
Abstract. Biological functions of receptor tyrosine kinase-
like orphan receptor 1 (ROR1) remain to be elucidated due to
the lack of identified genuine ligands. Previously, transiently
expressed ROR1 was unexpectedly found to exhibit nuclear
localization, the functions of which are unknown. Materials
and Methods: We constructed nuclear-homing peptidyl-prolyl
cis-trans isomerases (FKBP) domain fusion ROR1-expressing
cells and used a synthetic dimerizer to specifically activate
FKBP-fused ROR1 proteins for subsequent functional
characterization. Results: Activation of nuclear-homing ROR1
by treating cells with AP20187 dimerizer led to significant
increase in actin stress fibers and increased cellular
migration. Following gene expression microarray analysis, we
demonstrated that activated ROR1 affects several genes
involved in the regulation of the actin cytoskeleton (radixin
(RDX), ezrin (EZR), son of sevenless homolog 2 (SOS2) and
caldesmon 1 (CALD1)). Conclusion: Our data indicate that
nuclear-localized ROR1 may play an important role in cell
migration and cytoskeleton remodeling. This might explain the
critical roles of ROR1 in neuron development.

Recent investigations have demonstrated the unanticipated
nuclear localization of receptor tyrosine kinases (RTKs) in
addition to their typical cell membrane localization. These
include those of the epidermal growth factor receptor
(EGFR) family (EGFR (1), ERBB-2 (2), ERBB-3 (3),
ERBB-4 (4)), the fibroblast growth factor receptor (FGFR)
family [FGFR1 (5, 6), FGFR3 (7)], neurotrophic tyrosine
kinase, receptor, type 1 (TRKA) (8) and vascular endothelial
growth factor receptor 2 (VEGFR2) (9). The biological

significance of nuclear-localized RTKs is not fully known.
Studies pioneered from Dr. Mien-Chie Hung’s group at M.D.
Anderson Cancer Center have implicated the transactivation
capability of these nuclear-localized RTKs, aside from their
typical enzymatic kinase activity (10). It is not known how
many RTKs may have nuclear localization potential. To
survey the nuclear localization possibility of all twenty
families of human RTKs overall, bioinformatic analyses were
performed to predict nuclear-homing potential. Besides the
well-studied EGFR and FGFR families, our predictions
showed additional RTKs, including receptor tyrosine kinase-
like orphan receptors (ROR1 and ROR2), could be localized
in the nucleus (11). 

ROR1 and ROR2 are type I membrane proteins and
belongs to the ROR subfamily of cell surface receptors. They
are characterized by the extracellular Frizzled-like cysteine-
rich domains (CRDs) and Kringle domains, in addition to
their intracellular tyrosine kinase domain (12) and they
possess possible functions in mammalian central neuron
development (12, 13). The ROR proteins are expressed
during synapse formation and concentrated in the growth
cone of the immature neuron (14). RORs are evolutionally
conserved among Caenorhabditis elegans, Aplysia,
Drosophila melanogaster, Xenopus, mice, and humans (15,
16). Mutations in the Ror gene of C. elegans cause
inappropriate axon outgrowth, as well as defects in cell
migration and asymmetric cell division. In addition,
knockdown of Ror1 or Ror2 expression leads to a shorter
and less branched neurite extension (13). ROR1 associates
with microfilament construed by F-actin, whereas ROR2 co-
localizes with microtubules (17), suggesting that ROR1 and
ROR2 have different subcellular localization, which could
imply a possible functional modulation inside cells.

No biological ligands have been identified thus far for the
ROR1 RTKs. Therefore, it is challenging to study the
downstream activation signaling of ROR1 in the absence of
identification of genuine ligands. Many receptor proteins are
generally activated or triggered by the induced interaction, or
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dimerization, of their cognate ligands. In order to examine the
function of such an orphan receptor (ROR1), we has applied
the ARGENT™ regulated homodimerization system
(ARIAD, MA, USA). This system utilizes the FK 506
binding domains (FKBP36v) and synthetic chemical
dimerizers. FKBP is an abundant cytoplasmic protein that
serves as the initial intracellular target for the immuno-
suppressive drug FK506 (18). Based on the structure of
FK506, synthetic chemical analog AP20187 is designed to
dimerize FKBP fusion proteins of interest and thus can be
used to activate orphan receptor kinases, like ROR1. AP20187
is a cell-permeant organic molecule with two separate motifs
that each bind with high affinity to FKBP36v domain (19, 20).
FKBP36v is a modified FKBP with a single amino acid
substitution, Phe36Val (FV), which has 1000-fold higher
binding affinity to AP20187 than the wild-type protein. 

