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Metastasis suppressors are key regulators of tumor growth, invasion, and metastases. Loss of metastasis suppressors
has been associated with aggressive tumor behaviors and metastatic progression. We previously showed that regulator
of calcineurin 1, isoform 4 (RCAN1-4) was upregulated by the KiSS1 metastatic suppression pathway and could inhibit
cell motility when overexpressed in cancer cells. To test the effects of endogenous RCAN1-4 loss on thyroid cancer in
vivo, we developed RCAN1-4 knockdown stable cells. Subcutaneous xenograft models demonstrated that RCAN1-4
knockdown promotes tumor growth. Intravenous metastasis models demonstrated that RCAN1-4 loss promotes tumor
metastases to the lungs and their subsequent growth. Finally, stable induction of RCAN1-4 expression reduced thyroid
cancer cell growth and invasion. Microarray analysis predicted that nuclear factor, erythroid 2-like 3 (NFE2L3) was a
pivotal downstream effector of RCAN1-4. NFE2L3 overexpression was shown to be necessary for RCAN1-4–mediated
enhanced growth and invasiveness and NEF2L3 overexpression independently increased cell invasion. In human
samples, NFE2L3 was overexpressed in TCGA thyroid cancer samples versus normal tissues and NFE2L3
overexpression was demonstrated in distant metastasis samples from thyroid cancer patients. In conclusion, we provide
the first evidence to our knowledge that RCAN1-4 is a growth and metastasis suppressor in vivo and that it functions in
part through NFE2L3.
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Introduction
Metastasis is a complex process by which cancer cells spread to distant locations; it requires individual 
or groups of  cells to locally invade, intravasate, survive in circulation, extravasate, and grow and, in some 
cases, invade at metastatic sites (1). Metastasis suppressors are proteins that inhibit any step of  metastasis 
without affecting primary tumor formation (2). Since Steeg et al. described the first metastasis suppressor 
gene, NM23 (3), more than twenty metastasis suppressor genes have been identified, with varying degrees 
of  evidence to support their functions (4–6). Metastasis suppressors have been shown to play pivotal roles 
in restraining tumor cells from disseminating into metastatic sites, and their expression and/or function is 
typically reduced during metastatic progression (7–9).

Metastatic dormancy refers to the ability of  metastatic cancer cells to survive but not grow and prog-
ress at the metastatic sites (10). Thyroid cancer is a relatively indolent tumor when it is well differentiated, 
even after it has metastasized to the lungs, the most common site of  distant spread (11). Because of  this 
indolent nature of  even metastatic lesions, thyroid cancer is an excellent model to study the mechanisms of  
metastatic dormancy. Clinically, the loss of  metastatic dormancy can occur in patients with thyroid cancer, 
and a late-stage aggressive course can occur, resulting in cancer-related death (12, 13). Thus, in addition to 
being an excellent model of  dormancy, thyroid cancer is an excellent model to study the defining factors 
that regulate “the switch” from dormancy to progression, which is also crucial for defining new targets for 
thyroid cancer therapy and/or identifying markers for tumors likely to progress more rapidly.

Several studies have demonstrated that individuals with Down’s syndrome that have trisomy 21 have 
a reduced incidence of  solid tumors compared with the normal population (14–17). Regulator of  cal-
cineurin 1 (RCAN1, also known as Down’s syndrome critical region 1 [DSCR1]) is one of  the genes 

Metastasis suppressors are key regulators of tumor growth, invasion, and metastases. Loss of 
metastasis suppressors has been associated with aggressive tumor behaviors and metastatic 
progression. We previously showed that regulator of calcineurin 1, isoform 4 (RCAN1-4) was 
upregulated by the KiSS1 metastatic suppression pathway and could inhibit cell motility when 
overexpressed in cancer cells. To test the effects of endogenous RCAN1-4 loss on thyroid 
cancer in vivo, we developed RCAN1-4 knockdown stable cells. Subcutaneous xenograft models 
demonstrated that RCAN1-4 knockdown promotes tumor growth. Intravenous metastasis 
models demonstrated that RCAN1-4 loss promotes tumor metastases to the lungs and 
their subsequent growth. Finally, stable induction of RCAN1-4 expression reduced thyroid 
cancer cell growth and invasion. Microarray analysis predicted that nuclear factor, erythroid 
2-like 3 (NFE2L3) was a pivotal downstream effector of RCAN1-4. NFE2L3 overexpression 
was shown to be necessary for RCAN1-4–mediated enhanced growth and invasiveness and 
NEF2L3 overexpression independently increased cell invasion. In human samples, NFE2L3 
was overexpressed in TCGA thyroid cancer samples versus normal tissues and NFE2L3 
overexpression was demonstrated in distant metastasis samples from thyroid cancer patients. 
In conclusion, we provide the first evidence to our knowledge that RCAN1-4 is a growth and 
metastasis suppressor in vivo and that it functions in part through NFE2L3.



2insight.jci.org   https://doi.org/10.1172/jci.insight.90651

R E S E A R C H  A R T I C L E

on chromosome 21 that contributes to this tumor protective effect (18). RCAN1 is a gene with multi-
ple transcriptional start sites located on chromosome 21 within the Down’s syndrome critical region 
that expresses two main isoforms, RCAN1-1 and RCAN1-4, depending on the promoter that is utilized 
(19). While RCAN1-1 is constitutively expressed, RCAN1-4 expression is induced in response to various 
physiological changes (20). RCAN1-4 is a competitive inhibitor for the phosphatase calcineurin (21) and 
thereby suppresses calcineurin-mediated dephosphorylation and activation of  nuclear factor of  activated 
T cells (NFAT) (22). Since NFATs are primary transcription activators for the RCAN1-4 gene, RCAN1-4 
serves as a negative feedback regulator of  calcineurin/NFAT signaling.

NFATs had been reported to regulate multiple events during cancer progression, including cell invasion, 
motility, and angiogenesis (23). RCAN1-4 has been reported to suppress endothelial cell migration, neovas-
cularization, and tumor growth with reduced vascularity through inhibition of  NFAT activity, suggesting 
a role for RCAN1 in negative regulation of  tumor angiogenesis (24, 25). Indeed, Baek et al. demonstrated 
that loss of  all RCAN1 isoforms reversed this tumor growth suppression effect in a Down’s syndrome 
mouse model, and one extra copy of  RCAN1-4 could inhibit tumor growth with decreased angiogenesis 
(18). In addition, RCAN1-4, rather than RCAN1-1, was shown to be selectively expressed in the endothe-
lium during development and in B16-F1 and Lewis lung carcinoma xenografts, further supporting a role 
for RCAN1-4 in the tumor microenvironment in Down’s syndrome, particularly in endothelial cells (26).

