Salivary extracellular vesicles isolation methods impact the robustness of downstream biomarkers detection.
Sci. Rep. https://doi.org/10.1038/s41598-024-82488-3 (2024).

Cabus, L., Lagarde, J., Curado, J., Lizano, E. & Perez-Boza, J. Current challenges and best practices for cell-free long RNA
biomarker discovery. Biomark Res 10, 62. https://doi.org/10.1186/s40364-022-00409-w (2022).

Gritz, C. et al. Obtaining reliable RT-qPCR results in molecular diagnostics-MIQE goals and pitfalls for transcriptional biomarker
discovery. Life 12, 386. https://doi.org/10.3390/1ife12030386 (2022).

Gritz, C. et al. A pipeline for the development and analysis of extracellular vesicle-based transcriptomic biomarkers in molecular
diagnostics. Mol. Aspects Med. 97, 101269. https://doi.org/10.1016/j.mam.2024.101269 (2024).

Kachhap, S. K. et al. The N-Myc down regulated genel (NDRGI1) Is a Rab4a effector involved in vesicular recycling of E-cadherin.
PLoS ONE 2, e844. https://doi.org/10.1371/journal.pone.0000844 (2007).

Morrison, D. K. MAP kinase pathways. Cold Spring Harb. Perspect. Biol. 4, a011254-a011254. https://doi.org/10.1101/cshperspe
ct.a011254 (2012).

Soker, S., Takashima, S., Miao, H. Q., Neufeld, G. & Klagsbrun, M. Neuropilin-1 Is expressed by endothelial and tumor cells as an
isoform-specific receptor for vascular endothelial growth factor. Cell 92, 735-745. https://doi.org/10.1016/s0092-8674(00)8140
2-6 (1998).

Jin, H., Zhang, L., Wang, S. & Qian, L. BST2 promotes growth and induces gefitinib resistance in oral squamous cell carcinoma
via regulating the EGFR pathway. Arch. Med. Sci. https://doi.org/10.5114/a0ms.2019.86183 (2019).

Brunner, S., Kramar, K., Denhardt, D. T. & Hofbauer, R. Cloning and characterization of murine carnitine acetyltransferase:
evidence for a requirement during cell cycle progression. Biochem. J. 322, 403-410. https://doi.org/10.1042/bj3220403 (1997).
Thery, C. et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the
international society for extracellular vesicles and update of the MISEV2014 guidelines. J. Extracell Vesicles 7, 1535750. https://d
0i.0rg/10.1080/20013078.2018.1535750 (2018).

Wen, Y., Edelman, J. L., Kang, T. & Sachs, G. Lipocortin V may function as a signaling protein for vascular endothelial growth
factor receptor-2/Flk-1. Biochem. Biophys. Res. Commun. 258, 713-721. https://doi.org/10.1006/bbrc.1999.0678 (1999).

Heitzig, N. et al. Annexin A8 promotes VEGF-A driven endothelial cell sprouting. Cell Adh. Migr. 11, 275-287. https://doi.org/1
0.1080/19336918.2016.1264559 (2017).

Yu, D., Cozma, D., Park, A. & Thomas-Tikhonenko, A. Functional validation of genes implicated in lymphomagenesis: An in vivo
selection assay using a Myc-induced B-Cell tumor. Ann. N. Y. Acad. Sci. 1059, 145-159. https://doi.org/10.1196/annals.1339.047
(2005).

