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Abstract 

Anaplastic thyroid cancer (ATC) is a rare, aggressive form of undifferentiated thyroid cancer, which exhibits rapid 
progression and is almost universally fatal. At least a subset of ATC is thought to arise from pre-existing well-differen-
tiated thyroid cancer, most frequently papillary thyroid cancer (PTC). While PIK3CA mutations are rare in PTC, they are 
common in ATC and tend to co-occur with BRAF mutations. This provided the rationale for our study to identify the 
potential role of PIK3CA mutations in the progression from well-differentiated to undifferentiated thyroid cancer. We 
introduced PIK3CAE545K into the LAM1 PTC cell line, which carries a BRAFV600E mutation. In culture, the engineered cell 
line (LAM1:PIK3CAE545K) proliferated faster and demonstrated increased clonogenic potential relative to the parental 
line carrying an empty vector  (LAM1EV). Both the  LAM1EV and LAM1:PIK3CAE545K edited lines were implanted into hind 
flanks of athymic nude mice for in vivo determination of disease progression. While tumour weights and volumes 
were not significantly higher in LAM1:PIK3CAE545K mice, there was a decrease in expression of thyroid differentiation 
markers TTF-1, thyroglobulin, PAX8 and B-catenin, suggesting that introduction of PIK3CAE545K led to dedifferentiation 
in vivo. Collectively, this study provides evidence of a role for PIK3CAE545K in driving disease progression from a well-
differentiated to an undifferentiated thyroid cancer; however, over-expression was not a determinant of an acceler-
ated growth phenotype in ATC.
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Introduction
Well-differentiated subtypes of thyroid cancer (papillary 
thyroid cancer, PTC; follicular thyroid cancer; FTC) have 
an excellent prognoses, typically with greater than 95% 
five-year survival rates [1]. In contrast, anaplastic thy-
roid cancer (ATC) is a rare, undifferentiated thyroid can-
cer which progresses rapidly and has a mortality rate of 
over 90% [2, 3]. Surgery, radiation and chemotherapy are 
often futile for ATC, with patients experiencing a median 
survival of approximately six months following diagnosis 
and some patients dying within days of diagnosis [4–7]. 
Thus, ATC represents one of the most lethal human 
malignancies.

PTC has a low frequency of genetic alterations, with 
the majority of tumours carrying a single driver muta-
tion and an absence of tumour suppressor alterations 

[8]. In contrast, the mutational landscape of ATC is 
more complex, with many tumours carrying muta-
tions in multiple oncogenes in addition to tumour 
suppressors [9]. One current model of thyroid car-
cinoma suggests that ATC arises from pre-existing 
well-differentiated thyroid cancer (WDTC) following 
accumulation of additional genetic events, produc-
ing a much more aggressive cancer [2]. Indeed, up to 
79% of patients diagnosed with ATC have a co-existing 
region or a prior history of WDTC (most frequently 
PTC), providing further evidence of its derivation from 
pre-existing thyroid cancer lesions [10]. One particular 
cluster of ATC tumours carried both BRAFV600E and the 
PIK3CA canonical hotspot mutations, with the E545K 
variant being the most common [9]. While BRAFV600E 
mutations have a very high frequency in both PTC and 
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ATC tumours (59.7% and 45%, respectively), mutational 
changes in PIK3CA are only present in 0.5% of PTC 
patient samples and at a much higher frequency of 18% 
in ATC [8, 9]. As BRAF and PIK3CA mutations tended 
to co-occur in the ATC tumours, we hypothesized that 
the introduction of a PIK3CA mutation into a BRAF 
mutant PTC model would lead to increased aggressive-
ness and cellular dedifferentiation, mimicking a possi-
ble route of progression from PTC to ATC.