In addition to this effect in Down’s syndrome, a role for RCAN1 has also been demonstrated in spo-
radic tumors. It has been reported that RCAN1 loss is prevalent across tumor types that are commonly 
reduced in patients with Down’s syndrome, suggesting a tumor-inhibitory role for the protein in cancers 
(27). In addition, it has been demonstrated that the treatment of  cells with the metastasis suppressor metas-
tin (KiSS1 gene product) results in a marked increase in RCAN1-4 gene and protein expression and that its 
ability to reduce cell motility is dependent on RCAN1-4 (28). In human papillary thyroid cancers (PTC), 
RCAN1 expression is increased in primary tumors versus normal tissue, but the expression is lost in metas-
tases, a pattern consistent with a metastasis suppressor (28). Further studies determined that overexpression 
of  RCAN1-4 in cancer cells inhibits cell motility and that loss of  endogenous RCAN1-4 promoted cell 
migration in vitro. Finally, it has been shown that RCAN1-4 protein stability is reduced in some cancer cell 
lines characterized by high degrees of  motility in vitro (29).

The objective of  the present study is to investigate the cancer cell–autonomous function of  RCAN1-4 on 
thyroid cancer growth and metastasis progression in vivo. Using thyroid cancer cell lines with stable reduction 
of  RCAN1-4 levels, we demonstrate that loss of  endogenous RCAN1-4 increases cell growth in 3D condi-
tions and invasion through Matrigel in vitro, promotes tumor growth in flank xenograft model, and enhances 
tumor metastasis to lungs following tail vein injection. In contrast, induced expression of  RCAN1-4 reduced 
3D growth and invasion. We also report that nuclear factor, erythroid 2-like 3 (NFE2L3) is responsible in 
part for these RCAN1-4–mediated effects and independently enhances cancer cell invasion and growth and 
that it is overexpressed in human thyroid cancer tissues. These data identify cancer cell RCAN1-4 as a regu-
lator of  tumor growth and metastasis in vivo, report a potentially previously undescribed mechanistic role for 
NFE2L3 in RCAN1-4 effects, and suggest that NFE2L3 may be an important regulator of  cancer progression.

Results
Establishment of  stable RCAN1-4 knockdown cell lines. To assess levels of  endogenous RCAN1-4 in thyroid 
cancer cells, we screened a panel of  confirmed human thyroid cancer cell lines with stable expression of  
luciferase for subsequent in vivo imaging by Western blot. While all cell lines had similar RCAN1-1 expres-
sion (Figure 1A), FTC236 cells and HTh74 cells had higher endogenous RCAN1-4 expression versus the 
other cell lines (Figure 1A). These two cell lines were chosen to create stable RCAN1-4 knockdown cells 
using shRNA specifically targeting RCAN1-4 (shRCAN1-4). Western blot demonstrated that both FTC236 
and HTh74 shRCAN1-4 clones had more than 80% knockdown of  RCAN1-4 compared with nontargeting 
scrambled control shRNA-transfected stable clones (shCtrl). RCAN1-1 expression was not altered, and, 
therefore, RCAN1-1 was able to serve as a control protein to evaluate the specificity of  the shRNA (Figure 
1B). These cell lines were selected for subsequent in vivo studies.

RCAN1-4 knockdown promotes 3D cell growth in vitro. To examine whether loss of  RCAN1-4 affected cell 
proliferation in 2D growth conditions, shCtrl and shRCAN1-4 cells were seeded in 6-well plates and subjected 
to cell proliferation assays. In both FTC236 and HTh74 cells, shCtrl and shRCAN1-4 cells had no significant 
difference in cell proliferation over a 3-day period (Figure 1C). These data are similar to prior work using 
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transient siRNA in thyroid cancer cells (29). To determine whether RCAN1-4 knockdown affected 3D cell 
growth in vitro, cells were seeded in spheroid microplates. For FTC236 cells, spheroids that grow vertically 
were identified in the shRCAN1-4 cells, while no obvious spheroids were observed from the shCtrl cells (data 
not shown). In HTh74 cells, shRCAN1-4 cells formed larger spheroids compared with the shCtrl cells (data 
not shown). To quantify growth in 3D conditions, cell viability assays were performed and confirmed that 
shRCAN1-4 cell viability was significantly higher than shCtrl cell viability for both cell lines (P < 0.001 for 
both, Figure 1D). Thus, loss of  RCAN1-4 resulted in increased cell viability in 3D but not 2D conditions.

RCAN1-4 knockdown promotes cancer cell invasion in vitro. We next evaluated the effects of  RCAN1-4 
knockdown on invasion through Matrigel in vitro using coated Transwell filters. Representative images are 
shown in Figure 2A, and the number of  invaded cells per field was counted for quantitation. The mean 
number of  invaded cells was enhanced more than 3-fold in FTC236 cells and 2-fold in HTh74 cells by 
RCAN1-4 knockdown versus control cells (P < 0.001, Figure 2B).

RCAN1-4 modulates tumor growth in vivo. We next investigated the role of  endogenous RCAN1-4 in tumor 
growth in vivo. The shCtrl and shRCAN1-4 cells from both cell lines were subcutaneously injection in athymic 
nude mouse flanks. Tumor growth was monitored using both an In Vivo Imaging System (IVIS) and caliper 
measurements over 10 to 12 weeks based on the size of  the tumors and removal criteria for the mice. For both 
FTC236 and HTh74 cells, IVIS imaging demonstrated that shRCAN1-4 xenografts had stronger biolumines-
cence signals compared with corresponding shCtrl xenografts (Figure 3A). In the FTC236 group, a difference 
in tumor volumes between the shCtrl and shRCAN1-4 xenografts was not observed until the eighth week. The 
tumor volumes were significantly different through the end of  the study at the tenth week (n = 9; P = 0.0087). 