Scientific Reports |

(2025) 15:32464

| https://doi.org/10.1038/s41598-025-18319-w nature portfolio


https://doi.org/10.1038/nrc3066
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1038/s41698-022-00270-y
https://doi.org/10.3390/cancers11040458
https://doi.org/10.1016/j.heliyon.2023.e16261
https://doi.org/10.1038/s41467-021-22444-1
https://doi.org/10.1038/s41571-020-00457-x
https://doi.org/10.1158/0008-5472.CAN-13-2030
https://doi.org/10.1158/0008-5472.CAN-13-2030
https://doi.org/10.3389/fonc.2022.869108
https://BioRender.com/1gfu3mq
https://doi.org/10.1158/1078-0432.CCR-10-2762
https://doi.org/10.1634/theoncologist.2010-0317
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1002/pro.3715
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkae909
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.1186/s12915-022-01277-4
https://doi.org/10.1186/s12915-022-01277-4
https://doi.org/10.2967/jnumed.110.081745
https://doi.org/10.2967/jnumed.110.081745
https://doi.org/10.1677/erc-09-0292
https://doi.org/10.1007/s11095-022-03420-w
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1080/20013078.2018.1481321
https://doi.org/10.1002/cpcb.110
https://doi.org/10.1016/j.jim.2015.12.011
https://doi.org/10.1016/j.jim.2015.12.011
https://doi.org/10.1038/s41598-024-82488-3
https://doi.org/10.1186/s40364-022-00409-w
https://doi.org/10.3390/life12030386
https://doi.org/10.1016/j.mam.2024.101269
https://doi.org/10.1371/journal.pone.0000844
https://doi.org/10.1101/cshperspect.a011254
https://doi.org/10.1101/cshperspect.a011254
https://doi.org/10.1016/s0092-8674(00)81402-6
https://doi.org/10.1016/s0092-8674(00)81402-6
https://doi.org/10.5114/aoms.2019.86183
https://doi.org/10.1042/bj3220403
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1006/bbrc.1999.0678
https://doi.org/10.1080/19336918.2016.1264559
https://doi.org/10.1080/19336918.2016.1264559
https://doi.org/10.1196/annals.1339.047
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

67.

68.

69.

70.

Zeller, K. L, Jegga, A. G., Aronow, B. ], O’'Donnell, K. A. & Dang, C. V. An integrated database of genes responsive to the Myc
oncogenic transcription factor: identification of direct genomic targets. Genome Biol. 4, R69. https://doi.org/10.1186/gb-2003-4-1
0-r69 (2003).

Wells, S. A. Jr. et al. Vandetanib in patients with locally advanced or metastatic medullary thyroid cancer: a randomized, double-
blind phase III trial. J. Clin. Oncol. 30, 134-141. https://doi.org/10.1200/jco.2011.35.5040 (2012).

Johnsen, K. B., Gudbergsson, J. M., Andresen, T. L. & Simonsen, J. B. What is the blood concentration of extracellular vesicles?
Implications for the use of extracellular vesicles as blood-borne biomarkers of cancer. Biochim. Biophys. Acta (BBA) Rev. Cancer
1871, 109-116. https://doi.org/10.1016/j.bbcan.2018.11.006 (2019).

Lobo, J. et al. Identification and validation model for informative liquid biopsy-based microRNA biomarkers: Insights from germ
cell tumor in vitro in vivo patient-derived data. Cells 8, 1637. https://doi.org/10.3390/cells8121637 (2019).

71. Derderian, S. et al. Liquid biopsy-based targeted gene screening highlights tumor cell subtypes in patients with advanced prostate
cancer. Clin. Transl. Sci. 15, 2597-2612. https://doi.org/10.1111/cts.13372 (2022).

72. Katsila, T. et al. Circulating pEGFR Is a candidate response biomarker of Cetuximab therapy in colorectal cancer. Clin. Cancer Res.
20, 6346-6356. https://doi.org/10.1158/1078-0432.ccr-14-0361 (2014).

73. Simiene, J. et al. Prognostic value of miR-10a-3p in non-small cell lung cancer patients. OncoTarg. Ther. 17, 1017-1032. https://d
oi.org/10.2147/ott.s475644 (2024).

74. Thery, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from cell culture supernatants and
biological fluids. Curr. Protoc. Cell Biol. https://doi.org/10.1002/0471143030.cb0322s30 (2006).

75. Young, L., Sung, J., Stacey, G. & Masters, J. R. Detection of Mycoplasma in cell cultures. Nat. Protoc. 5, 929-934. https://doi.org/1
0.1038/nprot.2010.43 (2010).

76. Lotvall, J. et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: a position statement
from the international society for extracellular vesicles. J. Extracell. Vesicles 3, 26913. https://doi.org/10.3402/jev.v3.26913 (2014).

