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Lymph node metastasis-dependent molecular classification
in papillary thyroid carcinoma defines aggressive metastatic

outgrowth

Dear Editor,

Lymph node metastasis (LNM) is the most important
prognostic factor and a crucial indicator in the develop-
ment of treatment strategies for patients with papillary
thyroid carcinoma (PTC).!?> A vast majority (25%-60%)
of patients with PTC undergo thyroidectomy with neck
node dissection.? However, researchers continue to debate
whether LNM is leading to over-treatment of patients with
PTC."* Interestingly, we have noted that upon stratify-
ing LNM risk in PTC and clinical outcomes according to
distinct molecular characteristics, LNM showing enrich-
ment of genes related to inflammation and epithelial-
mesenchymal transition (EMT) were more aggressive than
metabolically adapted LNM, and this was applicable in
other tumours.

A flowchart of this study is displayed in Figure SI.
For discovery, we ran differential gene expression analy-
sis based on the negative binomial distribution (DESEQ2)
for 97 patients without LNM [LNM (—)] and 195 patients
with LNM [LNM (+4)] from our PTC patient cohort
(Table S1). One hundred four differentially expressed genes
(DEGs) were upregulated in LNM (+), whereas the other
140 DEGs were downregulated (Figure 1A). In LNM (+)
specimens, DAVID software revealed significant cluster-
ing of up-regulated genes related with EMT pathways
(Figure S2A-C). Subsequent analysis of DEGs using the K-
means unsupervised clustering algorithm was performed
to define marked molecular subtypes, wherein K = 2
showed the greatest classification outcome with a cophe-
netic coefficient value of.736 (Figure 1B, Figures S3 and
S4). To develop a predictive scoring model, we employed
LASSO regression and 18 gene signatures that effectively
deciphered molecular subtypes with an area under curve
value of .97 (Figure 1C-E, Figures SSA-C and S6A,B).

We then characterised the molecular characteristics
of differently defined clusters by evaluating hallmark

gene sets of a molecular signature database using sin-
gle sample gene set enrichment analysis (ssGSEA).” PTC
patients from Cluster 1 in both our cohort and TCGA
shared up-regulated patterns of metabolism-related hall-
mark pathways. PTC patients from Cluster 2 in both
our cohort and TCGA exhibited common enrichment
of EMT and immune response (Figure 2A, Figure S7).
These differences in enrichment were not noted when
patient samples were compared according to LNM status
(Figure S8A,B).

We noticed a dominant proportion of LNM (+) patients
(133[80.6%]) in Cluster 2 in our cohort. Remarkably, 80 N1b
(cancer with lateral neck node metastasis) patient sam-
ples (48.5%) were allocated in Cluster 2, while 32 (25.2%)
Nla (cancer with central neck node metastasis) and 30
(23.6%) N1b patient samples were in Cluster 1. The odds
ratio to observe LNM in Cluster 2 was 4.098 (Figure 2B).
Validation with an odds ratio of 4.691 was observed for
LNM in Cluster 2, which indicates a strong clinical asso-
ciation between Cluster 2 and LNM (Figure S9). We then
set out to determine the prognostic significance of our
signature genes related with disease progression or recur-
rence by integrating clinical survival data from the TCGA
database. In doing so, we noted that patients with LNM
and high LASSO scores in Cluster 2 (upper two thirds of
the designated cluster) displayed significant differences in
their prognosis, compared to those with low LASSO scores
(lower two-thirds of the designated cluster) among LNM
patients in Cluster 1 (Figure 2C). Interestingly, aggressive
outcomes were also noticed in Nla patients from Cluster 2
(Figure 2D). This is a crucial issue, as it is not clear whether
pathological Nla metastasis can serve as a risk factor in
patients with PTC.® Furthermore, we evaluated thyroid
differentiation scores and other important PTC-related
oncogenic pathways and found corroborating evidence
of biological aggressiveness in Cluster 2 (Figure 2E-L,
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FIGURE 1 Discovery of novel molecular subtypes and machine learning model construction. (A) Volcano plot of DESEQ2 in our

in-house PTC patient cohort shows differential transcriptional patterns. The dotted line was drawn to demarcate the threshold of DEGs with a
p-value of.05 (—loglO(p-value) of 1.301). The X-axis represents fold changes in log2 scale, which was calculated as log2(average LNM (+) gene

expression/average LNM (—) gene expression). Additionally, 244 significant DEGs (Bonferroni adjusted p-value < .05) are indicated in red. (B)
Heatmap of two distinctive molecular subtypes in our in-house PTC patient cohort were found via K-means clustering. Expressional levels of

candidate genes are presented as z-scores of log 2 (normalised count + 1). (C) Determination of gene signatures by LASSO regularisation
analysis. A dotted line was drawn to represent 95% confidence intervals of cross validation scores. (D) Heatmap of Pearson correlation
coefficients tested against expression profiles of every 18 gene signature. (E) Receiver operating characteristic curve of the test data set. BP,
biological process; CC, cellular component; DAVID, database for annotation, visualisation, and integrated discovery; DEGs, differentially
expressed genes; DESEQ2 differential gene expression analysis based on the negative binomial distribution; GO, gene ontology; MF,
molecular function;; LNM, lymph node metastasis; PTC, papillary thyroid cancer.