Figure 1. RCAN1-4 knockdown promotes cell 3D spheroid growth in vitro. 
(A) Endogenous RCAN1-4 expression was analyzed by Western blot in 
6 established thyroid cancer cell lines stably expressing luciferase. (B) 
RCAN1-4 knockdown efficiency of shRCAN1-4 stable cells was confirmed 
using Western blot. (C) Cells were seeded in 6-well plates in triplicate, and 
viable cells were counted at 24, 48, and 72 hours after seeding. Each data 
point represents the mean ± standard error of 3 independent experi-
ments. (D) Cells were seeded on Corning spheroid 96-well microplates and 
incubated for 2 or 3 days for FTC236 and HTh74 cells, respectively. Cell 
viability was determined; the data were normalized to the corresponding 
shCtrl cells. Error bars represent SEM. A linear mixed model was used to 
determine the statistical significance. ***P < 0.001.
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The final average tumor volumes were 2,360.4 mm3 for FTC236 shCtrl 
cells and 4,571.8 mm3 for FTC236 shRCAN1-4 cells (Figure 3B). In the 
HTh74 group, a difference in tumor volume between the shCtrl and shR-
CAN1-4 xenografts was observed starting from the seventh week, and the 
growth rate was also significantly different through end of  study at the 
twelfth week (n = 7; P < 0.0001). The final average tumor volumes were 
172.4 mm3 for HTh74 shCtrl cells compared with 2,514 mm3 for HTh74 
shRCAN1-4 cells (Figure 3B). Tumor sections were subjected to Ki-67 
staining to assess in vivo cell proliferation. In HTh74 cells, shRCAN1-4 
tumors had significantly more Ki-67–positive cells compared with shC-
trl tumors (P < 0.001, Figure 3, C and D). Although the number of  
FTC236 cells demonstrating Ki-67 immunoreactivity was not significant-
ly different, shRCAN1-4 tumors exhibited more intense Ki-67 staining 
compared with shCtrl tumors (55.61% versus 47.97%) (Figure 3, C and 
D). To determine whether apoptosis was also regulated in vivo, cleaved 
caspase-3 staining was measured. No significant changes were observed 
in cleaved caspase-3–positive cells (Figure 3, C and D). To assess differ-
ences in tumor vascularity, CD31 staining was performed. A significant 
increase in the number of  intratumoral microvessels was identified in the 

HTh74 shRCAN1-4 tumors compared with the HTh74 shCtrl tumors (P < 0.001, Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.90651DS1). By 
contrast, no difference in CD31 staining was observed in the FTC236 xenografts. No difference was observed 
in tumor-associated macrophages, as determined by F4/80 staining, for either tumor xenograft (Supplemental 
Figure 1). In conclusion, the increased subcutaneous xenograft growth in vivo is associated with increased cell 
proliferation and angiogenesis (in HTh74 tumors) but not reduced apoptosis.

RCAN1-4 regulates tumor metastasis in vivo. We next investigated whether RCAN1-4 in cancer cells reg-
ulates metastatic implantation and/or growth in vivo using a tail vein model. The shCtrl and shRCAN1-4 
cells were injected into the tail veins of  athymic nude mice. Successful injection was verified by immediate 
IVIS imaging to confirm signal in the lungs of  each mouse (data not shown). Subsequent metastasis colo-
nization and growth were monitored weekly using IVIS imaging. In the FTC236 group, 80% of  the mice 
injected with shRCAN1-4 cells had strong lung bioluminescence signals at the end of  the study, whereas 
only 10% of  the mice injected with shCtrl cells had weak lung bioluminescence signals (Figure 4A). For the 
HTh74 cells, 41.67% of  the mice in the shRCAN1-4 group had lung metastasis signal 3 weeks after injec-
tion, while none of  the mice in the shCtrl group had any metastasis signal at the same time point. After 12 
weeks, 75% of  the mice in the shRCAN1-4 group had lung metastasis signals, while for the shCtrl group, 
only 7% of  the mice showed metastasis signal (Figure 4A). Whole body bioluminescence signals were 
quantified at the end of  the study and statistically analyzed. For both FTC236 and HTh74 cell lines, the 
shRCAN1-4 group had significantly stronger bioluminescence signals compared with the shCtrl group (n = 
10–14, P < 0.001) (Figure 4B). The mice were dissected, and the lungs were fixed and stained with H&E. 
Histology examination confirmed the higher frequency of  lung metastases in shRCAN1-4 cells versus shC-
trl cells in the IVIS imaging results. Representative histology images are shown in Figure 4C.

RCAN1-4 induction reduces thyroid cancer cell growth and invasion. To determine if  RCAN1-4 induction 
reduces thyroid cancer cell growth or invasion, two cell lines with low basal RCAN1-4 expression, 8505c 
rtTA TRE-RCAN1-4 cells and C643 rtTA TRE-RCAN1-4 cells, were created and treated with vehicle 
control or 0.5 μg/ml doxycycline for 24 hours to confirm that induction of  RCAN1-4 was achieved (Fig-

Figure 2. RCAN1-4 knockdown promotes cancer cell invasion in vitro. (A) 
shCtrl and shRCAN1-4 cells were seeded on Matrigel-coated 8-μm pore inva-
sion membranes and incubated with gradient medium (FTC236: 1% gradient 
for 24 hours; HTh74: 10% gradient for 36 hours). Representative images of 
the invaded cells are shown. Scale bar: 100 μm. (B) The number of invaded 
cells was counted for each image field using ImageJ software. Data repre-
sent the mean ± SEM of 3 independent experiments, with 4 fields counted 
per experiment. A linear mixed model was used to determine the statistical 
significance. ***P < 0.001.
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ure 5). The doxycycline-treated cells were sub-
jected to spheroid growth and invasion assays. 
8505c-rtTA and C643-rtTA cells without the 
tetracycline response element treated with 
doxycycline were used as a control to account 
for potential doxycycline effects on spheroid 
growth and invasion. In both cell lines, induc-
tion of  RCAN1-4 reduced 3D growth and 
Matrigel invasion (Figure 5).