From previous study, wild-type ROR1 protein can be
localized both in the nucleus and membrane compartments.
In order to specifically examine the putative functional roles
of only nuclear localized ROR1 in the cells, we constructed
FKBP36v fusion ROR1 construct containing NLSc-MYC (N-
ROR1) for nuclear targeting. The FKBP36v fusion ROR1 was
stably expressed under doxycycline repression system in
HeLa TF tet-off cells. This cell line was chosen not only for
its doxycycline/tetracycline-regulated transcription control
ability but also for the low expression level of endogenous
ROR1 (data not shown). In order to systematically examine
the global cellular responses by nuclear localized ROR1
activation, we used whole-genome microarray expression
analysis in N-ROR1-expressing cells to analyze alterations
in gene expression following ROR1 activation. 

Materials and Methods

Plasmid construction. The human ROR1 cytoplasmic part was
subcloned into the XbaI site of the pC4-Fv1E vector (ARIAD, MA,
USA). The Fv1 fused human ROR1cytoplasmic fragment was released
and then subcloned into the pC4-Fv1E vector again to generate two
copies of Fv (Fv2). In addition, the synthesized NLSc-MYC linker was
inserted into the SpeI site. For expression, the FKBP fusion ROR1
protein region was subcloned into the MluI and NotI site downstream
of the Tet-responsive PhCMV promoter of pTRE2pure (Clontech, CA,
USA). The resulting N-ROR1 plasmid (Figure 1) was verified by DNA
sequencing and Western blotting to confirm the correct expression of
the fusion protein.

Cell culture and transfection. HeLa Tet-Off (HeLa TF) cells were
obtained from Clontech and grown in DMEM (Life Technologies,
Inc., CA, USA), supplemented with 10% fetal calf serum, and 1%
penicillin-streptomycin. This is a human cervical epithelioid
carcinoma-derived cell line that expresses the tetracycline-controlled
transactivator (tTA). To generate stable cell lines, these cells were
transfected using Lipofectamine™ 2000 (Invitrogen, CA, USA) with
expression plasmids pTRE2pure_Fv2NLSc-MYCE_cyto. ROR1. By
puromycin selection, several positive clones were screened for nuclear
localized ROR1 expression (N-ROR1 clones). All experiments were

performed using the selected N-ROR1 (c2) clone for each condition.
To suppress ROR1 expression, cells were treated with 0.1 μg/ml
doxycycline for 24 hours to control the CMV promoter activity. 

RNA extraction and RT-PCR. Total RNA was extracted using TRIzol
Reagent (Invitrogen) according to the manufacturer’s protocol. Reverse
transcription was performed in 20 μl reaction volume containing 5 μg
of sample RNA, 200 U of SuperScript™ III reverse transcriptase, 2.5
μM of oligo (dT)15, 500 μM dNTP mix, 5 mM DTT (Invitrogen), and
1× First-strand Buffer (Invitrogen). Tubes were incubated at 50˚C for
1 hour and then at 70˚C for 15 minutes to terminate the reaction. The
amplification program includes denaturation of 95˚C for 10 minutes,
followed by 40 cycles at 95˚C for 15 seconds, and 60˚C for 1 minute.
Amplification was followed by melting curve analysis using the
program run for one cycle at 95˚C for 15 seconds, 60˚C for 1 minutes
and 95˚C 15 seconds. The real-time PCR was performed using gene-
specific primers. The following primer sets were used: Caldesmon
(CALD1)-139-F1: 5’-CAGGAACGGCTGCGGCAGAA and
Caldesmon (CALD1)-296-R1: 5’-CGCTCCAGGAATGCGGCCTC
for specifically recognized CALD1 expression; son of sevenless
homolog 2 (SOS2)-3704-F1: 5’-AGCCACCTCCACTGGGGCAT and
son of sevenless homolog 2 (SOS2)-3951-R1: 5’-GGGGTG
CGAAAGCTCCCGTT for specifically recognized SOS2 expression;
ezrin (VIL2 (EZR))-363-F1: 5’-TGCCGTGCTCTTGGGGTCCT and
ezrin (VIL2 (EZR))-547-R1: 5’-GCATCCCACGGTGTTCCGCA for
specifically recognized VIL2 (EZR) expression; radixin (RDX)-1176-
F1: 5’-GCGTCGAGCTGCTG AAGAGGC and a radixin (RDX)-
1433-R1: 5’-ACTGGTGGTGGTG GAGGTGGA for specifically
recognized RDX expression; and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-1F (5’-TGGTATCGTGGAAGGACTCA-
3’), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-2R (5’-
AGTGGGTGTCGCTGTTGAAG-3’) corresponding to coding
sequence 504-874 of the GAPDH human sequence. The reaction
products were then subjected to PCR amplification. PCR products
were separated by electrophoresis on 1.5% agarose gels in Tris, acetic
acid and EDTA (TAE) buffer (Invitrogen) and visualized with ethidium
bromide staining (21).