Table S2). Meanwhile, progression-free survival accord-
ing to LNM status or the presence of BRAF mutation, a
unique genomic marker of PTC, did not show prognostic
significance (Figure S10A,B).

Additionally, we compared demographic and genomic
information from PTC patients between different molec-
ular clusters, as well as multivariate linear regression
with LASSO score, to seek for any potential clinical rele-
vance (Tables 1 and S3). Notably, BRAFV6°°F mutation, T
stage, degree of LNM, and extrathyroidal extension (ETE)
differed significantly between two clusters, and depth
of ETE exhibited a significant proportionate relationship
with LASSO score, suggesting a greater chance of severe
metastasis in Cluster 2 PTC patients (Tables S4-S6).

Our gene expression program was extended to actual
LNM samples of PTC by applying it to public databases,
GSE60542 and GSEI51179 (Figure 3A, SIIA-F).”® Also,

we challenged the applicability of our gene expression
program in LNM of other tumour types and incorporated
datasets of breast cancer and melanoma from TCGA,
GSE56493, and GSE65904.%1° Likewise, molecular sub-
types were deciphered using our proposed LASSO gene
expression program, and identified molecular character-
istics were validated in both primary tumour and LNM
(Figure 3A). Moreover, LASSO scores of paired primary
tumour and LNM samples showed significant relevance,
suggesting preservation of molecular profiles after disease
progression (Figure SI2A-E). Analogous tendencies were
observed in poorly differentiated thyroid carcinoma and
anaplastic thyroid cancer patients in GSE76039 (Figure
S13A,B).

To expand the program’s clinical significance, we anal-
ysed treatment responses to radioiodine therapy among
PTC patients in GSE151179. Notably, significant radioactive
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FIGURE 2 Characterisation of novel molecular subtypes of PTC. (A) Bar graph of hallmark gene set enrichment scores compared

between Cluster 1 and Cluster 2 of PTC patients in our cohort. Hallmark gene sets significantly enriched with p-values below.01 are presented.
(B) Number of cases LNM (—), LNM (+), Nla, and N1b specifically depicted as a bar graph in each cluster. Cluster 2 and Cluster 1 have a
correlated LNM risk, odds ratio of 4.357 (95% CI: 2.622-7.295) in our cohort. (C, D) Progression free survival according to high and low LASSO
scores in patients with LNM (+) PTC. Nla was compared. Log rank (Mantel-Cox) test was performed to prove the significance of
Kaplan-Meier survival curves. ssGSEA enrichment scores for (E, I) thyroid differentiation, (F, J) ERK pathway, (G, K) BRAF, and (H, L) RAS
are plotted. Significance bars are only drawn for tumour groups with the same LNM status in each cluster. Error bars are presented with
standard errors of the mean. *p < .05, **p < .01, ***p < .001. OR, odds ratio; RR, relative risk; LNM, lymph node metastasis; PTC, papillary

thyroid cancer.

iodine (RAI) uptake was found in Cluster 1 with markedly
lower LASSO scores than patients without radioiodine
uptake (Figure 3B,C). In addition, LASSO scores were
higher in patients who underwent RAI treatment (RAIT)
(Figure 3D) and in an intermediate- or high-dose group,
compared to no treatment or low-dose group (Figure S14A,
S14B). LASSO scores also showed a clear tendency to
increase as suppressed Tg increased among all patients
who underwent RAIT (Figure 3E) and patients who under-
went high-dose RAIT (Figure S14C). Finally, we observed
concordance between the aggressive outcomes noticed in
Cluster 2 primary tumours with LNM and LNM samples
from other tumour types (Figure 3F-K).