Materials and methods
Cell lines and culture conditions
The LAM1 cell line, a gift from Dr. John Copland 
(Mayo Clinic, Jacksonville, Florida) which is a con-
firmed BRAFV600E PTC cell line, was used for this study 
[11]. The LAM1 cell line was cultured in DMEM/F12 
media supplemented with 10% FBS (GIBCO), penicil-
lin (100  µg/mL) and streptomycin (100  µg/mL) (Inv-
itrogen). Short tandem repeat (STR) profiling was 
carried out at The Centre for Advanced Genomics as 
described previously  [12]. PCI6A and JHU029 are both 
head and neck squamous cell cancer cell lines and both 
carry canonical hot spot mutations in PIK3CA. PCI6A 
carries an E545K mutation and JHU029 has a H1047L. 
For the purpose of this study, PCI6A was used as a pos-
itive control for the expression of the E545K mutation 
and JHU029 was used to confirm the specificity of the 
mutant primer qPCR.

Transfection of a  PIK3CAE545K expression vector 
into the LAM1 cell line
The most frequent PIK3CA variant occurring in ATC 
is the E545K variant [9], providing the rationale for our 
study. PIK3CA exon9 E545K was a gift from Bert Vogel-
stein (Addgene plasmid #16,642). This expression vec-
tor [13] was used to transfect LAM1 parental cells (PTC 
BRAFV600E) to generate a stable PIK3CAE545K mutant 
for use in over-expression studies. The mutant cell line 
was denoted as LAM1:PIK3CAE545K. A parallel trans-
fection was performed using an empty vector control 
plasmid (denoted as  LAM1EV). The parental cell line 
was transfected using Lipofectamine 3000 Reagent (Cat 
no. L3000001, Thermo Fisher Scientific) according to 
the standard protocol using 5 µg of plasmid DNA. Cells 
were incubated overnight, and transfection media was 
replaced the following day with normal cell line media. 
The following day, geneticin (G418) was added for selec-
tion at a concentration of 300  µg/mL to select against 
untransfected cells. The concentration of G418 used was 
predetermined for the LAM1 cell line using a standard 
kill curve.

Immunoblotting
Immunoblotting was completed as described previ-
ously with 20  µg protein loaded per well (Pinto et  al. 
2018). PI3 kinase (p110α) (Cat no. 4249) and α-tubulin 
(Cat no. 2125) antibodies were obtained from Cell Sign-
aling Technology. Membranes were incubated with per-
oxidase-conjugated anti-rabbit secondary antibodies 
diluted 1:5000 for 1 h at room temperature. Detection 
of target proteins was performed using Luminata Forte 
Western HRP substrate (EMD Millipore). α-tubulin 
was used as a loading control.

Growth curves
Cells were seeded at a density of 2400 cells per well 
into 96-well plates. Plates were then read using Presto-
Blue (Thermo Fisher Scientific) at 0, 24, 48 and 72  h. 
Fluorescence readings were completed using a BioTek 
Synergy Microplate Reader with 560  nm excitation 
and 590  nm emission wavelengths. An unpaired Stu-
dent’s, two-tail t-test was used for statistical analysis, 
where comparisons were made between  LAM1EV and 
LAM1:PIK3CAE545K cell lines for each time point. P 
values < 0.05 were considered to represent statistically 
significant differences. Statistical analysis is displayed 
for the 72-h time point when compared to the control 
at the same time point.

