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a b s t r a c t 

Background: Rearrangements of RET are drivers of oncogenesis, traceable in different cancer types as 

papillary thyroid carcinoma (PTC), non-small cell lung cancer, colorectal or breast cancer. Anchored mul- 

tiplex PCR based next-generation sequencing (NGS) can detect RET rearrangements involving previously 

unknown partner genes. 

Methods: A sample of PTC underwent NGS, following detection of RET rearrangement by fluorescence 

in situ hybridization. Expression analysis of ANKRD26 and RET was performed for the tumor harboring 

ANKRD26-RET , for corresponding normal thyroid tissue and PTC tumors with representative genetic alter- 

ations ( BRAFV600E, CCDC6-RET ), complemented by a comparative search in the “UniProt” database. 

Results: NGS analysis resulted in the discovery of the fusion ANKRD26-RET. ANKRD26 mRNA was ex- 

pressed in all PTC tumors ( ANKRD26-RET, BRAFV600E, CCDC6-RET ) and in normal thyroid tissue, whereas 

RET mRNA was detected only in the tumors with RET rearrangement. On protein level, ANKRD26-RET 

combines the RET tyrosine kinase to ankyrin repeat and coiled-coil domains. 

Conclusions: ANKRD26-RET is a novel rearrangement of the RET gene, associated with RET expression in 

thyroid tissue. The result is a fusion of the RET tyrosine kinase to prominent protein-protein interac- 

tion motifs. Further studies are required to investigate the influence of different RET rearrangements on 

metastasis and disease-free survival in PTC. 

© 2019 Elsevier Inc. All rights reserved. 
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Introduction 

Since the 1990s, rearrangements of the RET gene were discov-

ered as molecular alterations responsible for tumorigenesis in dif-

ferent cancer types. In approximately one third of papillary thy-

roid carcinoma cases, RET rearrangements are detectable, with a

variation depending on geographical background and the applied

method of assessment [1–4] . In 1–2% of non-small cell lung can-

cer, RET rearrangements are detected [5] . Moreover, RET rearrange-

ments were reported in breast cancer, colorectal cancer and other

tumor entities ( Table 1 ). 

The proto-oncogene RET (“rearranged during transfection”) en-

compasses 21 exons. It is located on chromosome 10q11.21. RET

encodes for a receptor tyrosine kinase [6,7] . Activation of the ty-
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osine kinase influences the regulation of RAS-MAPK and PI3K-AKT

ascades, which are essentially involved in the regulation of cell

urvival, differentiation and proliferation [8–12] . The physiological

ctivation of the RET tyrosine kinase is transacted by glial cell line-

erived neurotrophic factor (GDNF)-family ligands, which - in pres-

nce of GDNF-family receptor- α proteins - bind to the extracellular

eceptor domain of RET, leading to the formation of a symmetric

imer complex. In brief, an autophosphorylation of selected tyro-

ine residues at the intracellular kinase region of RET occur, which

ontributes to the activation of this kinase. Depending on the phos-

horylation site, different pathways can be activated, partly me-

iated by the binding of adaptor proteins and enzymes includ-

ng SHC, FRS2, SRC and PLCG [8] . In case of RET rearrangement,

egulatory regions, deriving from partner genes, can exert a

ignificant influence on the expression of RET and its tyro-

ine kinase activity [13] . Oncogenic rearrangement can result in

https://doi.org/10.1016/j.cancergen.2019.07.002
http://www.ScienceDirect.com
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.cancergen.2019.07.002&domain=pdf
mailto:julia.staubitz@unimedizin-mainz.de
https://doi.org/10.1016/j.cancergen.2019.07.002


J.I. Staubitz, T.J. Musholt and A. Schad et al. / Cancer Genetics 238 (2019) 10–17 11 

Table 1 

Fusion partner genes of RET -rearrangements in different cancer types. 