Herein, we report two potential distinct LNM molec-
ular subtypes of PTC with different clinical outcomes
in terms of LNM and biological features. Proposed sig-
natures were conserved throughout disease progression
and validated in other thyroid cancer data and different
tumour types. An EMT/inflammation axis, which we sug-
gest as an aggressive LNM mechanism, requires support
from additional studies for potential application in clinical
settings.
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FIGURE 3 Validation of molecular subtypes in LNM samples and other cancer cohorts. (A) Results of ssGSEA analysis for GSE60542
paired primary tumour and LNM samples and GSE151179 primary tumour and LNM samples were figured into a heatmap. Results of
enrichment analysis for TCGA-BRCA, GSE56493, TCGA-SKCM, and GSE65904 were enrolled for comparison. Genes are listed in the order of
significance evaluated in our discovery cohort. Fold change was calculated as a comparison of average enrichment scores in each molecular
cluster. (B) Panels representing RAI uptake and mutational status of PTC samples in GSE151179 are depicted as molecular clusters. Fisher’s
exact test was performed to evaluate differences in the frequency of RAI uptake in both clusters. (C) LASSO scores were compared between
patients in GSE151179 with different responses after RAIT. (D, E) LASSO scores were compared in our in-house database of patients according
to whether or not RAIT was performed and serum thyroglobulin levels 1 year after RAIT. Mann-Whitney U-test was performed for statistical
analysis. (F, H, I, J) Disease-specific survival was compared between molecular subtypes in either PTC samples with LNM or LNM. Log rank
(Mantel-Cox) test was performed to prove significance of Kaplan-Meier survival curves. (G) Overall survival rate was assessed between
molecular subtypes of GSE56493 LNM samples. (K) Metastatic free survival was compared according to molecular subtypes from GSE65904
LNM samples. *P < .05, **P < .01, ***P < .001. BRCA, breast cancer; LNM, lymph node metastasis; PT, primary tumour; RAI, radioactive
iodine treatment; RAI-R, radioactive iodine treatment refractory; SKCM, skin cutaneous melanoma; Tg, thyroglobulin.

Yonsei Cancer Center, Yonsei University College of ORCID
Medicine, Seoul, South Korea Dong Hyun Seo (© https://orcid.org/0000-0003-4205-3568
Young Suk Jo (© https://orcid.org/0000-0001-9926-8389
Correspondence
Young Suk Jo, Department of Internal Medicine, Yonsei
University College of Medicine, 03722, Seoul, Korea.
Email: joys@yuhs.ac

REFERENCES
1. Lee J, Kim CH, Min IK, et al. Detailed characterization of
metastatic lymph nodes improves the prediction accuracy of
currently used risk stratification systems in N1 stage papillary
Jandee Lee, Department of Surgery, Open NBI thyroid cancer. Eur J Endocrinol. 2020;183(1):83-93.
Convergence Technology Research Laboratory, Severance 2. Lee WK, Lee J, Kim H, et al. Peripheral location and infil-
Hospital, Yonsei Cancer Center, Yonsei University trative margin predict invasive features of papillary thyroid

College of Medicine, Seoul, 03722, South Korea microcarcinoma. Eur J Endocrinol. 2019;181(2):139-149.
Email: jar’l dee@yuhs.ac 3. Agrawal N, Akbani R, Aksoy BA, et al. Integrated genomic char-

acterization of papillary thyroid carcinoma. Cell. 2014;159(3):676-

690.

Dong Hyun Seo and Seul Gi Lee contributed equally to 4. Cranshaw IM, Carnaille B. Micrometastases in thyroid cancer.
this study. An important finding? Surg Oncol. 2008;17(3):253-258.


mailto:joys@yuhs.ac
mailto:jandee@yuhs.ac
https://orcid.org/0000-0003-4205-3568
https://orcid.org/0000-0003-4205-3568
https://orcid.org/0000-0001-9926-8389
https://orcid.org/0000-0001-9926-8389

LETTER TO THE EDITOR

60f6 CLINICAL AND TRANSLATIONAL MEDICINE
- ‘OpenAccess.

5. Barbie DA, Tamayo P, Boehm JS, et al. Systematic RNA interfer- 9. Tobin NP, Harrell JC, Lovrot J, et al. Molecular subtype and

ence reveals that oncogenic KRAS-driven cancers require TBKI.
Nature. 2009;462(7269):108-112.

. Lee YM, Park JH, Cho JW, Hong SJ, Yoon JH. The definition of
lymph node micrometastases in pathologic N1a papillary thyroid
carcinoma should be revised. Surgery. 2019;165(3):652-656.

. Tarabichi M, Saiselet M, Trésallet C, et al. Revisiting the tran-
scriptional analysis of primary tumours and associated nodal
metastases with enhanced biological and statistical controls:
application to thyroid cancer. Br J Cancer. 2015;112(10):1665-
1674.

. Colombo C, Minna E, Gargiuli C, et al. The molecular and
gene/miRNA expression profiles of radioiodine resistant papil-
lary thyroid cancer. J Exp Clin Cancer Res. 2020;39(1):245.

10.

tumor characteristics of breast cancer metastases as assessed
by gene expression significantly influence patient post-relapse
survival. Ann Oncol. 2015;26(1):81-88.

Cirenajwis H, Ekedahl H, Lauss M, et al. Molecular stratification
of metastatic melanoma using gene expression profiling: predic-
tion of survival outcome and benefit from molecular targeted
therapy. Oncotarget. 2015;6(14):12297-12309.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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