Microarray experiments and data analysis. For identifying genes
regulated by N-ROR1, N-ROR1 (c2) cells were treated with
doxycycline (0.1 μg/ml) as negative control in which N-ROR1
expression was suppressed, and N-ROR1 (c2) cells were treated with
AP20187 for 0, 1, 12 and 24 hours in which N-ROR1 expression
were induced. Total RNA was isolated from the treated N-ROR1 (c2)
cells and subsequently used for microarray analysis using HG-
U133plus2 Gene Chip (Affymetrix, Santa Clara, CA, USA). This
array experiment was performed at the NRPGM Microarray & Gene
Expression Analysis Core Facility at the National Yang-Ming
University School. For preliminary selection criteria, we selected
genes with expressions that differed by a factor of at least 1.3-fold
with respect to the control reference. Control reference was the
average of the gene expression intensities from the two samples
including N-ROR1 (c2) cells treated with doxycycline (N-ROR1
expression suppressed) and N-ROR1 (c2) cells treated with ethanol
(vehicle control). Experimental samples were the average of the
intensities from the three samples including N-ROR1 (c2) cells
treated with AP20187 for 1, 12, and 24 hours, respectively. Genes
were then filtered by eliminating those that had no signal in the
sample from N-ROR1 (c2) cells treated with AP20187 for 24 hours.
This resulted in a total of 2012 genes for subsequent analysis. An
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Expression Analysis Systematic Explorer (EASE) cluster analysis was
applied to the group of genes on the basis of the same Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway. A
hierarchical clustering method was applied to groups of genes and
samples on the basis of the similarities in expression, and the analyses
were visualized using Multiple Array Viewer software
(http://www.tm4.org/). The approach to analyzing this data set relied
on the clustering method, self-organizing maps (SOM).

Immobilized metal affinity chromatography (IMAC) purification of
phosphopeptides and peptide identification using liquid
chromatography–mass spectrometry (LC-MS). To purify all the
cellular phosphopeptides, a homemade Fe3+-NTA IMAC column was
used. The IMAC column was prepared by packing Ni-NTA resin
(QIAGEN Inc., CA, USA) into a 500 μm ID × 5 cm PEEK™ tubing.
The column was then attached to an HPLC pump with a continuous
flow (13 μl/min) of loading buffer (6% acetic acid with pH 3.5). The
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Figure 1. Establishment of N-ROR1 (c2) cells. ROR1 expression is modulated by doxycycline (dox) in transfected cells. Nuclear localized ROR1
was induced in N-ROR1 (c2) cells in the absence of doxycycline. In the presence of doxycycline (Tet-OFF), ROR1 expression was abolished. A:
Schematic illustration of FKBP36v fused cyto. ROR1 construct used for transfection. B: RT-PCR analysis of ROR1 transcript revealed that expression
only occurred in induced N-ROR1 (c2) cells and suppression of expression occurred with doxycycline (Tet-OFF). C: N-ROR1 protein expression of
N-ROR1 (c2) cells. Cell lysates were extracted for analysis of the expression of N-ROR1 proteins with or without doxycycline suppression.