NFE2L3 has a functional role in RCAN1-4–
regulated invasion. To investigate the effects of  
RCAN1-4 knockdown in tumor cells on gene 
transcription, microarray analysis was per-
formed using the Affymetrix Human Tran-
scriptome Array 2.0 (HTA 2.0) platform with 
RNA isolated from shCtrl and shRCAN1-4 
cells for the FTC236 and HTh74 cell lines. For 
both cell lines, differentially expressed genes 
were defined using P < 0.001 and fold change 
> 2.0. Heatmaps of  the differentially expressed 
genes were created (Figure 6A), and principal 
component analysis (PCA) was performed to 
identify gene panels that best distinguish shR-
CAN1-4 cells from shCtrl cells (Supplemen-
tal Figure 2). Altered expression of  the genes 

included in the PCA groups was confirmed by quantitative reverse transcription PCR (qRT-PCR) (Figure 
6B). Interestingly, the differentially expressed genes in the PCA for FTC236 and HTh74 cells did not over-
lap, indicating that the two cell lines may be regulated by RCAN1-4 via distinct mechanisms. To deter-
mine whether any of  the genes were overexpressed or underexpressed consistently in both shRCAN1-4 cell 
lines, we performed additional qRT-PCR experiments for the PCA-identified mRNAs. Of  the top 3 overex-
pressed genes for each cell line, NFE2L3 was the most consistent between both cell lines, with a 21.56-fold 
increase in the HTh74 shRCAN1-4 cells and a 1.96-fold increase in the FTC236 shRCAN1-4 cells (Supple-
mental Figure 3). In addition, NFE2L3 was the most overexpressed gene in the HTh74 shRCAN1-4 cell 
microarray (69-fold increase). Thus, NFE2L3 was chosen for further analysis.

NFE2L3 mRNA and protein overexpression was confirmed to be higher in the shRCAN1-4 cells versus 
the shCtrl cells by qRT-PCR and Western blot in both cell lines. HEK293 cells transfected with NFE2L3 

Figure 3. RCAN1-4 knockdown promotes tumor 
growth in vivo. (A) shCtrl and shRCAN1-4 cells (1 × 
106) were injected into athymic nude mouse flanks. 
Tumor size was monitored by IVIS and caliper mea-
surements. Representative bioluminescence images 
are shown. (B) Top: isolated FTC236 and HTh74 
tumors after dissection at the end of the study (10 
and 12 weeks, respectively). Bottom: tumor growth 
curves based on caliper measurements. Each data 
point is the mean tumor volume ± SEM. (C) Rep-
resentative images of Ki-67 and cleaved caspase-3 
staining for the tumors. Scale bar: 100 μm. (D) Box 
plots of Ki-67 staining (left) and cleaved caspase-3 
staining (right) for the tumors. Ten random fields 
were quantified and averaged for each animal. The 
horizontal line in the box represents the median. 
The box boundaries are the Q1 (25%) and Q3 (75%), 
respectively. Linear mixed models were used to 
perform all the statistical analyses (n = 7–9). **P < 
0.01, ***P < 0.001.
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plasmid were used as the control, which had been reported to 
express 3 forms of  NFE2L3 due to posttranslational regulation 
(30) (Figure 6, C and D). To investigate whether NFE2L3 is 
upregulated in the xenografts in vivo, we also performed immu-
nohistochemistry (IHC) staining of  the xenograft tumor and 
lung metastasis sections using NFE2L3 antibody. NFE2L3 over-
expression was observed in shRCAN1-4 tumors and lung metas-
tases (Figure 6, E and F). The level of  overexpression was more 
pronounced in the HTh74 tumors, which is consistent with the 
in vitro data. Thus, NFE2L3 expression is increased with loss 
of  RCAN1-4 in vitro and in vivo, and the effect is greater in the 
HTh74 cells. Finally, in a panel of  thyroid cancer cell lines, the 
cell lines with the highest levels of  NFE2L3 had low levels of  
RCAN1-4, while those with the highest levels of  RCAN1-4 had 
low levels of  NFE2L3 (Supplemental Figure 4), although the 
inverse correlation was not seen in all cell lines tested.

To determine whether NFE2L3 is mechanistically involved 
in RCAN1-4 function in cancer cells, we performed both 3D 
spheroid growth assays and invasion assays that are regulated 
by RCAN1-4 in vitro (Figures 1 and 2). NFE2L3 was knocked 
down using NFE2L3 specific siRNA (siNFE2L3) in the 
FTC236 and HTh74 shRCAN1-4 cells that express NFE2L3 
basally. The knockdown efficiency was confirmed to be >90% 
as determined by mRNA level using qRT-PCR in both cell lines 

(Figure 7A), and protein loss was confirmed by Western blot (Figure 7B). The cells were then subjected 
to 3D spheroid growth assay. Loss of  NFE2L3 in both FTC236 and HTh74 shRCAN1-4 cells decreased 
spheroid formation and growth (Figure 7C). Matrigel invasion assays demonstrated that loss of  NFE2L3 
reduced invasiveness compared with control-transfected cells (Figure 7, D and E). These data indicate 
that NFE2L3 is involved in RCAN1-4–regulated 3D cell growth and invasion.

To assess whether NFE2L3 regulates cell growth and invasion independently, the shCtrl stable 
cells with no manipulation of  RCAN1-4 expression were transfected with NFE2L3 expression vector. 
Overexpression of  NFE2L3 was confirmed by Western blot (Figure 8A). The 3D spheroid assay found 
no growth difference between NFE2L3-transefected cells and control-transfected cells (Supplemental 
Figure 5). For Matrigel invasion assays, in FTC236 and HTh74 cells, NFE2L3 overexpression signifi-
cantly increased cell invasion (Figure 8, B and C, P < 0.001).

In conclusion, NFE2L3 is an important downstream effector of  RCAN1-4–regulated tumor growth 
and metastasis. However, there may be other important players in this process. The array data showed 
8 genes that are commonly regulated by RCAN1-4 knockdown in both cell lines (with fold change > 2 
and P < 0.001): EPHA7, FRMD4A, SERPINE1, SLCO1B3, SOX9, STC1, TNFRSF9, and TSPAN15. 
Studies on the functions of  these genes are ongoing.