Dose–response curves (Etoposide)
Etoposide is a chemotherapy used clinically to treat ATC, 
and functions by inhibiting the enzyme topoisomerase 
II. Cell lines were seeded into 96-well plates at a density 
of 2400 cells per well and incubated overnight at 37  °C 
and 5%  CO2. After 24  h, cells were treated with Etopo-
side (Cat no E1383; Sigma Aldrich) using a concentration 
range of 0.125 to 32 µM. After 72 h, plates were read by 
incubating cells with PrestoBlue for 1  h at 37  °C. After 
incubation with PrestoBlue, fluorescence readings were 
completed using a BioTek Synergy Microplate Reader 
with 560  nm excitation and 590  nm emission wave-
lengths. To generate dose–response curves, raw fluores-
cence data was loaded into Prism® 8 GraphPad Software, 
where the values were then normalized to the untreated 
control samples and the average viability for each con-
centration tested was calculated. In order to determine 
the half-maximal inhibitory concentration  (IC50), the 
normalized relative fluorescence units (RFU) of the 
Etoposide-treated samples were calculated as a percent-
age of the mean RFU of the untreated samples. Drug con-
centrations were then transformed to a logarithmic scale 
 (Log10) and  IC50 values were calculated using non-linear 
regression (curve fit) (Prism8).
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Clonogenic assay
LAM1EV and LAM1:PIK3CAE545K cells were seeded into 
six-well tissue culture plates at a density of 1,000 cells 
per well. Cells incubated at 37  °C for 10  days based on 
colony formation of the parental cells with cell media 
changed every three days. Cells were washed with PBS 
and fixed with 100% chilled methanol for 15 min. Follow-
ing fixation, cells were stained with 0.5% crystal violet in 
10% methanol/1 × PBS for a total of 10  min. Brightfield 
microscopy was used to quantify colony formation, with 
a colony defined as being ≥ 50 cells. For quantification, 
three representative fields per well were counted for the 
number of colonies and this was completed for both the 
parental and mutant cell lines. LAM1:PIK3CAE545K cells 
were compared to the parental control line and p val-
ues < 0.05 were considered to represent statistically sig-
nificant differences in colony formation (Student’s t-test).

Clonogenic assay: radiation response
LAMEV and LAM1:PIK3CAE545K cells were seeded at a 
density of 250 (0 Gy), 500 (1 Gy), 1000 (2 Gy) and 2000 
(4  Gy) cells per well in six-well plates, with respective 
doses of radiation applied after 24 h (with three biologi-
cal replicates). Cells were incubated at 37  °C for a one-
week period with cell media changed every three days. 
Cells were washed with PBS and fixed with 100% chilled 
methanol for 15  min. Following fixation, cells were 
stained with 0.5% crystal violet in 10% methanol/1 × PBS 
for 10 min. Stained colonies were quantified and counted 
using brightfield microscopy with a colony defined as 
being ≥ 50 cells. The plating efficiency (PE) of cells that 
were untreated was calculated. The survival fraction was 
calculated and defined as the number of colonies that 
arose following radiation treatment, and expressed in 
terms of PE [14].

Cell migration assay
Cell migration for  LAM1EV and LAM1:PIK3CAE545K cell 
lines were quantified using a 24-well cell migration plate 
and fluorometric analysis (Cat no. CBA-100; Cell Biolabs 
Inc). The initial cell suspension was placed into the upper 
chamber containing serum free media at a density of 
5 ×  104 cells per chamber, with three biological replicates. 
Cells were incubated at 37  °C to allow migratory cells to 
pass through the polycarbonate membrane and cling to 
the bottom of the chamber. Cells that stayed in the upper 
chamber were considered to be non-migratory. Migra-
tory cells were then dissociated from the membrane of the 
chamber using the Cell Detachment Buffer provided in 
the cell migration plate kit. Cells which migrated through 
were lysed and quantified using CyQuant GR Fluorescent 
Dye provided in the same kit. Fluorescence readings were 

completed using a BioTek Synergy Microplate Reader and 
representative images were collected using brightfield 
microscopy.