77. Ewels, P. A. et al. The nf-core framework for community-curated bioinformatics pipelines. Nat. Biotechnol. 38, 276-278. https://
doi.org/10.1038/s41587-020-0439-x (2020).

78. Patel, H. et al. nf-core/rnaseq: nf-core/rnaseq, v3.18.0 - Lithium Lynx. https://doi.org/10.5281/zenodo.1400710 (2024).

79. R Core Team R: A Language and Environment for Statistical Computing, R Foundation for Statistical Computing, Vienna,
Austria, 4.4.1 https://www.R-project.org/ (2024).

80. Posit Team RStudio: Integrated Development Environment for R, Posit Software, PBC, Boston, MA, 2024.9.1.394 http://www.po
sit.co/ (2024).

81. Kopylova, E., Noé, L. & Touzet, H. SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data.
Bioinformatics 28, 3211-3217. https://doi.org/10.1093/bioinformatics/bts611 (2012).

82. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21. https://doi.org/10.1093/bioinformatics/bts6
35 (2013).

83. Dyer, S. C. et al. Ensembl 2025. Nucleic Acids Res. 53, D948-D957. https://doi.org/10.1093/nar/gkae1071 (2025).

84. Patro, R., Duggal, G., Love, M. L, Irizarry, R. A. & Kingsford, C. Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 14, 417-419. https://doi.org/10.1038/nmeth.4197 (2017).

85. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. https://doi.org/10.1186/s13059-014-0550-8 (2014).

86. Rohart, F. et al. mixOmics: An R package for omics feature selection and multiple data integration. PLoS Comput. Biol. https://do
i.org/10.1371/journal.pcbi. 1005752 (2017).

87. Xu, S. et al. Using clusterProfiler to characterize multiomics data. Nat. Protoc. 19, 3292-3320. https://doi.org/10.1038/s41596-02
4-01020-z (2024).

88. Dolgalev, I. msigdbr: MSigDB gene sets for multiple organisms in a tidy data format. https://igordot.github.io/msigdbr/ (2025).

89. Schuster, M. et al. Extracellular vesicles secreted by 3D tumor organoids are enriched for immune regulatory signaling
biomolecules compared to conventional 2D glioblastoma cell systems. Front. Immunol. 15, 1388769. https://doi.org/10.3389/fim
mu.2024.1388769 (2024).

90. Abele, M. et al. Proteomic diversity in bacteria: insights and implications for bacterial identification. Mol. Cell. Proteom. 24,
100917. https://doi.org/10.1016/j.mcpro.2025.100917 (2025).

91. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun proteomics. Nat.
Protoc. 11, 2301-2319. https://doi.org/10.1038/nprot.2016.136 (2016).

92. Cox, J. et al. Andromeda: a peptide search engine integrated into the MaxQuant environment. J. Proteome Res. 10, 1794-1805.
https://doi.org/10.1021/pr101065j (2011).

93. Tyanova, S. et al. The Perseus computational platform for comprehensive analysis of (prote)omics data. Nat. Methods 13, 731-740.
https://doi.org/10.1038/nmeth.3901 (2016).

94. Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin.
Chem. 55, 611-622. https://doi.org/10.1373/clinchem.2008.112797 (2009).

95. Bustin, S. A. et al. MIQE 2.0: Revision of the minimum information for publication of quantitative real-time PCR experiments
guidelines. Clin. Chem. https://doi.org/10.1093/clinchem/hvaf043 (2025).

96. Koressaar, T. & Remm, M. Enhancements and modifications of primer design program Primer3. Bioinformatics 23, 1289-1291.
https://doi.org/10.1093/bioinformatics/btm091 (2007).

97. Koressaar, T. et al. Primer3_masker: integrating masking of template sequence with primer design software. Bioinformatics 34,
1937-1938. https://doi.org/10.1093/bioinformatics/bty036 (2018).

98. Untergasser, A. et al. Primer3-new capabilities and interfaces. Nucleic Acids Res. 40, e115. https://doi.org/10.1093/nar/gks596
(2012).

99. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 3, research0034.0031. https://doi.org/10.1186/gb-2002-3-7-research0034 (2002).