Ni2+ was removed from the resin by injection of 100 μl of 50 mM
EDTA with 1 M NaCl (pH 9.0) into the column, followed by charging
the ferric ion using 100 μl of 100 mM FeCl3. The resin was washed
with loading buffer for 15 minutes to remove excess ferric ion and
the column was ready for phosphopeptide purification. To purify the
phosphopeptides, the peptide mixture dissolved in 6% acetic acid (pH
3.0) was injected into the IMAC column and then the column was
sequentially washed with 300 μl loading buffer, 100 μl 30% (v/v)
acetonitrile and 300 μl loading buffer. Finally, the phosphopeptides
were eluted by injection of 100 μl of 200 mM NH4H2PO4 (pH 4.4)
into the IMAC column. The eluted phosphopeptide mixture was
concentrated by vacuum centrifugation and cleanup was carried out
using Zip-Tip (Millipore, MA, USA). The purified phosphopeptides
were analyzed by an LC-MS system, for which the instrumentation
and method were reported previously (22).

Immunocytochemistry. The treated cells seeded on the coverslips were
washed with PBS. N-ROR1 (c2) cells were fixed for 15 minutes with
3.7% formaldehyde in phosphate-buffered saline (PBS) and then
permeabilized in 0.1% Triton X-100 in PBS for 5 minutes. The
coverslips were preincubated in 5% bovine serum albumin (BSA) in
PBS for 20 minutes at 37˚C and exposed to the primary antibodies
(diluted in 1% BSA + 0.1% Triton X-100 in PBS) for 1 hour at 37˚C.
Finally, the cultures were rinsed three times in PBS for 3 minutes and
incubated with secondary antibodies for 1 hour at 37˚C. After
secondary antibody incubation, the cultures were washed three times
in PBS for 10 minutes and then preserved in mounting medium
(Vector, CA, USA). The following primary antibody was used: HA.11
monoclonal antibody (MMS-101P, dilution 1:150; Covance, NJ,
USA); the following secondary antibody was used: anti-mouse IgG
fluorescein isothiocyanate (FITC)-conjugated (sc-2099, 1:100; Santa
Cruz Biotechnology, CA, USA). To detect actin filaments, cells were
stained with phalloidin rhodamine (R415, 1:100; Invitrogen) for 1
hour at 37˚C. As a negative control, one coverslip was incubated
without the primary antibody (23).

Results

Establishment of N-ROR1 stable expression clones. In order
to examine the novel functional roles of ROR1 localized in
the nucleus, we first constructed the FKBP36v fusion ROR1
construct. The N-ROR1 construct contained the cytoplasmic
region of ROR1 gene, two copies of FKBP36v domain, and a
NLSc-MYC region followed by a carboxyl-terminal HA tag
(Figure 1A). The modified FKBP36v with higher binding
affinity to AP20187 dimerizer allowed us to specifically
activate the ROR1 kinase. This homodimerization system
from ARIAD has been applied extensively to perform
regulated signal transduction activation previously (20). This
construct contains an NLSc-MYC sequence for nuclear
targeting expression. Due to the presence of this NLS signal,
the fusion ROR1 proteins are targeted mainly to the nucleus. 

In a previous study (11), we observed that wild-type ROR1
would distribute both in the nucleus and in cytoplasmic
membrane compartments. To reduce the background effects
from membrane-anchored ROR1 proteins and simplify
downstream function analysis, we opted to use the additional

NLSc-MYC sequence to strengthen nuclear localization of
fusion proteins. In addition, the N-ROR1 protein expression is
under the control of a doxycycline-inducible promoter, which
allowed us to timely regulate the expression of ROR1 fusion
protein for microarray experiments. HeLa Tet-Off cells were
used for this experiment, so that the expression of fusion
ROR1 protein is further under the suppression of doxycycline
in the culture medium. 

Following transfection of HeLa TF cells with the 
N-ROR1 construct, recipient cells were grown on medium
containing the drug G418 and puromycin. Following the
selection process, several clones were isolated and examined
for their expression of fusion ROR1 proteins. N-ROR1 (c2)
was finally chosen as the functional assay model in this study.
The expression of N-ROR1 fusion protein was characterized
by RT-PCR (Figure 1B) and western blot analyses (Figure
1C). The expected protein localization was validated by an
immunofluoresence microscopy analysis (Figure 2A). As
expected, the N-ROR1 proteins were mainly localized in the
cell nucleus following the release of doxycycline.