Hind flank model to study thyroid cancer disease 
progression
Mice were maintained and handled in accordance with the 
Western University AUP 2015–045 protocol. We used the 
cell lines  LAM1EV and LAM1:PIK3CAE545K for the gen-
eration of cell line xenograft hind flank models of disease 
(n = 5 per group). Cell lines were treated with plasmocin 
for two weeks prior to use in mouse models and screened 
for mycoplasma before  use. Both cell lines were cultured 
in DMEM/F12 media supplemented with 10% heat inac-
tivated FBS  without antibiotics for  two weeks before ini-
tiation of experimentation. A total of 1 ×  106 cells were 
injected subcutaneously into the hind flank of each athymic 
nude mouse. Mice were weighed twice weekly and tumour 
dimensions (length and width) were measured once weekly 
when tumours were palpable using digital calipers. Indi-
vidual tumour volumes were calculated using the formula: 
[length × (width)2] × 0.52 [15]. Mice were sacrificed at 
14 weeks post-injection. Tumours were dissected, weights 
were recorded in milligrams (mg) (Additional file  2: 
Table S2) and stored in formalin for FFPE block prepara-
tion and  IHC studies.

Immunohistochemistry
Immunohistochemistry (IHC) staining was carried out in 
the Molecular Pathology Core Facility (Western Univer-
sity) where 4-µM sections were cut and tested for expres-
sion of thyroid-related markers. Primary antibodies  were 
used according to the manufacturer’s instructions: TTF-1 
(Abcam; ab76013), PAX8 (Abcam; ab76013), Beta Catenin 
(Cell Signalling; 8480S), Ki67 (Cell Signalling; 9027S) and 
Thyroglobulin (Agilent; IR50961-2). Slides were scanned 
using an Aperio ScanScope slide scanner.

Statistical analysis
A Student’s unpaired, two-tail t-test was performed using 
Prism® 8 Graphpad Software Macintosh Version (by Soft-
ware MacKiev © 1994–2014 GraphPad Software, Inc). P 
values < 0.05 were considered statistically significant. P 
values are defined as not significant p > 0.05, * represents 
p < 0.05, ** represents p < 0.01, *** represents p < 0.001 and 
**** represents p < 0.0001.

Results
Transfection of  PIK3CAE545K into LAM1 cells promoted 
increased cellular proliferation, colony formation and cell 
migration
To study the progression of a thyroid cancer from a well-
differentiated to an undifferentiated cell state, we started 
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with the human PTC cell line LAM1, which contains the 
BRAFV600E mutation found in a significant fraction of 
ATCs [16]. LAM1 cells were transfected to stably express 
PIK3CAE545K, which is also commonly found in ATC 
[9]. Immunoblotting confirmed the over-expression of 
PIK3CA protein in LAM1:PIK3CAE545, but not  LAM1EV 
(Fig.  1A). As well, RT-PCR confirmed the expression of 
the specific  PIK3CAE545K mutant variant versus wild type 
PIK3CA in the altered cells (Additional file  1: Fig. S1). 
Images of  LAM1EV and LAM1:PIK3CAE545K cell lines 
were collected 24 h after plating using brightfield micros-
copy. Cells demonstrated a less elongated morphology 
than the  LAM1EV cell line, but still similar in overall cell 
morphology (Fig.  1B). Furthermore, cellular prolifera-
tion was significantly increased at both 48 and 72  h for 
the LAM1:PIK3CAE545K cells as compared to control 
 LAM1EV cells using normalized relative fluorescence 
units (RFU) (p < 0.0001) (Fig. 1C).

We next measured the impact of expressing an acti-
vating PIK3CA mutation on clonogenic potential. 
LAM1:PIK3CAE545K demonstrated a significant increase 
in the number of colonies formed after a two-week 
period versus the  LAM1EV control cells (11.00 ± 1.00 
vs. 7.33 ± 0.58; p = 0.005 respectively) (Fig.  2A). We 
also investigated how cell migration was affected by 
PIK3CAE545K using a transwell system and fluoromet-
ric analysis and found that cells stably expressing PIK-
3CAE545K demonstrated a significant increase in their 
capacity to migrate when compared to the control cell 
line (p = 0.004) (Fig. 2B). Together this data suggests that 
the addition of PIK3CAE545K to the LAM1 PTC cell line 
increased cellular proliferation and promoted colony for-
mation and cell migration, in vitro.