100. Andersen, C. L., Jensen, J. L. & Orntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: A model-
based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Can.
Res. 64, 5245-5250. https://doi.org/10.1158/0008-5472.can-04-0496 (2004).

101. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45. https://doi.o
rg/10.1093/nar/29.9.e45 (2001).

Acknowledgements

The authors thank Franziska Hackbarth for technical assistance and excellent maintenance of mass spectrom-

eters.

Author contributions

CG acquired funding, performed the experiments, contributed to conceptualization, and wrote the manuscript.
PC and DMC assisted with experiments and writing. JK performed bioinformatics analyses and contributed to
writing. MJ and RNM assisted with experiments and manuscript editing. SIW and CL assisted with experiments,

Scientific Reports|  (2025) 15:32464

| https://doi.org/10.1038/s41598-025-18319-w nature portfolio


https://doi.org/10.1186/gb-2003-4-10-r69
https://doi.org/10.1186/gb-2003-4-10-r69
https://doi.org/10.1200/jco.2011.35.5040
https://doi.org/10.1016/j.bbcan.2018.11.006
https://doi.org/10.3390/cells8121637
https://doi.org/10.1111/cts.13372
https://doi.org/10.1158/1078-0432.ccr-14-0361
https://doi.org/10.2147/ott.s475644
https://doi.org/10.2147/ott.s475644
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1038/nprot.2010.43
https://doi.org/10.1038/nprot.2010.43
https://doi.org/10.3402/jev.v3.26913
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.5281/zenodo.1400710
https://www.R-project.org/
http://www.posit.co/
http://www.posit.co/
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkae1071
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1038/s41596-024-01020-z
https://doi.org/10.1038/s41596-024-01020-z
https://igordot.github.io/msigdbr/
https://doi.org/10.3389/fimmu.2024.1388769
https://doi.org/10.3389/fimmu.2024.1388769
https://doi.org/10.1016/j.mcpro.2025.100917
https://doi.org/10.1038/nprot.2016.136
https://doi.org/10.1021/pr101065j
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1093/clinchem/hvaf043
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1093/bioinformatics/bty036
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1158/0008-5472.can-04-0496
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

data analysis and manuscript editing. ML contributed to bioinformatics, funding acquisition, and editing. BK,
MR, and MWP were involved in conceptualization, assisted with funding acquisition, and edited the manu-
script. All authors read and approved the final version of this manuscript.

Fundin

Open Ac?ess funding enabled and organized by Projekt DEAL. This study was funded by the Monika Kutzner
Stiftung (Bayerische Str. 8, 10707 Berlin, Germany). Cal62 cells were provided through the EU horizon project
Precision drug REPurpOsing For EUrope and the world (REPO4EU). This project is funded by the European
Union under grant agreement No. 101057619. Views and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European Union or European Health and Digital Executive Agen-
cy (HADEA). Neither the European Union nor the granting authority can be held responsible for them. This
work was also partly supported by the Swiss State Secretariat for Education, Research and Innovation (SERI)
under contract No. 22.00115. The Exploris 480 mass spectrometer was funded in part by the German Research
Foundation (INST 95/1435-1 FUGG).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-18319-w.

Correspondence and requests for materials should be addressed to C.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:32464 | https://doi.org/10.1038/s41598-025-18319-w nature portfolio


https://doi.org/10.1038/s41598-025-18319-w
https://doi.org/10.1038/s41598-025-18319-w
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Extracellular vesicle-associated transcriptomic and proteomic biomarkers show in vitro potential for vandetanib treatment monitoring in anaplastic thyroid cancer
	﻿Anaplastic thyroid cancer precision medicine
	﻿Liquid biopsies for cancer therapy monitoring
	﻿Results
	﻿Study design and aims
	﻿Cal62 Viability
	﻿EV Characterization
	﻿Transcriptomics
	﻿Proteomics
	﻿Biomarker validation


	﻿Discussion
	﻿Conclusion
	﻿Methods
	﻿Cell culture and vandetanib treatment
	﻿EV concentration and characterization
	﻿Isolation of cellular RNA and cfRNA
	﻿Total RNA-Seq



