
Final Progress Report for Research Projects Funded by 
Health Research Grants 
 
Instructions:  Please complete all of the items as instructed. Do not delete instructions.  Do not 
leave any items blank; responses must be provided for all items.  If your response to an item is 
“None”, please specify “None” as your response. “Not applicable” is not an acceptable response 
for any of the items. There is no limit to the length of your response to any question.  Responses 
should be single-spaced, no smaller than 12-point type.  The report must be completed using 
MS Word.  Submitted reports must be Word documents; they should not be converted to pdf 
format.   Questions?  Contact Health Research Program staff at 717-783-2548. 
 
1. Grantee Institution: The Wistar Institute 
 
2. Reporting Period (start and end date of grant award period): 01/01/2012 – 06/30/2013 

 
3. Grant Contact Person (First Name, M.I., Last Name, Degrees): Russel E. Kaufman, M.D. 

 
4. Grant Contact Person’s Telephone Number:  215-898-3926 

 
5. Grant SAP Number:  4100057690 
 
6. Project Number and Title of Research Project: 4:  Microenvironmental Regulation of 

ROR Receptors during Mesenchymal Mimicry    
 
7. Start and End Date of Research Project:  January 1, 2012 – June 30, 2013 
 
8. Name of Principal Investigator for the Research Project:  Ashani T Weeraratna, Ph.D. 
 
9. Research Project Expenses.   
 

9(A) Please provide the total amount of health research grant funds spent on this project for 
the entire duration of the grant, including indirect costs and any interest earned that was 
spent:    

 
$           $539,305.80    

 
9(B) Provide the last names (include first initial if multiple individuals with the same last 
name are listed) of all persons who worked on this research project and were supported with 
health research funds.  Include position titles (Principal Investigator, Graduate Assistant, 
Post-doctoral Fellow, etc.), percent of effort on project and total health research funds 
expended for the position.  For multiple year projects, if percent of effort varied from year to 
year, report in the % of Effort column the effort by year 1, 2, 3, etc. of the project (x% Yr 1; 
z% Yr 2-3). 
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Last Name, First Name Position Title % of Effort on Project Cost 
Weeraratna, Ashani Principal Investigator 50% $136,907.52 
O’Connell, Michael Staff Scientist 68%  $    9,225.18 
Marchbank, Katie Postdoctoral Fellow 53%     Jan-Dec/2012 $  30,648.18 
Webster, Marie Postdoctoral Fellow 59%     Jan-Dec/2012 $  34,268.12 

 
9(C) Provide the names of all persons who worked on this research project, but who were not 
supported with health research funds.  Include position titles (Research Assistant, 
Administrative Assistant, etc.) and percent of effort on project.  For multiple year projects, if 
percent of effort varied from year to year, report in the % of Effort column the effort by year 
1, 2, 3, etc. of the project (x% Yr 1; z% Yr 2-3). 
 

Last Name, First Name Position Title % of Effort on Project 
Valiga, Alex Research Assistant 2% 
Kaur, Amanpreet Graduate Student 2% 

 
9(D) Provide a list of all scientific equipment purchased as part of this research grant, a short 
description of the value (benefit) derived by the institution from this equipment, and the cost 
of the equipment. 

 
Type of Scientific Equipment Value Derived Cost 
None   

 
 

10. Co-funding of Research Project during Health Research Grant Award Period.  Did this 
research project receive funding from any other source during the project period when it was 
supported by the health research grant? 
 
Yes__X___ No__________ 
 
If yes, please indicate the source and amount of other funds: 
 
 Chemical Biology Pilot Project -   $25,000 
 
 

11. Leveraging of Additional Funds 
 
11(A) As a result of the health research funds provided for this research project, were you 
able to apply for and/or obtain funding from other sources to continue or expand the 
research?  
 
Yes __X__ No___ 
 
If yes, please list the applications submitted (column A), the funding agency (National 
Institutes of Health—NIH, or other source in column B), the month and year when the 
application was submitted (column C), and the amount of funds requested (column D).  If 
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you have received a notice that the grant will be funded, please indicate the amount of funds 
to be awarded (column E). If the grant was not funded, insert “not funded” in column E. 
 