Expression of PIK3CAE545K did not alter cell line sensitivity 
to etoposide or radiation
ATC is typically nonresponsive to conventional ther-
apies relative to well-differentiated thyroid cancer 
subtypes [17, 18]. We therefore chose to investigate 
potential changes in drug response between  LAM1EV 
and LAM1:PIK3CAE545K cells to determine whether 
the  addition of PIK3CAE545K to the BRAFV600E back-
ground resulted in  more resistance to clinically used 
therapy regimes. We first treated cells with etoposide, 
which is used clinically to treat ATC. We found no sig-
nificant difference between the responses of the  LAM1EV 
and LAM1:PIK3CAE545K cell lines  (LAM1EV  IC50 0.99 µM 
vs LAM1:PIK3CAE545K  IC50 1.02  µM, p > 0.05; Fig.  3A). 
As ATC is radioresistant relative to PTC, we next deter-
mined the impact of activated PIK3CA on sensitivity 
to radiation [4, 17]. We irradiated the cell lines with 1, 
2 and 4  Gy. At most radiation doses there was no dif-
ference in radiosensitivity between the  LAM1EV and 

LAM1:PIK3CAE545K cell lines, except at 2  Gy (p = 0.02, 
Fig.  3B). Collectively, this data suggests that the overall 
response to conventional therapeutics, which includes 
treatment with the chemotherapeutic agent etoposide 
and radiation, did not appear to change dramatically with 
the introduction of PIK3CAE545K in a BRAFV600E PTC cell 
line when tested in vitro.

Introduction of PIK3CAE545K led to loss 
of well‑differentiated thyroid cancer markers in vivo
Hind flank mouse models were generated using the 
 LAM1EV and LAM1:PIK3CAE545K cell lines in order to 
determine whether there would be any differences in 
tumour growth, volume and metastatic capacity. In both 

Fig. 1 Expression of activated PIK3CAE545K mutation into a 
BRAF-mutant PTC cell line leads to an increase in cell proliferation. 
A Immunoblot analysis of the LAM1 cell line containing the 
BRAFV600E-mutant with an empty vector  (LAM1EV) and the LAM1 
cell line with the PIK3CAE545K added (LAM1:PIK3CAE545K). Cells were 
collected and whole cell lysates were prepared with 20 µg total 
protein loaded per well. α-tubulin was used as a loading control. B 
Brightfield microscopy images were collected 24 h after plating of the 
 LAM1EV cell line and the LAM1:PIK3CAE545K cell lines. Cells were seeded 
at a density of 150,000 cells per well. C Cells were seeded at a density 
of 2400 cells per well and incubated for 24 h. Cellular proliferation was 
measured with the addition of PrestoBlue to cells, which were then 
incubated for one hour prior to plate readings. Relative Fluorescent 
Units (RFU) on the y-axis represent the  fluorescence of the PrestoBlue 
output. Changes in cellular proliferation were measured at baseline, 
24, 48 and 72 h for both  LAM1EV and LAM1:PIK3CAE545K cell lines
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groups, 2 of 5 mice did not develop detectable tumours 
over the duration of our 14-week study (Additional 
file 2: Table S2). Representative images of the dissected 
tumours from both  LAMEV and LAM1:PIK3CAE545K 
groups were generated (Fig. 4A, scale provided in mil-
limetres; mm). The LAM1:PIK3CAE545K group, mouse 
1-L which had the largest tumour volume, also had 
an enlarged axillary lymph node located on the upper 
left side of the mouse (Fig.  4A). This mouse was also 
found to have the largest tumour volume. Although 
the average tumour weight and tumour volume were 
higher in the LAM1:PIK3CAE545K versus control xeno-
grafts, these differences were not statistically significant 
(Fig. 4B).