Partner gene Cancer type Year First Description 

1 CCDC6 (H4) Thyroid carcinoma 

Papillary thyroid carcinoma 1990 Grieco et al. [15] 

Huerthle cell carcinoma 2002 Chiappetta et al. [56] 

Anaplastic thyroid carcinoma 2013 Guerra et al. [57] 

Non-small cell lung cancer 2012 Takeuchi et al. [24] 

Wang et al. [5] 

Colon adenocarcinoma 2014 Stransky et al. [13] 

2 PRKAR1A Papillary thyroid carcinoma 1992 Lanzi et al. [17] 

3 NCOA4 (RFG, ELE) Thyroid carcinoma 

Papillary thyroid carcinoma 1994 Santoro et al. [18] 

Bongarzone et al. [16] 

Huerthle cell carcinoma 2003 Musholt et al. [58] 

Non-small cell lung cancer 2012 Wang et al. [5] 

Colorectal cancer 2015 Le Rolle et al. [59] 

Salivary gland intraductal carcinoma 2018 Skalova et al. [60] 

4 GOLGA5 Papillary thyroid carcinoma 2000 Rabes et al. [19] 

Spitzoid neoplasm 2014 Wiesner et al. [32] 

5 TRIM24 (TIF1, HTIF) Papillary thyroid carcinoma 2000 Rabes et al. [19] 

6 TRIM33 (RFG7) Papillary thyroid carcinoma 2000 Rabes et al. [19] 

Non-small cell lung cancer 2013 Drilon et al. [25] 

7 KTN1 Papillary thyroid carcinoma 2000 Salassidis et al. [21] 

8 RFG8 Papillary thyroid carcinoma 2000 Klugbauer et al. [61] 

9 PCM1 Papillary thyroid carcinoma 2000 Corvi et al. [62] 

10 TRIM27 (RFP) Papillary thyroid carcinoma 2003 Saenko et al. [63] 

Salivary gland intraductal carcinoma 2018 Skalova et al. [60] 

11 ELKS Papillary thyroid carcinoma 2005 Liu et al. [64] 

12 HOOK3 Papillary thyroid carcinoma 2007 Ciampi et al. [65] 

13 KIF5B Non-small cell lung cancer 2012 Kohno et al. [23] 

Takeuchi et al. [24] 

Spitzoid neoplasm 2014 Wiesner et al. [32] 

14 ACBD5 Lung cancer 2012 Lipson et al. [66] 

15 FGFR1OP Chronic myelomonocytic leukemia 2012 Ballerini et al. [30] 

Acute myeloid leukemia 2014 Bossi et al. [31] 

16 BCR Chronic myelomonocytic leukemia 2012 Ballerini et al. [30] 

17 TBL1XR1 Papillary thyroid carcinoma 2014 Stransky et al. [13] 

18 FKBP15 Papillary thyroid carcinoma 2014 Stransky et al. [13] 

19 ERC1 Breast cancer 2014 Stransky et al. [13] 

20 AKAP13 Papillary thyroid carcinoma 2014 Stransky et al. [13] 

21 SPECC1L Papillary thyroid carcinoma 2014 Stransky et al. [13] 

21 KIAA1468 Non-small cell lung cancer 2014 Nakaoku et al. [27] 

Papillary thyroid carcinoma 2018 Staubitz et al. [43] 

22 RUFY2 Non-small cell lung cancer 2014 Zheng et al. [67] 

Papillary thyroid carcinoma 2018 Staubitz et al. [43] 

23 CUX1 Non-small cell lung cancer 2014 Lira et al. [26] 

24 MYH13 Medullary thyroid carcinoma 2015 Grubbs et al. [68] 

25 MYO5C Non-small cell lung cancer 2016 Lee et al. [69] 

26 ANK3 Thyroid carcinoma 2016 Chai et al. [70] 

27 CLIP1 Non-small cell lung cancer 2016 Drilon et al. [71] 

28 KIAA1217 Non-small cell lung cancer 2016 Lee et al. [28] 

29 AFAP1L2 Papillary thyroid carcinoma 2017 Iyama et al. [72] 

30 PPFIBP2 Papillary thyroid carcinoma 2017 Iyama et al. [72] 

31 PICALM Non-small cell lung cancer 2017 Gautschi et al. [73] 

32 EPHA5 Non-small cell lung cancer 2017 Gautschi et al. [73] 

33 RRBP1 Colorectal Cancer 2017 Kloosterman et al. [74] 

34 UEVLD Papillary thyroid carcinoma 2017 Lu et al. [75] 

35 SQSTM1 Papillary thyroid carcinoma 2017 Kato et al. [76] 
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 constitutive activation of the encoded RET receptor tyrosine

inase. 

In the field of papillary thyroid carcinoma, RET rearrangements

eceived the acronym “RET/PTCx”, which were numbered consecu-

ively according to their first description in the literature [14] . The

earrangement “RET/PTC1” involves the 5 ′ donor gene CCDC6 [15] .