Do not include funding from your own institution or from CURE (tobacco settlement funds). 
Do not include grants submitted prior to the start date of the grant as shown in Question 2.  If 
you list grants submitted within 1-6 months of the start date of this grant, add a statement 
below the table indicating how the data/results from this project were used to secure that 
grant. 
 
A.  Title of research 
project on grant 
application 

B.  Funding 
agency (check 
those that apply) 

C. Month 
and Year  
Submitted 

D. Amount 
of funds 
requested: 

E. Amount 
of funds to 
be awarded: 

Wnt5A and therapy 
resistance in melanoma 

NIH     
 Other federal 
(specify:___) 
Nonfederal 
source (specify: 
ACS-IRG) 

February 
2013 

$20,000 $20,000 

 
 
11(B) Are you planning to apply for additional funding in the future to continue or expand 
the research? 
 
Yes__X___ No__________ 
 
If yes, please describe your plans: 
 
 An NIH RO1 is currently in preparation for submission in February of 2014.  
 
 

12. Future of Research Project.  What are the future plans for this research project? 
 
We will continue to tease apart the mechanisms of ROR1 and ROR2 in melanoma. Most 
critically, we are screening for inhibitors of ROR2 in order to sensitize tumors to targeted 
therapy.  
 
 

13. New Investigator Training and Development.  Did students participate in project 
supported internships or graduate or post-graduate training for at least one semester or one 
summer? 
 
Yes ___X___ No__________ 
 
If yes, how many students?  Please specify in the tables below: 
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 Undergraduate Masters Pre-doc Post-doc 
Male 1    
Female 2  1  
Unknown     
Total 3  1  
 

 Undergraduate Masters Pre-doc Post-doc 
Hispanic 1    
Non-Hispanic 2  1  
Unknown     
Total 3  1  
 

 Undergraduate Masters Pre-doc Post-doc 
White 2    
Black     
Asian   1  
Other 1    
Unknown     
Total 3  1  

 
 

14. Recruitment of Out-of–State Researchers.  Did you bring researchers into Pennsylvania to 
carry out this research project? 
 
Yes_________ No ____X______ 
 
If yes, please list the name and degree of each researcher and his/her previous affiliation: 
 
 

15. Impact on Research Capacity and Quality.  Did the health research project enhance the 
quality and/or capacity of research at your institution?   
 
Yes ____X__ No__________ 
 
If yes, describe how improvements in infrastructure, the addition of new investigators, and 
other resources have led to more and better research.  
 
This research allowed us to implement and cement clinical partnerships with community  
cancer centers such as the Lehigh Valley Health Networks. It also gave us insights into how 
cancers may evade even new, targeted therapies; and we are now expanding this work to 
other cancers, such as ovarian. 
 
 

16. Collaboration, business and community involvement.  
 
16(A) Did the health research funds lead to collaboration with research partners outside of  
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your institution (e.g., entire university, entire hospital system)?  
 

Yes __X___ No__________ 
 

If yes, please describe the collaborations:  
Internal Collaborators: 
Meenhard Herlyn 
Maureen Murphy 
Dario Altieri 
Jessie Villanueva 
Imaging Facility 
Flow Facility 
Animal Facility 
 
External Collaborators: 
Massachusetts General Hospital/ Harvard/ DFCI:  Keith Flaherty, Jennifer Wargo 
University of Pennsylvania: Giorgos Karakousis, George Xu, Lynn Schuchter, Ravi 

Amaravadi 
Lehigh Valley Health Networks, Suresh Nair. 

 
 
16(B) Did the research project result in commercial development of any research products?  
 

Yes_________ No___X___ 
 

If yes, please describe commercial development activities that resulted from the research 
project:  

 
 
16(C) Did the research lead to new involvement with the community?   
 

Yes __X__ No__________ 
 

If yes, please describe involvement with community groups that resulted from the 
research project:  

 
This research allowed us to implement and cement clinical partnerships with community 
cancer centers such as the Lehigh Valley Health Networks.  
 

17. Progress in Achieving Research Goals, Objectives and Aims.  
List the project goals, objectives and specific aims (as contained in the grant agreement).  
Summarize the progress made in achieving these goals, objectives and aims for the period 
that the project was funded (i.e., from project start date through end date).  Indicate whether 
or not each goal/objective/aim was achieved; if something was not achieved, note the reasons 
why.  Describe the methods used. If changes were made to the research 
goals/objectives/aims, methods, design or timeline since the original grant application was 
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submitted, please describe the changes. Provide detailed results of the project.  Include 
evidence of the data that was generated and analyzed, and provide tables, graphs, and figures 
of the data.  List published abstracts, poster presentations and scientific meeting presentations 
at the end of the summary of progress; peer-reviewed publications should be listed under 
item 20. 
 