We then utilized IHC  to determine whether there were 
any differences in expression of cellular markers consist-
ent with dedifferentiation of thyroid cells. Ki67 staining 
was stronger in the LAM1:PIK3CAE545K tumours, sug-
gesting increased cellular proliferation in those xeno-
grafts (Fig.  4C, D). Well differentiated thyroid cancers 
almost universally express the markers thyroid tran-
scription factor-1 (TTF-1), PAX8, thyroglobulin and 
B-catenin; however, loss of expression of these proteins 
is often characteristic of ATC [17]. While the parental 
 LAMEV cell line expressed all four markers, the edited 
LAM1:PIK3CAE545K cells expressed significantly lower 
levels of all four markers, suggesting that the tumours 

expressing activated PIK3CA were more poorly differen-
tiated (Fig. 4C, D).

Discussion
Current evidence suggests that a subset of ATC 
tumours arise from WDTC through the accumulation 
of additional mutations [2, 19]. While BRAF muta-
tions are common in both WDTC and ATC, PIK3CA 
mutations occur most frequently in ATC and cluster 
with BRAF mutations, suggesting that the simultane-
ous activation of both pathways represents one route to 
the genesis of ATC. To test this hypothesis, we stably 
introduced a PIK3CA activating mutation into a BRAF-
mutant PTC line and assessed the impact on a num-
ber of cancer related phenotypes in  vitro and in  vivo. 
Activated PIK3CA led to an increase in proliferation, 
clonogenic potential, and migration in  vitro, but did 
not alter sensitivity to etoposide or radiation in  vitro. 
In vivo, cells expressing activated PIK3CA did not form 
tumours that grew faster than the control models; how-
ever, they demonstrated loss of markers of well-differ-
entiated thyroid cells, suggesting that the introduction 
of activated PIK3CA contributed to cellular dediffer-
entiation. The growth of LAM1 and modified  LAM1EV 
was unexpected as the authors who generated this 
parental LAM1 cell line reported that cell line xeno-
grafts did not engraft or generate tumours in nude mice 

Fig. 2 Expression of PIK3CAE545K in a BRAF-mutant PTC cell line promoted colony formation and cell migration in vitro. A Clonogenic assay of 
 LAM1EV and LAM1:PIK3CAE545K cells seeded into six-well tissue culture plates at a density of 1,000 cells per well. After 10 days, cells were fixed 
and stained with 0.5% crystal violet. Brightfield microscopy was used to quantify colony formation, with a colony defined as being ≥ 50 cells. For 
quantification, three representative fields per well were counted for the number of colonies and this was completed for both the parental and 
mutant cell lines. B Cell migration was quantified using fluorometric analysis. Cells were seeded into the top chamber containing serum-free 
media at a density of 5 ×  104 cells per chamber and each chamber was then placed in a well containing media with serum. Cells which migrated 
through to serum-containing media after 24 h were quantified using fluorometric detection as described using the standard protocol provided. 
Fluorescence readings were completed using a microplate reader and representative images were collected using brightfield microscopy
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Fig. 3 LAM1:PIK3CAE545K cells do not exhibit increased resistance to etoposide and radiation in vitro. A  LAM1EV and mutant cells were seeded 
into 96-well plates at a density of 2400 cells per well. After 24 h cells were treated with an extended dose range of etoposide concentrations from 
0.125 to 32 µM and plate readings were completed following incubation for 72 h.   Dose–response curves were generated using Prism 8 GraphPad 
Software and  IC50 values were calculated for each cell line. B The  LAM1EV and LAM1:PIK3CAE545K cell lines were seeded at a density of 250 (0 Gy), 500 
(1 Gy), 1000 (2 Gy) and 2000 (4 Gy) cells per well, with respective doses of radiation shown in parenthesis applied after 24 h. Cells were incubated 
for a one-week period with cell media changed every three days. Following this incubation period, cells were fixed and stained with 0.5% crystal 
violet. Brightfield microscopy was used to visualize colony formation and colonies were quantified, with a colony defined as being ≥ 50 cells. 
Quantification was completed by calculating the plating efficiency for each control cell line and the respective survival fraction as described by 
Franken et al. [14]