RET/PTC2” describes a rearrangement of RET to PRKAR1A , whereas

RET/PTC3” and “RET/PTC4” refer to rearrangements of RET to 

COA4 [16–18] . Similarly, in “RET/PTC5”, RET is fused to GOLGA5 ,

n “RET/PTC6” to TRIM24 , in “RET/PTC7” to TRIM33 , in “RET/PTC8”

o KTN1 and in “RET/PTC9” to RFG8 [19–21] . Nowadays, due to

he multiplicity of RET/PTC rearrangements and their appearance

n cancer types other than PTC, a nomenclature according to the

nvolved genes is applied [22] . In the field of non-small cell lung

ancer, rearrangements of RET to KIF5B, CCDC6, NCOA4, TRIM33,
UX1, KIAA1468 and KIAA1217 were reported [5,23–28] . In colon

denocarcinoma, RET fusions involving CCDC6 and NCOA4 were ob-

erved, whereas in breast cancer the rearrangement ERC1-RET was

etected [13,29] . Also, in other cancer types as leukemia ( BRC-RET,

GFR1OP-RET ) and tumors of the skin ( GOLGA5-RET, KIF5B-RET ),

ET fusion oncogenes were described as the underlying molecular

lterations [30–32] . With the use of modern next-generation

equencing methods becoming more frequent in the last years,

n increasing number of novel RET rearrangements was reported

 Table 1 ). 

For the treatment of RET rearrangement positive cancer, dif-

erent multikinase inhibitors were applied in the clinic - so far,

owever, with limited long-term success [33,34] . More specific in-

ibitors are subject of ongoing developments as represent possi-

le tools for targeted therapies in the future. The success of these
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future therapies will depend on a comprehensive understanding of

the landscape of RET rearrangements and their effect on protein-

protein interactions. 

Material and methods 

Material 

Tumor tissue was collected from a 78-year-old male patient,

who underwent total thyroidectomy and central lymph node dis-

section for papillary thyroid carcinoma, follicular variant ( Fig. 1 ). 

The tumor sample was selected after previous exclusion of

BRAFV600E mutation and RET/PTC1 ( CCDC6-RET ) fusion, as de-

scribed by Musholt et al. [35] . Further, the presence of a RET/PTC

rearrangement was indicated by fluorescence in situ hybridization

(FISH), “ZytoLight SPECT RET Dual Color Break Apart Probe” (Zyto-

Vison GmbH, Bremerhaven, Germany) [36] . 

Methods 

Tumor tissue was retrieved from 4 μm formalin-fixed paraffin-

embedded (FFPE) tissue slices (80% tumor cells). Extraction of

DNA/RNA was performed using Maxwell RSC FFPE Kit (Promega,

Wisconsin, USA) after manual microdissection. 

Next-generation sequencing 

Targeted next-generation sequencing was performed using

Archer VariantPlex and Archer FusionPlex solid tumor kit (Archer,

Boulder, Colorado, USA) according to the manufacturer’s instruc-

tions. For VariantPlex, DNA libraries are generated by two poly-

merase chain reactions (PCR). Libraries are uniquely tagged with

a specific combination of two indices during library preparation.

The FusionPlex library preparation protocol includes the genera-

tion of cDNA from RNA prior to the aforementioned steps. The

combination of the VariantPlex and FusionPlex protocol allows for

an analysis of potential mutational events in over 60 genes. Fur-

thermore, unknown gene fusions involving one known gene part-

ner (e. g. RET ) included in the gene panel can be identified. The

MiSeq System (Illumina, San Diego, California, USA) was used for

library sequencing. Data was demultiplexed and aligned to the hu-

man reference genome hg19. The output (FASTQ format) was pro-

cessed using Archer Analysis Software (Archer, Boulder, Colorado,
Fig. 1. Histological image of the index patient tissue harboring ANKRD26-RET . 