This response should be a DETAILED report of the methods and findings.  It is not sufficient 
to state that the work was completed. Insufficient information may result in an unfavorable 
performance review, which may jeopardize future funding.  If research findings are pending 
publication you must still include enough detail for the expert peer reviewers to evaluate the 
progress during the course of the project. 
 
Health research grants funded under the Tobacco Settlement Act will be evaluated via a 
performance review by an expert panel of researchers and clinicians who will assess project 
work using this Final Progress Report, all project Annual Reports and the project’s strategic 
plan.  After the final performance review of each project is complete, approximately 12-16 
months after the end of the grant, this Final Progress Report, as well as the Final Performance 
Review Report containing the comments of the expert review panel, and the grantee’s written 
response to the Final Performance Review Report, will be posted on the CURE Web site.   
 
There is no limit to the length of your response. Responses must be single-spaced below, 
no smaller than 12-point type. If you cut and paste text from a publication, be sure 
symbols print properly, e.g., the Greek symbol for alpha (α) and beta (ß) should not 
print as boxes () and include the appropriate citation(s).  DO NOT DELETE THESE 
INSTRUCTIONS. 
 

Overall Progress  
 
During the course of this grant, we defined the role of a tyrosine kinase receptor, ROR1, not 
previously associated with melanoma, and demonstrated that it is lost during melanoma 
progression. This is initiated by the hypoxic induction of its homologous family member ROR2, 
which signals to phosphorylate and degrade ROR1, leading to increased invasion of melanoma 
cells. Importantly, we show that the Wnt5A/ROR2 signaling pathway is critical for the 
stabilization of Hif1a via SIAH2. Perhaps most excitingly, our data regarding the role of ROR1 
and ROR2 have led us to uncover a novel mechanism of resistance to BRAF inhibitor therapy. 
These data show for the first time that a single signaling pathway, the Wnt signaling pathway, 
can effectively guide the phenotypic plasticity of tumor cells, when primed to do so by a hypoxic 
microenvironment. Importantly, this increased Wnt5A signaling can give rise to a subpopulation 
of highly invasive cells that are intrinsically less sensitive to novel therapies for melanoma; and 
targeting the Wnt5A/ROR2 axis could improve the efficacy and duration of response for 
melanoma patients on Vemurafenib. These data may have significant implications for the 
diagnosis and treatment of melanoma.  
 
In Specific Aim 1, we proposed to develop a phenotype tracking assay to examine phenotype 
switching. We were unable to make this assay work, as the transfection efficiency of melanoma 
cells is notoriously poor, and we could not get a pure enough population of cells transfected with 
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plasmid DNA. We are currently working on lentiviral systems, but even these are proving 
challenging. For this reason, we switched tactics, and selected cells that had pure populations of 
one receptor or the other. For the second sub-aim, the use of the Amnis to examine receptor 
switching was not possible, as the available antibodies for ROR1 and ROR2 were not robust 
enough. We manipulated receptor expression using recombinant proteins and loss of function 
experiments that are described in the data below. Therefore, we were able to accomplish the 
main goal of this aim, which was to define the role of ROR1 and ROR2 in phenotype switching. 
 
In Specific Aim 2, we proposed to examine the role of hypoxia in receptor switching. We show 
that hypoxia drives Wnt5A and ROR2 expression, and decreases ROR1. We show that this 
involves SIAH2, and we describe a novel link between Wnt5A and HIF1a. Despite the fact that 
Amnis assays were not possible, we were able to accomplish our goals.  We have: 
 
• Characterized the role of a novel tyrosine kinase, ROR1, in melanoma and its regulation by 

ROR2 and Wnt5A. We have identified the proteasome as the main vehicle by which Wnt5A 
targets ROR1 for degradation.  

• Demonstrated that the knockdown of ROR1 hastens the invasion of melanoma, using 
spheroid assays. This is particularly important given the excitement regarding the expression 
of ROR1 in breast cancer, and the interest in targeting this receptor for cancer therapy. Our 
results demonstrate that at least in melanoma, targeting this receptor may have adverse 
effects. 