NFE2L3 is overexpressed in clinical cancer samples. To determine whether NFE2L3 overexpression cor-
relates with thyroid cancer in humans, we examined NFE2L3 expression in 503 tumor samples and 59 

Figure 4. RCAN1-4 knockdown promotes metastasis. (A) FTC236 and 
HTh74 cells with stable shCtrl or shRCAN1-4 expression were injected 
into athymic nude mice through tail veins. Tumor metastases and 
growth were monitored using IVIS imaging. Representative images of 
mouse whole body bioluminescence at 5 weeks for FTC236 cells and 12 
weeks for HTh74 cells are shown. (B) Mouse whole body biolumines-
cence at the end of the study was quantified. Data points represent 
bioluminescence activity for each individual animal. The horizontal line 
represents the mean and the error bars represent the SEM (n = 10–14). A 
linear mixed model was used to determine the statistical significance. 
***P < 0.001. (C) Representative images of H&E-stained lungs with 
metastases (arrows). Scale bar: 100 μm.
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normal samples from The Cancer Genome Atlas (TCGA) thyroid carcinoma cohort (31, 32). NFE2L3 
expression in the tumor samples was 7.52-fold higher than that of  normal tissue samples, which is statis-
tically significant (P < 2.2e-16) (Figure 9A). In this cohort, there was a statistically significant but modest 
inverse relationship between RCAN1 (both isoforms) and NFE2L3 expression (R = –0.31; P < 0.001). The 
depth of  sequencing does not distinguish between the two isoforms, making it not possible to directly test 
for an inverse relationship between RCAN1-4 and NFE2L3 in this data set. To further explore the clinical 
relevance of  NFE2L3 expression in thyroid cancer, we performed IHC staining using distant metastatic 
thyroid cancer samples, with paired primary thyroid cancer and normal thyroid samples when available. 
Samples from 15 cases were stained, including 9 PTC, 5 follicular thyroid cancers (FTC), and 1 anaplastic 
thyroid cancer (ATC). From those cases, 12 also had metastatic samples from various sites, including lung, 
lymph node, and bone. Ten cases had paired normal thyroid samples, and eleven of  the fifteen had samples 
from both the central regions and invasive fronts of  the primary tumors. Details regarding pathological 
features and tumor locations are provided in Supplemental Table 1. In general, NFE2L3 expression was 
lowest in most normal tissues, with increasing expression in the primary tumors, and highest expression 
in the invasive fronts and metastatic lesions (Figure 9, B and C). Statistical analysis demonstrated that 
NFE2L3 expression was significantly higher in the invasive fronts and metastatic sites versus normal tissues 
(P < 0.001) (Figure 9B), consistent with its role in promoting invasion and progression.

Discussion
Patients with metastatic thyroid cancer, particularly individuals with small pulmonary metastases, typi-
cally enjoy a long progression-free survival before tumor growth occurs later, suggesting that metastatic 
dormancy is intrinsic to the majority of  cases. These clinical data make thyroid cancer an excellent model 
to study mechanisms by which dormancy is maintained and/or lost. One such mechanism is the loss of  
metastasis-suppressing proteins. We have previously identified RCAN1-4 as a potentially important metas-

Figure 5. RCAN1-4 overexpression suppresses cell spheroid growth and invasion in vitro. 8505c rtTA TRE-RCAN1-4 cells and C643 rtTA TRE-RCAN1-4 
cells were treated with control (Ctrl) or 0.5 μg/ml doxycycline (Dox) for 24 hours. (A) Induction of RCAN1-4 expression was analyzed by Western blot in 
these treated cells. Actin was the loading Ctrl. The induced RCAN1-4 was HA tagged (HA-RCAN1-4). (B) The Dox-treated cells were subjected to spheroid 
growth assay. 8505c-rtTA and C643-rtTA parental cells were used as a Ctrl for Dox effects on spheroid growth. The data were normalized to the Ctrl-treat-
ed cells. (C and D) The Dox-treated cells were subjected to Matrigel invasion assay. The number of invaded cells was counted for each image field. Each dot 
is a data point. The horizontal line represents the mean and the error bars represent the SEM. The rtTA parental cells treated with Dox also were used as a 
Ctrl for Dox effects on cell invasion. A linear mixed model was used to determine the statistical significance. ***P < 0.001.
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tasis-suppressing protein based on in vitro work that identified it as a critical functional signaling node for 
cell invasion downstream of  the metastin-GPR54 metastasis-suppressing signaling pathway (28). In these 
studies, RCAN1-4 loss and forced overexpression were reported to be important regulators of  cell motility 
and invasion in thyroid cancer, melanoma, and colorectal cancer cell lines, implying a potent role in beyond 
thyroid cancer (28, 29). In the present study, we have extended this work in vivo, demonstrating that endog-
enous RCAN1-4 plays a vital role in suppressing tumor growth in xenografts and metastatic take rate and/

Figure 6. Microarray analysis of stable cell lines. (A) Heatmaps of the differentially expressed genes for FTC236 shCtrl cells versus shRCAN1-4 cells (left; 
118 genes) and HTh74 shCtrl cells versus shRCAN1-4 cells (right; 420 genes). (B) Microarray data were validated by qRT-PCR of genes identified in PCA. The 
top 3 upregulated genes and top 3 downregulated genes from each cell line were chosen. Data are expressed as the log2 value of the relative expression 
levels. Error bars represent SEM of biological triplicates. (C) qRT-PCR results for in both cell lines. The HTh74 qRT-PCR plot was from the same data as in 
B. Bars represent SEM. A linear mixed model was used to determine the statistical significance. ***P < 0.001. (D) Western blot analysis of the NFE2L3 
expression level in the stable cells for both cell lines. (E and F) NFE2L3 IHC of the xenograft tumors (E) and lung metastases (F) demonstrated overexpres-
sion of NFE2L3 in shRCAN1-4 group. Scale bar: 100 μm.
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or growth in lungs in vivo. Furthermore, we identified NFE2L3 as a functional downstream effector of  
RCAN1-4 and indicated that its overexpression is associated with RCAN1-4 loss in vivo. Finally, NEF2L3 
expression is increased in a large population of  patients with thyroid cancer, and its overexpression is main-
tained or increased in thyroid cancer invasive fronts and distant metastases.

Using shRCAN1-4, we were able to reduce RCAN1-4 expression in two different thyroid cancer cell 
lines, FTC236 and HTh74 cells, with different genetic backgrounds. FTC236 has loss of  Pten and a TP53 
mutation and is derived from a recurrent lesion in a patient with FTC, while HTh74 is an ATC cell line 
characterized by TP53 mutation (33, 34). In both cases, the effects were similar with an increase in inva-
siveness and growth in 3D culture models in vitro and enhanced xenograft and lung metastases growth 
in vivo. It is of  interest that the growth advantage that occurs with loss of  RCAN1-4 was not identified in 
2D culture. Indeed, many different conditions were attempted in 2D culture to determine whether other 
tumor-related changes were necessary for RCAN1-4 effects, including low glucose, hypoxia, and low or no 
serum, and no differences were identified (data not shown). By contrast, there was a distinct and statistical-
ly significant effect on growth in the spheroid 3D culture system. In many respects, 3D cell culture has more 
physiologically relevant characteristics in comparison to 2D systems and is believed to be more reflective 
of  in vivo cell growth (35). This concept is supported by our data in which the 3D model system more 
closely matched the xenograft model results. These data, along with the Matrigel invasion data, suggest 
that RCAN1-4 effects may require an intracellular matrix to be present. We recognize that we used a sin-
gle shRNA for these experiments, raising the possibility of  nonspecific effects. In this small 299–base pair 
region, a total of  8 shRNAs were designed, but unfortunately only one reduced RCAN1-4 expression level. 
However, the in vitro data using this shRNA and the inducible overexpression in the present manuscript 
are consistent with our previously published data using transient siRNA and overexpression models (29) 
(Figure 5) and were consistent for two cell lines, thereby supporting specificity for RCAN1-4.