Fig. 4 Introduction of PIK3CAE545K led to loss of well-differentiated thyroid cancer markers in vivo. A  LAM1EV and LAM1:PIK3CAE545K were implanted 
in the hind flanks of nude mice. Mice were sacrificed at 14 weeks post-injection and tumours were dissected from flanks and stored in formalin for 
FFPE preparation and IHC. B Dissected tumours were weighed (mg) for each specimen and compared between the  LAM1EV and LAM1:PIK3CAE545K 
groups. Individual tumour volumes of dissected specimens were calculated using the formula: [length x (width)2] × 0.52 and compared between 
cell line groups. (C,D) Tumours were collected, stained (C), and quantified (D) to determine relative differences in protein expression of thyroid 
differentiation markers thyroid transcription factor-1 (TTF-1), PAX8, thyroglobulin and B-catenin between the  LAM1EV and LAM1:PIK3CAE545K models

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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[11]. STRs confirm that our LAM1 cells are identical to 
the original parental line and that genetic drift does not 
explain the difference but may point to inherent differ-
ences between mice strain sources or facilities.

Collectively, these findings suggest that activation of 
PIK3CA contributes to at least a portion of the progres-
sion of WDTC to ATC. Indeed, PIK3CA is just one of 
several genes found to be more frequently mutated in 
ATC compared to WDTC. Many other genetic changes 
are over-represented in undifferentiated thyroid cancer, 
including mutation of TP53, CDKN2A, TERT, EIF1AX; 
however, many of the variants identified by next gen-
eration sequencing studies may be passenger mutations 
as opposed to cancer drivers [20, 21]. Indeed others 
have reported that KRAS and PTEN co-mutations are 
required to drive differentiated thyroid follicular cells 
into an undifferentiated state [22]. But this is not sup-
ported by most deep sequencing studies which clearly 
show the co-occurrance of BRAF and PIK3CA mutations 
and suggest that NRAS and PTEN are exclusive (do not 
occur together) genetic changes at the undifferentiated 
level [9, 23]. Similar functional validation of these other 
genes is therefore necessary to determine the context-
dependency of these changes. As critical, may be the 
temporal ordering of the mutations. It may be that de-
differentiation is a prerequistite for acquisition of further 
mutations that can influence proliferation, treatment-
resistance or metastases.

To date, ATC has been characterized only by target 
sequencing or small exome and copy number array stud-
ies [9, 10, 23–25]. A larger scale, multi-platform analysis 
is needed in order to gain a comprehensive understand-
ing of the genetic changes underlying it. Establishing the 
sequence, copy number, structure/epigenetic and expres-
sion landscape of this rare, but lethal disease can further 
aid in improving our understanding of the progression of 
WDTC to ATC and can provide the identification of addi-
tional variants for validation. Certainly, the rarity of ATC 
means that curating a large number of high-quality samples 
is a significant barrier. Large collaborative group efforts are 
necessary in order to facilitate these important studies.

Supplementary Information
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Additional file 1: Figure S1. The expression of activated PIK3CA E545K 
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line. The STR profile for both the parental and edited LAM1 cell lines were 
identical to those reported by Copland et al. [11]. Table S2. A hind flank 

model of disease progression. LAM1EV and LAM1:PIK3CAE545K cell lines 
were used for the generation of cell line xenograft hind flank models 
of disease (n = 5 per group). A total of 1 ×  106 cells were injected into 
the hind flank of each athymic nude mouse. Mice were weighed twice 
per week and tumour dimensions (length and width) were measured 
once weekly when tumours were palpable using digital calipers. Tumour 
weights (mg) were measured and collected after dissection.
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