• Demonstrated that increases in ROR2 and Wnt5A induced by hypoxia decrease β-catenin, 
which in turn promotes resistance to BRAF inhibition. 

• Demonstrated that Wnt5A expression correlates to intrinsic resistance in melanoma.  
• Demonstrated that manipulation of the Wnt5A/ROR2 signaling axis can affect resistance to 

BRAF inhibitors.  
 
In addition, this work has been submitted and well received at the prestigious journal Cancer 
Discovery, and a revised version was submitted earlier this month. Data from this project has 
served as preliminary data to obtain a graduate student fellowship (Joanna M. Nicolay 
Foundation), a pilot project screening award (for ROR2 inhibitors) and an ACS-IRG award 
awarded to Michael O’Connell in my laboratory. Further, this data constitutes the basis for an 
NIH-RO1 grant being submitted in February, 2014.  
 
Detailed Progress: 
 
1.  Further characterized the role of a novel tyrosine kinase, ROR1, in melanoma and its 
regulation by ROR2 and Wnt5A. 
Studies from our laboratory have previously shown that WNT5A and ROR2 levels are elevated  
in melanoma and indicative of metastatic potential (Weeraratna et al., 2002; O’Connell et al.,  
2009c). We analyzed publicly available databases for the expression of both receptors. We found 
that ROR1 was relatively decreased in metastatic melanoma (Figure 1A), and ROR2 was 
robustly elevated in metastatic melanoma (Figure1B). We confirmed this at the protein level 
using a panel of six cell lines. (Figure 1C). We showed in the previous report that treatment of 
RO1 positive melanoma cells with rWnt5A decreased the levels of ROR1 and have included that 
data here for clarity (Figure 1D).  
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2.  Loss of ROR1 drives melanoma cell invasion. 
In a previous Annual Report we demonstrated that ROR1 knockdown resulted in an increase in 
invasion in one cell line. Here we show that using 2 different siRNAs against ROR1 in multiple 
cell lines increases ROR2 expression (Figure 2A,B) and also increases invasion in a three 
dimensional spheroid assay (Figure 2C,D). Further, knockdown of both ROR1 and ROR2 results 
in an inhibition of invasion (Figure 2C,D), suggesting that the increase in invasion post-
knockdown of ROR1 may be due to the observed increases in ROR2.  
 
3.  Wnt5A/ROR2 regulates ROR1 expression via PKC-dependent phosphorylation and 
subsequent degradation of ROR1. 
Since ROR1 is downregulated in metastatic melanomas and Wnt5A increases both ROR2 
expression and melanoma metastasis, we asked whether Wnt5A could directly regulate levels of 
ROR1. Treatment with recombinant Wnt5A (rWnt5A) resulted in a significant down-regulation 
of ROR1 mRNA in two poorly invasive cell lines (UACC1273 and G361) as measured by Q-
RT-PCR (Figure 3A). To confirm this at the protein level, we performed both Western blot 
analysis and surface biotinylation assays. Surface biotinylation assays determine the amount of 
ROR1 expression that is present at the cell surface, and is available for ligand binding. ROR1 
was decreased by rWnt5A treatment of Wnt5A-low UACC1273 cells, in contrast to ROR2, 
which was increased by rWnt5A treatment of these cells. In the high Wnt5A, high ROR2, 
metastatic cell lines UACC903, M93-047 and UACC647, we found no ROR1 expression (Figure 
3B). To determine how quickly ROR1 was degraded upon Wnt5A treatment, we treated Wnt5A 
low G361 and UACC1273 cells with rWnt5A over a time course. ROR1 protein levels decreased 
significantly -- as quickly as five minutes in both lines (Figure 3C). This suggested that the 
protein was being rapidly degraded upon Wnt5A treatment and that its decrease was not simply a 
result of decreased transcription.  
 
To determine by which route ROR1 was degraded upon rWnt5A treatment, we analyzed the 
proteasomal degradation pathways. In order to determine if ROR1 was being degraded via 
proteosomes, we treated ROR1-positive melanoma cells with the proteasome inhibitor MG132. 
In the presence of MG132, ROR1 accumulated in the cells (Figure 3D, E, MG132). Treatment 
with rWnt5A decreased ROR1 expression (Figure 3D, E,+rWnt5A), but in the presence of 
MG132 could no longer do so (Figure 3D, E, MG132 + rWnt5A).  
 