Gene expression profiling following the N-Ror1 activation.
In order to identify gene expression alterations following the
specific activation of N-ROR1 in the nucleus, we designed
time-course experiments using AP20187 to control the
activation status of N-ROR1. The Tet-Off doxcycycline-
regulated protein expression system enables us to study gene
expression alteration under the same cellular background.
The overall induction (doxcycycline) and activation
(AP20187) experimental schema is illustrated in Figure 3.
Samples were taken at four time points (0, 1, 12 and 24
hours after AP20187 treatment) and one control sample in
which N-ROR1 expression was suppressed by maintaining
the doxycycline treatment. Gene modulation was then
evaluated by the HGU133plus2 array from Affymetrix,
which includes 54,675 probe sets for 38,500 human genes. 

Following the microarray experiments, up-regulated genes
with expressions that differed by a factor larger than 1.3-fold
were selected and down-regulated genes were chosen with
expressions that differed by a factor smaller than 0.7-fold
with respect to the control reference. Approximately 2012
individual cDNA elements (4%) exhibited expression
increases greater than 1.3-fold in N-ROR1 (c2) cells
compared to the control. Approximately 797 individual
cDNA elements (1%) exhibited expression decreases smaller
than 0.7-fold in N-ROR1 (c2) cells compared to the control.
Using the filtered data, we performed a cluster analysis of a
microarray time course, illustrating the time for the genes
responsive to N-ROR1 activation. The sets of up-regulated
genes in activated N-ROR1 (c2) were divided into nine
clusters with similar temporal signatures. A total of 89% of
gene probes were up-regulated following N-ROR1 activation
for 12 hours. Using the MeV EASE analysis tool, we further
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annotated the differentially expressed genes in the course of
ROR1 expression and activation. Genes involved in
cytoskeleton remodeling could found to be up-regulated in
this process. To validate this interesting finding, four genes
exhibiting up-regulation involved in the regulation of actin
cytoskeleton were further analyzed by quantification RT-
PCR. Among them, EZR and RDX belong to the ezrin,
radixin and moesin (ERM) family of proteins that link the
plasma membrane through binding various membrane
proteins to the actin cytoskeleton. SOS acts as a guanine

nucleotide exchange factor for RAS and RAC, and may
target actin filament. CALD1 is a calmodulin and actin-
binding protein which stimulates actin binding to
tropomyosin and further stabilizes the F-actin skeleton
structure. The expression of these genes was clearly
modulated by the activation of N-ROR1 (Figure 4).

Nuclear-localized ROR1 influenced cytoskeleton remodeling
and motility. Following microarray analyses, activated 
N-ROR1 up-regulated genes involved in actin cytoskeleton.
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Figure 2. Expression of N-ROR1 in cells and activation of ROR1 by Ap20187. A: Microscopic analysis of protein localization of ROR1 fusion protein
expression in N-ROR1 stable clone (c2). Green pixels correspond to ROR1 staining with anti-HA Ab and anti-mouse IgG-fluorescein isothiocyanate
(FITC); blue pixels correspond to DNA labeled with 4’,6-diamidino-2-phenylindole (DAPI) and red pixels correspond to F-actin staining. B: Actin
organization modulated by ROR1 expression. N-ROR1 (c2) cells were treated with doxycycline to suppress N-ROR1 protein expression and then
treated with AP20187 for 3 days (upper panel) or N-ROR1 proteins were activated with AP20187 by removing doxycycline (lower panel). F-Actin
cytoskeleton was labeled with rhodamine-phalloidin (red pixels). N-ROR1 expression was labeled with anti-HA ab and anti-mouse IgG-FITC (green
pixels). The nucleus was labeled with DAPI (blue pixels). 
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Figure 4. Expression of radixin (RDX), son of sevenless homolog 2 (SOS2), ezrin (EZR) and caldesmon 1 (CALD1) following N-ROR1 expression.
N-ROR1 (c2) cells were treated with doxycycline and AP20187 for 12 hours, respectively, and gene expressions were determined by real-time PCR
(left panel) and PCR products separated on agarose gel (right panel). GAPDH was used as control for normalization. 

Figure 3. Experimental design of the time-course analysis of N-ROR1 (c2) cells following AP20187 treatment. Cells were starved of serum for 24
hours before treatment with doxycycline (dox, control) or AP20187. Samples were taken at different time points (0, 1, 12 and 24 hours after AP20187
treatment), and from one control.