Interestingly, RCAN1-4 also has been reported to inhibit tumor growth when overexpressed in endo-
thelial cells or the tumor microenvironment, with reduced vascularity (24, 26). These data, in addition 
to studies that defined a role for RCAN1-4 in the reduction of  certain tumor types in Down’s syndrome 

Figure 7. NEF2L3 knockdown suppresses cell invasion. (A and B) FTC and HTh74 shRCAN1-4 cells were transfected with either scrambled control siRNA 
(siCtrl) or NFE2L3 siRNA (siNFE2L3). Knockdown of NFE2L3 was confirmed using qRT-PCR (A) and Western blot (B). (C) The siCtrl-transfected and siN-
FE2L3-transfected cells were subjected to 3D spheroid growth assay. Cell viability was determined using the CellTiter-Glo 3D Cell Viability Kit. Data were 
normalized to the siCtrl-transfected cells. (D) Cell invasion images showed that siNFE2L3 transfection decreased cell invasion. Scale bar: 100 μm. (E) The 
number of invaded cells per field was quantified. Data points represent the number of invaded cells per field. The horizontal line represents the mean and 
the error bars represent the SEM. Linear mixed models were used to determine the statistical significance. ***P < 0.001.
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(trisomy 21) using murine models, suggest a potential role for RCAN1-4 in the tumor 
microenvironment (18). In the present study, we have focused on the cancer cell–auton-
omous effects of  RCAN1-4 based on our prior in vitro work. A recent report confirms 
the importance of  cancer cell RCAN1-4 by using array CGH to examine genetic alter-
nations in chromosome 21, focusing on the sporadic forms of  tumors most reduced in 
Down’s syndrome patients (Wilms’ tumor, lung cancer, breast cancer, and melanoma). 
The work found that RCAN1 gene deletion is the most common genetic aberration on 
chromosome 21 in Wilms’ tumor, and it is also the only locus with a loss in all four 
cancer types examined, implicating a role for RCAN1 loss in these four tumors (27). 
Functional data were not included in that study.

While the data in the present study demonstrate that RCAN1-4 in cancer cells modu-
lates tumor growth by promoting proliferation in vitro and in vivo, consistent with cancer 
cell–autonomous effects, a significant increase in the number of  intratumoral microves-
sels in HTh74 shRCAN1-4 tumors was identified (Supplemental Figure 1). To our knowl-
edge, this is the first time that RCAN1-4 in cancer cells has been reported to regulate 
tumor growth angiogenesis in vivo, and this suggests important interactions between the 
tumor and the host that may influence growth and progression. It is notable that there was 
no identifiable angiogenesis effect in the FTC236 shRCAN1-4 tumors, further suggesting 
that there may be cell line–specific effects. Thus, it may be that the lower frequency of  
specific solid tumor types in Down’s syndrome is in part due to the effects of  a third copy 
of  RCAN1-4 in both the tumor cells and the tissues present in the microenvironment.

Metastatic progression is a highly coordinated process with a series of steps that involve 
complex interactions between cancer cells and the microenvironment. While we have demonstrated regulation 
of growth and invasion in vivo, the tail vein metastasis model provides evidence that RCAN1-4 is a regulator 
in the late steps of metastasis, such as extravasation, colonization, and/or secondary cell growth at metastatic 
sites. We have not yet tested the role of RCAN1-4 in the early steps of metastasis, and it is possible that the data 
may primarily reflect both growth- and metastasis-inhibiting effects, particularly in the Hth74 cell line that has 
dramatic growth inhibitory effects in the flank xenograft model. To further explore which step is regulated by 
RCAN1-4, studies using spontaneous metastatic tumor models and timed regulation of RCAN1-4 expression in 
immunocompetent models are needed. Such studies are ongoing but are beyond the scope of this current report.

In addition to indicating the effects of tumor cell RCAN1-4 on in vivo growth and metastasis, we also iden-
tified a mechanistic role for NFE2L3 in RCAN1-4–mediated effects. NFE2L3 is a member of the cap “n” collar 
(CNC) family of basic leucine zipper transcription factors. CNC proteins, including NFE2L3, partner with Maf  
proteins to create complexes that bind Maf recognition elements and regulate gene transcription (36). NFE2L3 
has been reported to be overexpressed in a variety of cancers and/or cancer cell lines, including lymphoma, 
testicular cancer, colorectal cancer, and breast cancer (37–40) and in large populations of patients with glioblas-
toma and lung and gastric adenocarcinomas (41–43). Indeed, TCGA gene expression data demonstrated that 
NFE2L3 is overexpressed by at least 2-fold in 17 types of cancer (44), which indicated that NFE2L3 might play 
a broad role across cancer types. However, its function in cancer is incompletely defined. In the present study, we 
demonstrate that NFE2L3 is overexpressed in thyroid cancer tissues, both at the mRNA level in TCGA primary 
PTC as well as in tumor and distant metastases from aggressive thyroid cancers, by IHC. Importantly, we pro-
vide evidence that NFE2L3 regulates cancer cell growth and invasion in vitro and that it is functionally import-
ant in RCAN1-4–mediated 3D cell growth and invasion. We also demonstrated that NFE2L3 is upregulated 
in tumors with loss of RCAN1-4 in vivo. The important functional downstream targets of NFE2L3 and the 
precise mechanisms by which RCAN1-4 regulates NFE2L3 expression are yet to be determined; however, the 
data demonstrate potentially important biological roles for NFE2L3 in cancer biology that warrant further study.