Many of the downstream events of Wnt5A are mediated via the activation of PKC; and the PKC 
isoforms activated by Wnt5A are PKC α, βII and γ. To determine whether PKC activation plays 
a role in the Wnt5A-mediated down-regulation of ROR1, we manipulated the activity of PKC in 
cells using the PKC inhibitor GO6983 (targeted to the conventional PKC isoforms). First, we 
treated Wnt5A high UACC903 cells with GO6983. In control conditions, there was very little 
expression of ROR1; and Wnt5A was localized to endosomes, from where we have previously 
shown it is signaling. When PKC was inhibited (GO6983), Wnt5A was released from the 
endosomes and the levels of ROR1 were increased (not shown)). Western blot analysis shows 
that inhibition of PKC, even in Wnt5A low cells, can also increase the levels of ROR1, 
suggesting that even the low levels of Wnt5A in these cells can regulate ROR1 (Figure 3F). 
Next, we treated Wnt5A low cells (G361, UACC1273) with rWnt5A in the presence or absence 
of PKC inhibitors, and asked how that affected ROR1 levels. In the absence of GO6983, cells 
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have high levels of ROR1 (Figure 3G). Treatment with rWnt5A decreased ROR1 expression 
(Figure 3G, +rWnt5A). In the presence of only the GO6983 inhibitor, ROR1 expression was 
unaffected (Figure 3G, +GO, 1 µM). However, upon pre-treatment of the cells with GO6983, 
rWnt5A was less efficient at decreasing ROR1, suggesting that PKC is required for the Wnt5A-
mediated degradation of ROR1 (Figure 3G, GO + rWnt5A). Taken together, these data suggest 
that Wnt5A targets ROR1 to proteasomes for degradation in a PKC-dependent manner. 
 
4.   Hypoxia induces the switch from ROR1 to ROR2, increasing invasion. 
While it is clear that melanoma cells switch from an ROR1-positive to an ROR2- positive 
phenotype during melanoma invasion, we wanted to understand what initiated this switch. As 
melanoma cells invade deeper into the skin, they encounter an increasingly hypoxic 
microenvironment; and the protein HIF1α has been shown to be elevated as melanomas 
progress.  HIF1α plays a role in ROR2 upregulation  and is also inversely correlated with MITF 
expression in melanomas, so we analyzed the role of hypoxia in the induction of ROR1 to ROR2 
phenotype switching. First, we confirmed that exposure of melanoma cells to hypoxia (2% O2) 
increases their invasion using motility (scratch-wound) assays (Figure 4A). HIF1α expression 
was increased in the cells by six hours as expected (Figure 4B). This upregulation is concomitant 
with a decrease in MITF and an increase in Wnt5A, suggesting that the phenotype switch occurs 
upon exposure to hypoxic conditions (Figure 4C). To determine whether HIF1α is responsible 
for Wnt5A upregulation following hypoxia, we knocked down HIF1α using siRNA (Figure 4D). 
This resulted in the inability of hypoxia to induce Wnt5A expression (Figure 4E), suggesting that 
HIF1α is required for Wnt5A expression.  
 
We next queried whether the ROR receptors are also affected by hypoxia. In the presence of 
hypoxia, ROR1 was downregulated (Figure 4F,G), where ROR2 was upregulated (Figure 4H). In 
the absence of HIF1α, ROR2 was decreased (Figure 4I). The hypoxia-mediated upregulation of 
ROR2 was blocked by Wnt5A silencing in highly invasive cell lines (Figure 4J). In poorly 
invasive cell lines, there was little effect of Wnt5A silencing on ROR2 or HIF1α during 
normoxic conditions, presumably because Wnt5A levels are already so low (not shown). These 
data suggest that hypoxia is one factor that can drive the switch from a non-invasive ROR1-
positive phenotype to an invasive, ROR2-positive phenotype. Further, these data indicate that the 
upregulation of ROR2 via HIF1α requires Wnt5A.  
 