Histological image of the index patient harboring ANKRD26-RET : a follicular variant 

papillary thyroid carcinoma. Condensed colloid in irregularly developed follicular 

structures is apparent ( ∗). The partly atrophic epithelium forms typical papillae (ar- 

row). Capsular invasion is evident. Hematoxylin and eosin stain. 
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SA). To eliminate false positive results, filters for the detection of

ariants were used as follows: depth ≥ 100; allele frequency ≥10%.

n-frame fusions were considered only. Called variants from the

osmic (v65) scientific database were integrated by the software

Archer Analysis”. 

onfirmation of ANKRD26-RET 

The newly identified fusion gene ANKRD26-RET was analyzed

n the extracted tumor RNA and in the RNA derived from corre-

ponding normal thyroid tissue of the same patient (Maxwell RSC

FPE Kit, Promega), using reverse transcription polymerase chain

eaction (RT-PCR). cDNA was generated via reverse transcription

Random primers (C1181, Promega, Wisconsin, USA), 70 °C for

 min; Mastermix (M-MLV Reverse Transcriptase M1701, Promega,

isconsin, USA; RNAsin Plus RNAse inhibitor N2615, Promega,

isconsin, USA; dNTP set 100 mM, Invitrogen, Thermo Fisher Sci-

ntific, Waltham, MA, USA), 40 ° for 60 min). For fusion-specific am-

lification, the following primers were used: ANKRD26_Ex29_fw2

TCCATGGAGATTTAAAAACTAGTCAA) and RET_Ex12_rv1 (TGTACC-

TGCTCTGCCTTTC; biomers.net GmbH, Ulm, Germany). 2.0 μl of

DNA template was processed with the Fast Cycling PCR Mix

Qiagen, Venlo, Netherlands). The PCR program encompassed the

ollowing temperatures: 95 °C 5 min, 96 ° 5 s, 52 ° 5 s, 68 ° 7 s, 72 °
 min, 35 cycles, reaction volume 20 μl. For this combination of

rimers, a sequence length of 211 bp was expected and analyzed

n gel electrophoresis (2% agarose gel with ethidium bromide). 

Finally, Sanger sequencing was carried out by GenomeLab DTCS

uick Start Kit (Beckman Coulter life sciences, Brea, USA) using

he primer RET_Ex12_rv2: TGTACCCTGCTCTGCCTTTC (biomers.net

mbH, Ulm, Germany); PCR program 96 °C 20 s, 50 ° 20 s, 60 ° 4 min,

0 cycles. Beckman Coulter CEQ80 0 0 analyzer and software was

sed for analysis. 

xpression analysis of ANKRD26 and RET 

Three PTC samples were analyzed: the tumor tissue of the

resent case harboring ANKRD26-RET (“T1”), and tumor samples

arboring typical genetic alterations in PTC ( BRAFV600E (“T2”) and

CDC6-RET (“T3”)). Also, normal thyroid tissue of these 3 patients

nderwent expression analysis. 

RNA extraction and generation of cDNA was performed as

escribed above. The protocol for analysis was based on primer

ombinations ANKRD26ex32fw1, GCATGGAGAACTACTTGAGCA +
NKRD26ex32rv1, CCAGATTCCAATTCAGCAGCA (expected amplicon

ength 91 bp, expression of ANKRD26 ), RETex14fw1, GGCAGATCT-

ACAGGGGATG + RETex15rv1, CTTCATCTTCCGCCCCTCAG (resulting

mplicon length 101 bp, expression of RET ) and ANKRD26ex29fw2,

CCATGGAGATTTAAAAACTAGTCAA + RETex12rv2, TGTACCCTGCTCT-

CCTTTC (resulting amplicon length 186 bp, expression of break-

oint region in ANKRD26 - RET ). For amplification, the following

ycling protocol was used: 95 °C for 15 min; 94 °C for 30 s, 52 ° for

0 s and 72 ° for 45 s, 6 cycles; 94 °C for 30 s, 56 ° for 30 s, 29 cycles.

 total of 2.1 μl of cDNA was processed, 1 μl of each primer for

forementioned combinations (biomers.net GmbH, Ulm, Germany),

.4 μl of H 2 O and 10.5 μl of Mastermix (Qiagen Multiplex-Mix,

iagen, Hilden, Germany). 

PCR products were analyzed by gel electrophoresis in 2%

garose gels (ethidium bromide). 

rediction of protein expression 

The “Ensembl” platform was used to retrieve the common tran-

cripts of ANKRD26 and RET ( http://ensemblgenomes.org , [37] ).

he full sequence of the fusion gene, based upon “Ensembl” re-

ults, was reconstructed. A translation to the amino acid sequence

as performed using “ExPASy” platform ( https://www.expasy.org ,

38] ). Protein domains expressed by the fusion gene were analyzed

sing “UniProt” database ( https://www.uniprot.org , [39] ). 

http://ensemblgenomes.org
https://www.expasy.org
https://www.uniprot.org
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Fig. 2. ANKRD26-RET fusion gene . 