Figure 8. NFE2L3 overexpression increases cell invasion. (A) shCtrl cells were transfected with 
either control plasmid (Ctrl) or NFE2L3 plasmid (pNFE2L3). Western blot probed with NFE2L3 
primary antibody demonstrated overexpression of NFE2L3 in both FTC236 and HTh74 cells. HEK 
293 (HEK) cells were used as a positive control for transfection. (B) Cells were subjected to Matri-
gel invasion assay. Representative images of invaded cells are shown. Scale bar: 100 μm. (C) Cells 
from each field were counted. The experiments were repeated at least 3 times. Four fields were 
counted per experiment. Results are expressed as mean ± SEM. A linear mixed model was used 
to determine the statistical significance. ***P < 0.001.
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In summary, we provide evidence that RCAN1-4 in cancer cells regulates tumor growth and metastasis 
in vivo. We demonstrate that the mechanism of  RCAN1-4 effects involves NFE2L3 and further suggest 
that this transcription factor may be an important and previously unidentified regulator of  cell invasion. 
NFE2L3 is overexpressed in a number of  cancer types, including thyroid cancer, and it is overexpressed in 
the invasive fronts of  primary tumors and metastatic tissues in thyroid cancer. This warrants further study 
of  NFE2L3 as a potential regulator of  cancer progression.

Methods
Cell culture. Human thyroid cancer cell lines 8505c, BCPAP, C643, FTC236, and SW1736 were gifts from 
Rebecca Schweppe and Bryan Haugen (University of  Colorado, Denver, Colorado, USA), with permission 
from originating laboratories where the cells were established. All the cells were confirmed to be of  thyroid 
origin by short tandem repeat profiling as previously described (45). FTC236 cells were grown in DMEM 
(Invitrogen). All other cell lines were grown in RPMI 1640 (Invitrogen). All media were supplemented with 
10% fetal bovine serum (Invitrogen) and non–essential amino acids (Invitrogen). The cells were maintained 
at 37°C and 5% CO2 in a humidified incubator.

Generation of  stable cell lines. FTC236-luciferase cells, C643-luciferase (C643-luc) cells, and SW1736-lu-
ciferase cells were established by transfecting the cells with pCDNA3.1 (+) yellow fluorescence protein–
luciferase reporter plasmid (a gift from Thomas J. Rosol, The Ohio State University) (46) with Amaxa 

Figure 9. NFE2L3 is overexpressed in thyroid cancer samples. (A) NFE2L3 expression levels of 59 normal samples (Normal) and 503 papillary thy-
roid cancer samples (PTC) from TCGA thyroid cohort were plotted. Each point represents one sample. The horizontal lines represent mean ± SEM. 
(B) NFE2L3 IHC staining was performed using tissue samples collected at The Ohio State University. See Supplemental Table 1 for detailed sample 
information. The IHC staining was scored blindly by three researchers on a 0–3 scale based on staining intensity. The scores corresponding to normal 
tissue (Normal), tumor center (Tumor), tumor invasive front (Invasive), and metastatic sites (Metastasis) were plotted. Each data point is one sample. 
The horizontal lines represent mean ± SEM. (C) Representative IHC images from two cases of FTC demonstrate increasing NFE2L3 expression. Scale 
bar: 100 μm. For TCGA data (A), 1-way ANOVA was used for analysis. For IHC staining data (B), a linear mixed model was used for analysis and Holm’s 
procedure was used for controlling multiple comparisons. ***P < 0.001.



1 2insight.jci.org   https://doi.org/10.1172/jci.insight.90651

R E S E A R C H  A R T I C L E

Nucleofector (Lonza) and selected with G418 (Sigma-Aldrich) for 2 weeks. The resistant clones were 
further screened for luciferase activity using the Luciferase Assay System (Promega). HTh74 luciferase 
cells, BCPAP luciferase (BCPAP-luc) cells, and 8505c luciferase cells were gifts from Rebecca Schweppe 
(University of  Colorado) (47). The FTC236-luc and HTh74-luc cells were transfected with nontargeting 
scrambled shCtrl or shRCAN1-4 (OriGene) and selected with 400 ng/ml and 300 ng/ml puromycin 
(Invitrogen), respectively, for 2 weeks. RCAN1-4 knockdown clones were screened using Western blot. 
8505c-luc cells and C643-luc cells were transfected with pcDNA3.1 (+) - rtTA vector (Clontech) and 
selected with 200 μg/ml and 400 μg/ml zeocin, respectively, for 2 weeks to generate the 8505c-rtTA and 
C643-rtTA cells. The 8505c-rtTA and C643-rtTA cells were transfected with pTRE-RCAN1-4 construct 
and selected with 1.5 μg/ml and 200 ng/ml puromycin, respectively, for 2 weeks to generate the 8505c 
rtTA TRE-RCAN1-4 cells and C643 rtTA TRE-RCAN1-4 cells.

Western blot and antibodies. Protein isolation and Western blot were performed as previously described (48). 
Primary antibodies against RCAN1 (1:1,000 dilution, catalog D6694) and NFE2L3 (1:1,000 dilution, catalog 
HPA055889) were obtained from Sigma-Aldrich. Antibody against β-actin (1:1,000 dilution, catalog sc-8432) 
was obtained from Santa Cruz. See complete unedited blots in the supplemental material.

RNA isolation and qRT-PCR. Total RNA was isolated using TRIzol (Invitrogen) according to the man-
ufacturer’s instructions. RNA was treated with DNase I (Invitrogen) for 15 minutes. Reverse transcription 
was performed using MultiScribe reverse transcriptase (Applied Biosystems) following the manufacturer’s 
protocol. qRT-PCR was performed using SYBR Green (Applied Biosystems) for RCAN1-4 and TaqMan 
assay (Applied Biosystems) for NFE2L3 and other targets. 18s rRNA was used as the internal control.

2D and 3D cell growth assay. 2D cell growth assay was carried out as previously described (49). Basically, 
cells (0.5 × 105 for FTC236 or 1 × 105 for HTh74) were seeded in 6-well plates in triplicate in cell growth 
medium. Viable cells were counted using the Countess Automated Cell Counter (Invitrogen) at 24, 48, and 
72 hours after seeding. For 3D cell growth assay, 1,000 cells were seeded in 96-well spheroid microplates 
(Corning). Cell viability was assessed using CellTiter-Glo 3D Cell Viability Assay (Promega).