5.  Wnt5A upregulates Siah2, stabilizing HIF1α  levels, resulting in increases in ROR2. 
In order to understand how HIF1α might work in cohort with Wnt5A to increase the expression 
of ROR2 during hypoxia, we looked for downstream signaling mediators in common between 
Wnt5A and HIF1α.  A common signaling intermediate in hypoxia and Wnt5A signaling is the 
E3 ubiquitin ligase, Siah2. Wnt5A regulation of canonical Wnt signaling occurs predominantly 
via upregulation of Siah2, resulting in a GSK3-β-independent degradation of β-catenin. Siah2 
plays an important role during hypoxia, as it inhibits prolyl hydroxylases, resulting in the 
stabilization of HIF1α. Additionally, Siah2 is upregulated in metastatic melanomas, so we 
hypothesized that Siah2 upregulation may be downstream of Wnt5A in melanomas, just as it is 
during development.  
 
We examined Siah2 expression in our melanoma cell lines. Siah2 expression was increased in 
Wnt5A high UACC903 and M93-047 cells, as compared to Wnt5A low UACC1273 cells 
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(Figure 5A) and knockdown of Wnt5A decreased Siah2 expression (Figure 5B). This suggests 
that Wnt5A can indeed regulate Siah2 expression. To determine whether Siah2 is activated by 
hypoxia in melanoma cells, we exposed cells to hypoxia for six and 24 hours. Siah2 was 
increased in both poorly invasive (UACC1273) and highly invasive (M93-047) melanoma cells 
(Figure 5C). To determine whether Wnt5A upregulation of Siah2 plays a role during hypoxia-
initiated phenotype switching, we knocked down Wnt5A in invasive melanoma cells. When 
exposed to hypoxia, these cells were no longer able to upregulate Siah2 (Figure 5D), and HIF1α 
expression (Figure 5E) was also decreased. This implies that Wnt5A is required for the 
activation of Siah2 during hypoxia, and acts in a positive feedback loop with HIF1α. 
  
Since β-catenin is a target of Siah2, we sought to determine whether Wnt5A requires Siah2 to 
affect β-catenin levels in melanoma cells. We have previously shown that Wnt5A overexpression 
in proliferative phenotype melanoma cells can cause a decrease or dysregulation of β-catenin 
expression in those cells. Further, β-catenin mRNA expression is downregulated in highly 
invasive, compared to poorly invasive, melanoma cell lines; and β-catenin expression can predict 
better patient outcome. rWnt5A treatment of Wnt5A low UACC1273 cells resulted in a decrease 
of β-catenin expression, which, like ROR1, was dependent on proteasomal function (Figure 5F). 
rWnt5A treatment of G361 cells also decreased β-catenin expression. We then knocked down 
Siah2 in poorly invasive melanoma cells and showed that, in the presence of Siah2 siRNA, 
β-catenin levels begin to accumulate (Figure 5G). In the absence of Siah2, Wnt5A can no longer 
affect β-catenin expression or localization (Figure 5G).  
 
Taken together, these data demonstrate that hypoxia can drive the switch from ROR1 to ROR2 
positivity in melanoma cells, and that Wnt5A, via Siah2, plays a critical role in the hypoxic 
induction of phenotype switching. These data provide evidence that microenvironmental 
regulation of non-canonical Wnt signaling is essential for the phenotypic plasticity of melanoma 
cells, and further, these data identify HIF1α as a novel target of non-canonical Wnt signaling. 
Our data also suggest that Siah2 may perform its function as a promoter of the metastatic 
phenotype of melanoma cells both via its stabilization of HIF1α  and its down-regulation of 
β-catenin (see schematic in Figure 5H).  
 