In ANKRD26-RET, ANKRD exon 29 is fused to exon 12 of RET (RNA-based illustration). Results are shown according to next-generation sequencing “Archer Analysis” software. 

Fig. 3. Sanger sequencing . 

Sanger sequencing confirmed the presence of the fusion ANKRD26-RET , showing the breakpoint on RNA level (primer: RET_rv2). Note that the reverse complementary strand 

is shown for ANKRD26-RET fusion transcript. Arrows indicate breakpoint. 
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esults 

ext-generation sequencing: discovery of ANKRD26-RET 

Targeted next-generation sequencing using Archer FusionPlex 

evealed the expression of ANKRD26-RET in the selected papil-

ary thyroid carcinoma (Reads: 42,%Reads: 93.3). The breakpoint

ithin RET on RNA level was at the initial sequence of exon

2, chr10:43612032, whereas in ANKRD26 , it was in exon 29,

hr10:27311487 ( Fig. 2 ). 

The mutational profile was analyzed by targeted next-

eneration sequencing with Archer VariantPlex and FusionPlex.

he method, which allows for a simultaneous analysis of over 60

enes, including typical spots of genetic alterations in PTC ( BRAF,

TRK1/2/3, TERT, PPARG, HRAS, KRAS, NRAS and others), did not re-

eal any other concomitant genetic rearrangement or variants in

he tumor tissue sample. 

onfirmation of ANKRD26-RET by PCR and Sanger sequencing 

Gel electrophoretic analysis of the fusion-specific amplifica-

ion product confirmed the existence of the novel fusion gene

NKRD26-RET in the tumor tissue. In normal thyroid tissue of the

ame patient, the fusion was not detectable. Sanger sequencing

f the PCR product again confirmed the existence of the novel

ET/PTC fusion of tumor c-DNA ( Fig. 3 ). 
emi-quantitative expression analysis of ANKRD26 and RET 

The semi-quantitative expression analysis illustrated that in all

ypes of tumor (T1 ( ANKRD26-RET positive), T2 ( BRAFV600E posi-

ive), T3 ( CCDC6-RET positive) as well as in normal thyroid tissue

erived from the same patients, ANKRD26 was expressed ( Fig. 4 ). 

In contrast, significant RET mRNA expression was restricted to

he tumors T1 ( ANKRD26-RET positive) and T3 ( CCDC6-RET posi-

ive). In the BRAFV600E mutation positive tumor, T2, as well as

n the normal thyroid tissue samples, expression of RET was al-

ost absent and may be related to expression to non-follicular

ells ( Fig. 4 ). As expected, the breakpoint region ANKRD26-RET was

xpressed singularly by the index tumor T1. 

rediction of protein expression ANKRD26-RET 

Based on the results of the “UniProt” database research

or Ankyrin repeat domain-containing protein 26 (ANKRD26-201

NST0 0 0 0 0376087.4, 6Q9UPS8) the presence of two coiled-coil do-

ains (positions 529–566 and 743–873), and an incomplete coiled-

oil region (905–1405, originally 905–1472) in ANKRD26-RET was

redicted. The ankyrin repeats (ANK1-ANK5) at positions 45–75,

9–108, 112–141, 145–174 and 178–207 in ANKRD26 are thor-

ughly included in the ANKRD26-RET protein. At position 1405, the

NKRD26 portion is fused to RET, which contains the RET tyrosine

inase (positions 1417–1709 in ANKRD26-RET, originally positions

24–1016 in RET, Fig. 5 ). 
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Fig. 4. Expression analysis of ANKRD26 and RET . 

The expression of the genes ANKRD26 and RET , as well as the fusion gene ANKRD26- 

RET are presented in Figure 4A-C: 

A ( ANKRD26 ∗): primers: ANKRD26ex32fw1 + ANKRD26ex32rv1 (amplicon length: 

91 bp), ubiquitous expression of ANKRD26 in all types of PTC and normal thyroid 

tissue. 

B ( RET ∗∗): RETex14fw1 + RETex15rv1 (amplicon length: 101 bp), significant RET ex- 

pression singularly in tumors T1 ( ANKRD26-RET ) and T3 ( CCDC6-RET ). 

C ( ANKRD26-RET ∗∗∗): ANKRD26ex29fw2 + RETex12rv2 (amplicon length: 186 bp), ex- 

pression of the breakpoint region of ANKRD26-RET singularly in T1. 