Cell transfection. Cells were seeded in 10-cm dishes at about 70% confluency. For siRNA transfection, 
cells were transfected with 500 picomoles of  siRNA against NFE2L3 or scrambled control siRNA (Santa 
Cruz) using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. For plasmid transfec-
tion, cells were transfected with 4 μg pcDNA3.1/ Hygro (+) - NFE2L3 plasmid (a gift from Volker Blank, 
McGill University, Montreal, Quebec, Canada) (30) using Optifect Reagent (Invitrogen). Cells were incu-
bated with the liposome complex for 4 hours before switched to normal growth medium.

Cell invasion assay. Cell invasion assay was performed using the Corning BioCoat Growth Factor Reduced 
(GFR) Matrigel Invasion Chambers (Corning) following the manufacturer’s protocol. Cells were collected 
and resuspended in medium with no serum containing 0.1% BSA. Cells (5 × 104 in 500 μl medium) were 
seeded in the rehydrated GFR Matrigel inserts with 8.0-μm pores. The inserts were transferred into wells 
with DMEM containing 1% FBS or RPMI containing 10% FBS as the chemoattractant for FTC236 cells 
and HTh74 cells, respectively. The cells were then incubated at 37°C, 5% CO2 for 24 hours for FTC236 cells 
and 36 hours for HTh74 cells. At the end of  the experiments, cells were washed with PBS containing calcium 
and magnesium, fixed with 3.7% formaldehyde containing 0.05% crystal violet for 30 minutes, and washed 
with distilled water. Pictures of  cells on (noninvaded) and under (invaded) the membranes were taken using 
an Axiovert 40 CFL microscope (Zeiss) (50). Invaded cells were counted using the ImageJ software (NIH).

Live-animal imaging. A Lumina II Imaging System (Perkin Elmer) was used to measure the biolu-
minescence from mice. 150 mg D-luciferin (Gold Biotechnology) per kilogram of  body weight was 
injected into mice intraperitoneally. Bioluminescence was measured 10 minutes after D-luciferin injec-
tion at the Small Animal Imaging Core at The Ohio State University. Living Image 4.5.2 (Perkin 
Elmer) was used to quantify the tumor bioluminescence signal for the subcutaneous model and mouse 
whole body signal for the tail vein metastasis model.

Subcutaneous injection model. 1 × 106 cells were collected and resuspended in 100 μl PBS and mixed with 100 
μl Matrigel. Athymic nude mice (4–5 weeks old, obtained from Target Validation Shared Resources at The Ohio 
State University) were anesthetized using isoflurane (Henry Schein). The cell and Matrigel mixture was injected 
subcutaneously into the ventrolateral flank of mice. Tumors were measured weekly using both caliper and IVIS 
Lumina II In Vivo Imaging System (PerkinElmer). Histology staining was performed for the tumors and lungs 
after mice euthanasia at the end of the study. Tumor volumes were calculated using the following formula: 
tumor volume = ½ × (length × width × width) (51).
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Tail vein metastasis model. 1.5 × 106 cells were resuspended in PBS and injected into the tail veins of  
athymic nude mice using 27-gauge insulin syringes (Terumo). Mice were monitored weekly using IVIS to 
detect metastases. Successful injections resulting in cells in the lung circulation were confirmed by lung 
bioluminescence signals upon immediate IVIS imaging after injection. Mice were sacrificed 5 weeks after 
injection for FTC236 cells and 12 weeks after injection for HTh74 cells. Lung tissues and other biolumines-
cence-positive tissues were collected and subjected to histology staining and examination.

Histology and IHC. Tumors and tissues were fixed in 10% zinc formalin (Thermo Scientific) for 3 days 
and then paraffin embedded and sectioned (4 μm). H&E, Ki-67 (1:200 dilution, Abcam, catalog ab16667), 
CD31 (1:250 dilution, Santa Cruz, catalog sc-1506R), and cleaved caspase-3 (1:800 dilution, Cell Signal-
ing, catalog 9661) staining were performed by the Solid Tumor Pathology Core at The Ohio State Univer-
sity as previously described (52). F4/80 staining was performed by the Comparative Pathology and Mouse 
Phenotyping Shared Resources at The Ohio State University. NFE2L3 staining (1: 50 dilution, Sigma-Al-
drich, catalog HPA055889) was performed using a previously published protocol (53). To quantify the 
IHC staining, 10 high-power field images (×20) were taken for each slide using a Vectra imaging system 
(Perkin Elmer) and averaged for each case. Only cells with a whole nucleus were taken into account, and 
only intratumoral areas were used for quantification. Quantification of  IHC staining and microvessels was 
performed automatically using inForm software (version 2.0.2) (Perkin Elmer). Positivity was expressed as 
a percentage of  positively stained cells relative to the total number of  cells visualized by hematoxylin coun-
terstain. Microvessel density quantification was performed following previously described criteria (54).

Microarray. RNA from shCtrl and shRCAN1-4 cells was isolated using the Total RNA Purification Kit 
(Norgen Biotek) following manufacturer’s protocol. The RNA was processed and applied to GeneChip 
Human Transcriptome Array 2.0 (Affymetrix) by the Genomics Shared Resource at The Ohio State Univer-
sity. Signal intensities were processed by the RMA method using Affymetrix Expression Console software 
(55). A filtering method based on the percentage of  arrays above noise cutoff  was applied to filter out low 
expression genes. Linear model was employed to detect differentially expressed genes between conditions. In 
order to improve the estimates of  variability and statistical tests for differential expression, a variance smooth-
ing method with moderated t-statistic was employed for this study (56). The significance level was adjusted 
by controlling the mean number of  false positives (57). Heatmap with hierarchical clustering and PCA were 
applied to explore the data. Statistical software SAS 9.4 (SAS Institute Inc.) and R were used for analysis. 
Raw data were deposited at NCBI’s GEO (https://www.ncbi.nlm.nih.gov/geo/) with accession GSE93250.

Statistics. The tumor growth and metastasis data were log10 transformed to reduce variance and skew-
ness. ANOVA was used to analyze the metastasis experiment. Linear mixed effects models were used to 
analyze tumor growth and invasion assay data to take into account the correlations among observations 
from the same animal measured over time or observations obtained on the same day. P < 0.05 was consid-
ered significant. SAS 9.4 (SAS Institute Inc.) was used for all the analyses.

Study approval. The patient sample collection procedures were approved by The Ohio State University 
Institutional Review Boards, and patients’ written consents were obtained prior to inclusion in the study. All 
animal studies were approved by The Ohio State University Institutional Animal Care and Use Committee.
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