6.  Phenotype switching in BRAF mutant cells decreases sensitivity to BRAF inhibitors. 
We then asked what the clinical implications of the observed phenotype switch might be. 
Previous studies have demonstrated that activated β-catenin expression sensitizes BRAF mutant 
melanoma cells to Vemurafenib therapy.  We hypothesized that, conversely, Wnt5A high 
melanoma cells with BRAF mutations might prove to be less sensitive to Vemurafenib therapy. 
To analyze this, we identified cell lines with BRAFV600E mutations and measured their Wnt5A 
and ROR2 status, as well as their sensitivity to BRAF inhibitors. Out of 11 BRAF mutant cell 
lines tested, with low and high Wnt5A, there was a significant correlation between BRAF  
inhibitor resistance and Wnt5A expression (p=0.017) (Figure 6A). Treating PLX-sensitive 
451LU melanoma cells with rWnt5A prior to the administration of PLX4720 increased the 
resistance of these cells to PLX4720 by almost 2-fold (Figure 6B). ROR2 is the tyrosine kinase 
receptor responsible for Wnt5A signal transduction in melanomas, and the expression of this 
receptor was also increased in PLX-resistant cells (Figure 6C).  
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To determine whether knockdown of ROR2 would sensitize Wnt5A high cells to the BRAF 
inhibitor, PLX4720, we treated resistant or partially resistant Wnt5A-high, ROR2-high cells 
(1205Lu, UACC62, FS4) with siRNA directed against ROR2, and analyzed the cells for 
response to therapy. Knockdown of ROR2 sensitized melanoma cells for therapy in vitro (Figure 
6D). Next, we asked whether ROR1 was decreased in resistant cells and whether the knockdown 
of ROR1 could affect the response to PLX4720. ROR1 expression was decreased in PLX4720-
resistant cells (Figure 6E). These data imply that inhibition of ROR2 in conjunction with BRAF 
inhibitors may target a subset of patients not previously responsive to these drugs. Also, the loss 
of ROR1 increases the resistance to PLX4720, further confirming the observation that the 
microenvironment can guide a phenotype switch to a more aggressive tumor type. 
 
7.  Wnt5A expression correlates with resistance in human tumor samples. 
To further confirm and extend these findings, we sought to assess whether the expression of 
Wnt5A could predict patient response to Vemurafenib in a small cohort of patients (n=24). 
Robust clinical response to Vemurafenib is defined as 30% response or higher. To account for 
human error in measuring response, we extended this definition of clinical response to include 
samples of 35% or higher.  We were able to identify nine patients with 33% response or lower to 
Vemurafenib, and 15 patients with a 38% or higher response to the drug. Examples of Wnt5A 
staining in correlation to therapeutic response are shown in Figure 7A. Treatment, time to 
progression, and survival were assessed in this cohort of patients; and the data are summarized in 
Table 1. Even in this small cohort of patients, the results were significant: seven out of nine 
patients who demonstrated less than 33% clinical response to Vemurafenib had positive 
expression of Wnt5A, from 1-3+ intensity. Only two of the remaining 15 patients (38% response 
or greater) exhibited any Wnt5A expression (1-2+ intensity) as shown in Figure 7B, giving a 
statistical significance of p=0.002. It should be noted that, while ROR1 and ROR2 status would 
also likely provide further evidence of resistance to therapy, the antibodies available are not 
robust enough for reliable FFPE analysis. 
 
If Wnt5A truly confers clinical resistance to BRAF inhibitors, then we would predict that 
Wnt5A-positive cells might be selected for in-patients who relapse (become resistant) while on 
therapy. To test this, we acquired 12 patient samples that had undergone BRAF inhibitor therapy 
and for whom we had pre-therapy and post-therapy relapsed lesions. We scored the levels of 
Wnt5A expression in these samples, and found that 8/12 post-relapse samples had increased 
Wnt5A positivity compared to pre-therapy lesions (i.e., positivity in a larger percentage of the 
tumor). Two examples are shown in Figure 7C.  In these eight patients, positivity increased from 
an average of 6% of the tumor cells being positive for Wnt5A pre-therapy, to an average of 52% 
of the tumor cells being positive post-relapse (p=0.016). In the remaining four patients, one 
sample increased from 25- 30% positivity (which we did not consider significant and therefore 
scored this unchanged), one remained the same (5% positivity, pre- and post-), one decreased 
from 16% positivity to 10% positivity, and one decreased from 5% positivity to no positivity. All 
the data are summarized in Table 2. When considering all 12 tumors together, the overall 
increase in Wnt5A staining went from 8% positivity pre-therapy to 38% positivity post-relapse, 
and was significant at p=0.018. Interestingly, in one sample for which we had pre-treatment, on-
treatment and post-relapse samples, Wnt5A staining increased from 0 to 80% positivity in the 
on-treatment sample, to 100% positivity (and an increase from 1-2+ intensity) in the post-relapse 
sample. 
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We also examined resistant cells in vitro. We took resistant subclones of the PLX-sensitive cell 
line WM983B, which are initially sensitive to BRAF inhibitors. This acquired resistance can be 
demonstrated by the failure of PLX4720 to inhibit ERK activation in the resistant cells compared 
to the parental cells (Figure 7D). Next, we analyzed the resistant subclones for their ROR1, 
ROR2 and Wnt5A status. Compared to the parental cell lines, resistant subclones lost ROR1 
expression and increased their levels of Wnt5A and ROR2 (Figure 7E). We asked whether 
treatment of sensitive cells with Wnt5A could increase ERK activation, and indeed, 451LU and 
WM983B cells treated with Wnt5A have increased PO4-ERK expression (Figure 7F), suggesting 
that activation of Wnt5A may provide an alternate route to maintain MAPK signaling in the face 
of BRAF inhibition. These data suggest that the Wnt5A pathway plays a role in resistance to 
BRAF inhibitors, and may represent both a viable target for adjuvant therapy in melanoma 
patients harboring the BRAF mutation as well as a valuable prognostic indicator of therapy 
response. These data highlight the fact that the mechanisms that underlie the phenotypic 
plasticity leading to increased invasion and those that underlie therapy resistance are very tightly 
connected. 
 