To investigate the cellular effect of N-ROR1 activation on the
actin cytoskeleton, N-ROR1 cells were released from
doxycycline to induce the expression of fusion proteins and
were subsequently activated with AP20187. Our data showed
that release of doxycycline suppression restored full N-ROR1
expression 1.5 days later (data not shown). When N-ROR1
is ectopically expressed in HeLa TF cells, there is a marked
difference in actin cytoskeleton architecture. The
arrangement of F-actin along the adhesion belt is converted
into a radial one by N-ROR1 activation at 1.5 days later. In
the presence of N-ROR1, the cells have a large number of
actin stress fibers spreading throughout the whole cell that
are absent from the control cells. This cell morphological
alteration was not a result of the addition of AP20187 itself,
as AP20187 alone did not influence the cytoskeleton in the
absence of N-ROR1 induction (Figure 2B). 

Based on the above results, N-ROR1 is clearly able to
mediate actin cytoskeleton remodeling in cells. Since
cytoskeleton remodeling can affect the motility and shape of
cells, we further investigated the migration patterns of 
N-ROR1-activated cells. To analyze the effect of migration,
control cells and cells with N-ROR1 fusion protein were
treated for 24 hours with doxycycline, vehicle control or
AP20187. The cells were scraped with a 1-ml tip in the
middle of the culture dish and monitored by live cell imaging
microscopy. By comparison with the control cells, AP20187-
activated N-ROR1 cells exhibited a more advanced migration
process. The control parental cells (HeLa TF) did not exhibit

a significant change in their cell motility (Figure 5). To
further define the cell motility rate following N-ROR1
activation, we measured the displacement rate of N-ROR1
cells using time-lapse videomicroscopy. There were 2,346
displacement measurements in four experimental groups
(DOX; DOX+AP20187; EtOH control; AP20187),
respectively. We then classified the records into five cell
migration levels: (a) 0-0.3 μm/min; (b) 0.3-1 μm/min; (c) 1-
2.5 μm/min; (d) 2.5-4 μm/min; and (e) more than 4 μm/min.
Based on these five migration levels, we present the
percentage bar chart for each of the four groups (shown in
Figure 6B). An almost two-fold increase in the average
migration rate was observed in activated N-ROR1 cells when
compared with non-expressing cells or vehicle-treated cells
(1.5 μm/min vs. 0.83 μm/min). Finally, we conducted a one-
sided Mann-Whitney-Wilcoxon test to determine the
significance of N-ROR1 expression on the cellular migration
rate. The AP20187 group exhibited significant cellular
migration compared with the DOX and DOX+AP20187
groups (p<0.0001). This indicates that the cell migration rate
was not changed by AP20187 alone in the absence of ROR1
expression (suppressed N-ROR1 expression in doxycycline-
treated cells). Interestingly, it was shown that an increased
migration rate was also found for the vehicle control (EtOH)-
treated cells. It is possible that this could be the result of
activation of overexpression of ROR1 tyrosine kinase
molecules, which is often observed when protein tyrosine
kinase molecules are experimentally expressed. These data
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Figure 5. Cell migration analysis by wound healing assay. N-ROR1 and HeLa TF cells (as control) were grown in monolayers in triplicate in 6-well
plates. The cells were treated with doxycycline (DOX), EtOH, and AP20198 separately on day one, and the confluent monolayer was scraped with
a sterile tip on day two. The migration into the wounded monolayer was assessed by phase-contrast microscopy 24 h after scraping.
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Figure 6. Increase of cell migration rate following N-ROR1 activation. Cell migration was record using time-lapse video microscopy (Carl Zeiss Axiovert
200M) with cell tracking. Cells were tracked at 15-min intervals for 16 hours and there were 2,346 displacement measures for each experimental group.
Velocity is the average speed of the 50 randomly selected cells. A: Distribution of displacements in the four groups. DOX: N-ROR1 cells treated with
doxycycline to suppress expression of ROR1. DOX+AP20187: N-ROR1 cells treated with AP20187 activator with the suppression of doxycycline. EtOH:
N-ROR1 cells expressing the N-ROR1 protein following the removal of doxycycline and then treatment with ethanol (vehicle control). AP20187: N-ROR1
cells expressing N-ROR1 protein and further activated with AP20187 activator. B: Percentage bar chart. We further classified the displacement records
into five cell migration levels for each group: (a) 0-0.3 μm/min; (b) 0.3-1 μm/min; (c) 1-2.5 μm/min; (d) 2.5-4 μm/min; (e) greater than 4 μm/min. 



all suggest N-ROR1 plays an important role in cell
migration. In summary, we observed that ectopic expression
of N-ROR1 caused dramatic changes in cellular cytoskeleton
organization and cellular morphology, as well as cell
migration.