T1: ANKRD26-RET , N1: corresponding normal tissue for T1, T2: BRAFV600E , N2: cor- 

responding normal thyroid tissue for T2, T3: CCDC6-RET , N3: corresponding normal 

thyroid tissue for T3, C: control, H 2 O. 
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Discussion 

The discovery of novel RET/PTC rearrangements is facilitated by

the use of modern next-generation sequencing techniques, which

- by targeting one gene partner - can reveal the identity of the

second gene involved. However, the presence of fusion genes in

papillary thyroid carcinoma is ranging from 6–46%, and the land-

scape of gene fusions in PTC has been scrutinized largely, map-

ping rearrangements of RET, NTRK1, NTRK3, ALK, PPARG, BRAF and
Fig. 5. Protein interaction motifs in ANKRD26-RET . 

In ANKRD26-RET, there are 5 ankyrin repeats (ANK1-ANK5) at positions 45–75, 79–108, 11

and an incomplete coiled-coil domain (905–1405, originally 905–1472 in ANKRD26). At po

kinase (positions 1417–1709, originally positions 724–1016 in RET). ANKRD26-RET compri

AK: ankyrin repeat, CC: coiled-coil domain, TK: tyrosine kinase domain. 
HADA [22,40] . The most common form of genetic rearrangement

nvolves RET (approximately one third of sporadic PTC cases). The

ost prevalent rearrangements involve the partner genes CCDC6

nd NCOA4 [22] . Consequently, in PTC, the likelihood to discover

ovel oncogenic RET rearrangements - even when using modern

ext-generation sequencing techniques - is relatively low. Yet, a

re-selected cohort allows for an increased probability to detect

are genetic rearrangements. In this case, a tumor sample was ana-

yzed, which was previously discovered to harbor a rearrangement

f the RET gene by fluorescence in situ hybridization, and was neg-

tive for its most common rearrangement RET/PTC1 ( CCDC6-RET ),

xcluded by fusion-specific RT-PCR amplification [36] . 

Tumor tissue was retrieved from a 78-year-old patient who

uffered from the follicular variant of papillary thyroid carcinoma

pT3, pN0 (0/2), M0, R0). For the follicular variant of PTC, BRAF

utations were described to have a relatively high frequency [41] .

oreover, RAS mutations were discovered primarily in encapsu-

ated follicular variant PTC [41,42] . In addition, RET rearrangements

an play a role for the follicular variant of PTC, as we previously

etected RUFY2-RET in this PTC subtype [43] . In the present case,

either BRAF mutations, nor RAS ( HRAS, NRAS, KRAS ) mutations

ere detected. Yet, the novel rearrangement ANKRD26-RET was

dentified. The analysis of normal thyroid tissue of the same pa-

ient did not show the specific rearrangement, underlining the rel-

vance of the fusion in association with tumor development. 

Analyses of the RET gene in HTori-3 human thyroid cells

howed that within intron 11, there is a fragile site, which facil-

tates DNA breakage [44] . Similarly, the two most common rear-

angements of the RET gene, RET/PTC1 ( CCDC6-RET ) and RET/PRC3

 NCOA4-RET ), are constituted by the breakpoint within intron 11 of

ET [45,46] . In the present analysis on RNA basis, the breakpoint

esulted at the initial sequence of exon 12, implying that on DNA

evel, the common fragile site - intron 11 - is affected. 

ANKRD26 is a newly discovered fusion gene partner to RET .

e observed a ubiquitous expression of ANKRD26 in normal thy-

oid tissue, as well as in the analyzed samples of papillary thyroid

arcinoma harboring ANKRD26-RET rearrangement, CCDC6-RET re-

rrangement and BRAFV600E mutation. In the literature, ANKRD26

 KIAA1074 ) mutations were described as causative alterations for

ematological disorders as inherited thrombocytopenia and acute

yeloid leukemia [47–49] . A research in the murine model (3T3-

1 cells) identified interaction partners of ANKRD26 to be the

riple functional domain protein (TRIO), the G protein pathway

uppressor 2 (GPS2), the delta-interacting protein A (DIPA) and the

yaluronan-mediated motility receptor (HMMR). ANKRD26, as well

s the identified interaction partners, were shown to have a regu-

ating influence on adipogenesis [50] . 