Discussion

Accumulated studies reveal that membrane receptor kinases
have transactivational function inside the cell nucleus.
Nuclear-localized ERBB proteins can function as
transcription regulators. Their C-terminal regions can execute
transactivation activity (10). EGFR protein can target to the
A/T-rich sequence (ATRS) in the proximal region of cyclin
D1, inducible nitric oxide synthase (iNOS) or aurora-A
promoters by interacting with signal transducer and activator
of transcription (STATs) (24-26). EGFR protein can also
dock with the ataxia telangiectasia and RAD3-related
(ATRS) of v-myb myeloblastosis viral oncogene homolog
(B-MYB) promoter by associating with E2F transcription
factor 1 (E2F1) (27). Therefore, the increased expression of

cyclin D1, iNOS, Aurora-A and B-MYB induced by nuclear
localized EGFR provides a link between nuclear EGFR and
cancer progression. 

In our study using a selected N-ROR1 expressing clone,
we showed N-ROR1 up-regulates several genes including
EZR, RDX, SOS2 and CALD1. Similar findings of this
transcriptional modulation were observed using a mixture of
N-ROR1-transfected clones (data not shown). This might
imply that N-ROR1 affects cytoskeleton remolding and cell
migration. CALD1 binds to calmodulin and F-actin, and
stabilizes F-actin stress fiber structure (28). Further
validation by real-time PCR also confirmed that expression
of RDX, EZR, SOS2 and CALD1 increased by 2-, 1.3-, 1.7-
and 1.3-fold, respectively, following N-ROR1 activation.
These molecules act in association with actin filaments in
cell membrane and further contribute to cell membrane
protrusion (29). Intriguingly, we found that the
phosphorylation status of CALD1 was modulated in ROR1-
expressing cells by global proteomic analysis (Figure 7).
Using LC-MS analysis, we found that expression of Ser202-
phosphorylated CALD1 increased by almost 10-fold
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Figure 7. The phosphopeptides of CALD1 (protein id: IPI00218696) analyzed by LC-MS/MS. The proteins in N-ROR1 (c2) cells treated with AP20187
(1 nM) for 0 and 1 hours were extracted, digested and then the phosphopeptides were enriched using IMAC purification. The upper-left diagram
shows the phospho-CALD1 expression in N-ROR1 (c2) cells treated with AP20187 for 1 hour. The peak area is 1667.5 here. The lower-left diagram
shows the phospho-CALD1 expression in N-ROR1 (c2) cells without activation. The peak area is 176.4. The arrows indicate the mass
chromatographic peak of CALD1 peptide. Bovine beta-casein was added during digestion and its phosphopeptide was used as internal control (right
panels). The arrows with dotted line indicate the peak of beta-casein phosphopeptide.



following N-ROR1 activation. This increase of phospho-
CALD1 was not totally contributed by elevated CALD1
protein expression, which was elevated by 1.2-fold following
N-ROR1 activation. It was proposed that CALD1 may be
involved in the modulation of cell movement and spreading
(30). Therefore, N-ROR1 may regulate expression or
activation of genes which function in intermediates of F-actin
filament and cell membrane to affect cytoskeleton
organization.

Although ROR1 has been implicated in neuron
development, its biological role is unknown. In this study,
we showed that stable N-ROR1 expression clone exhibited
actin stress fiber remodeling and N-ROR1 also affected cell
motility. We previously proposed that greater cell migration
was driven by cycles of actin reorganization (31). That is,
through induction of the pools of genes involved, N-ROR1
is able to regulate cytoskeleton reorganization and to further
affect cell motility. This finding is highly related to the
known ROR1 function in neurite extension and axonogenesis
(13). The physiological significance of ROR1 needs further
investigation. This study might be beneficial in future
research elucidating the ROR1 biological signaling pathway. 
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