The ankyrin repeats and coiled-coil domains of the fusion

rotein ( Fig. 5 ) derive from the ANKRD26 portion of ANKRD26-RET .

oiled-coil domains represent recognized dimerization motifs

51,52] . The ankyrin repeat, a module among the most common

tructural motifs in proteins, was reported to specifically medi-

te protein-protein interactions. Serial ankyrin repeats can form

nkyrin repeat domains, usually comprising four to six repeats
2–141, 145–174, 178–207), 2 coiled-coil domains (positions 529–566 and 743–873), 

sition 1405, the ANKRD26 portion is fused to RET, which contains the RET tyrosine 

ses 1807 amino acids. 
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53] . In the ANKRD26-RET protein, five sequent ankyrin repeats

re included. 

Physiologically, RET activation is distinctly regulated by (GDNF)-

amily ligands, which - in presence of GDNF-family receptor- α pro-

eins - bind to the extracellular receptor domain of RET, leading to

he formation of a symmetric dimer complex. An autophosphoryla-

ion of selected tyrosine residues at the intracellular kinase region

f RET results. The fusion of the RET tyrosine kinase to dimeriza-

ion motifs deriving from ANKRD26, however, could lead to ligand

ndependent dimerization. Tumorigenesis can be effectuated by a

onstitutive activation of the downstream pathways. To closely an-

lyze the impact on subsequent signaling cascades, further analy-

es of the proteome are required. 

Generally, RET rearrangement appears in different cancer types,

nd the use of modern next-generation sequencing methods un-

overs the variety of genes, which can be fused to RET ( Table 1 ). It

ppears plausible, that a rearrangement connecting RET to a gene,

hich is expressed in the affected tissues, is the basis to unfold

ts oncogenic potential. As this study underlines, in thyroid tissue,

ET usually is transcriptionally silent, unless it is fused to genes,

hich are expressed in thyroid tissue ( ANKRD26, CCDC6, Fig. 4 ).

he presence of dimerization motifs, contributed by the fusion

artner genes of RET, facilitates tumorigenesis, as a ligand inde-

endent, abbreviated activation pathway of the tyrosine kinase can

ccur. Several studies describe coiled-coil domains, sterile alpha

otif (SAM) domains, LisH domains and tryptophan-aspartate re-

eats (WDR), which enable ligand-independent dimerization, and

hereby an activation of the chimeric RET protein [13,33] . Yet it

s unclear, whether different RET rearrangements, or different sub-

roups of RET rearrangements defined by the regulatory regions

ontributed by the partner genes, play a role in the clinical devel-

pment of disease. In addition, the disruption of the fusion part-

er gene might play an important role, as e.g. a loss of the tu-

or suppressor function of PRKAR1A in RET/PTC2 and an impaired

roapoptotic effect of CCDC6 in RET/PTC1 [22,54,55] . Further large-

cale studies of the different rearrangements in relation to the clin-

cal development, regarding the development of metastases and

isease-free survival, are required. 

So far, treatment approaches with tyrosine kinase inhibitors

howed modest long-term results in the field of RET rearrange-

ent driven cancers, which might be explained by a relatively low

pecificity for the primary target, that sets a limit to the maxi-

um drug dose [33,34] . The development of more specific RET in-

ibitors could facilitate a targeted approach for the multiplicity of

earrangement positive cancers. In addition, a combined inhibition

f downstream targets in the MAPK pathway was described as a

romising strategy [33] . With a more profound knowledge of the

egulatory regions and protein-protein interaction motifs influenc-

ng the RET tyrosine kinase activity, also an upstream intervention

ight be taken into consideration for a future biological armamen-

arium against RET driven cancers. 

onclusion 

ANKRD26-RET is a novel fusion of the RET gene. It is first de-

cribed in the follicular variant of papillary thyroid carcinoma. The

resent research suggests that the fusion of RET to the partner

ene ANKRD26 enables its expression in thyroid tissue. On pro-

ein basis, ANKRD26-RET leads to the fusion of the tyrosine ki-

ase region of RET to prominent protein-protein interaction motifs

coiled-coil and ankyrin repeat domains), potentially facilitating a

onstitutive tyrosine kinase activation. 

Generally, the use of modern next-generation sequencing meth-

ds uncovers the variety of genes, which can be fused to RET in

ifferent cancer types. It is still unclear whether different RET re-

rrangements are responsible for a diverse course of disease in
TC. Large-scale studies of the different rearrangements in relation

o the clinical development, e.g. development of metastases and

isease-free survival, are required. 
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