EXPERIMENTAL PROCEDURES 
Cell Culture 
UACC1273EV, UACC903, M93-047 and UACC647 cells were maintained in RPMI 
(Invitrogen, Carlsbad, CA). G-361 cells were maintained in McCoy’s 5A media (Invitrogen). All 
the above cell line media were supplemented with 10% FBS, 100 units/ml penicillin and 
streptomycin and 4 mM L-glutamine. 451LU and WM983B cells were maintained in DMEM 
with 5% FBS. 451LU BR (BRAF inhibitor resistant) and WM983B BR cells were maintained in 
DMEM with 5% FBS containing 1 µM/ml PLX4720. Melanocytes were maintained in Medium 
254CF containing Human Melanocyte Growth Supplement-2 without PMA (HMGS-2) 
(Invitrogen). WM35, WM793, 451LU and 1205LU cells were maintained in MCDB153 (Sigma, 
St Louis, MO)/ L-15 (Cellgro, Manassas, VA) (4:1 ratio) supplemented with 2% FBS and 1.6 
mM CaCl2. Fibroblasts were maintained in DMEM, supplemented with 10% FBS. Keratinocytes 
were maintained in keratinocyte SFM supplemented with human recombinant Epidermal Growth 
Factor 1-53 (EGF 1-53) and Bovine Pituitary Extract (BPE) (Invitrogen). Cell lines were 
cultured at 37°C in 5% CO2 and the medium was replaced as required. 
 
Treatments 
For recombinant Wnt5A treatment, appropriate media was supplemented with 200ng/ml of 
rWnt5A (R & D Systems, Minneapolis MN) for 16 hours. For PKC inhibition, cells were 
pretreated for 1 hour with Go6983, and subsequently treated with 200ng/ml rWnt5A for 16 
hours. For 26s proteasome inhibition, cells were pretreated for one hour with MG132, and 
subsequently treated for 16 hours with rWnt5A. Finally, for hypoxia, cells were incubated in a  
hypoxic incubator (Sanyo, San Diego, CA) at 2% O2 for the indicated time points. 
 
siRNA Transfection 
HP-validated CTRL, Wnt5A, HIF1α (2), Siah2 (2), ROR1 (2) and ROR2 siRNAs (20 - 200 
nmoles, Qiagen, Valencia, CA) were transfected into cells using Lipofectamine (Invitrogen) as 
previously described (O'Connell et al., 2009). siRNA sequences are listed in Supplementary 
Table 1.  
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Organotypic 3D Skin Reconstructs 
Where melanocytes were used, an acellular collagen layer was prepared on ice, placed into tissue  
culture inserts (Organogenesis, Canton, MA), and incubated for 45 minutes at 37 °C in 5% CO2. 
The cellular layer of the reconstruct was prepared on ice. 3 ml of this collagen matrix was added 
to each acellular layer coated insert and incubated for 45 minutes at 37 °C in a 5% CO2 tissue 
culture incubator. For reconstructs built with melanoma cells, the cellular layer was plated 
directly onto the insert with no prior acellular layer.  DMEM containing 10% FBS was added to 
each well of the tissue culture trays and incubated for four days. Reconstructs were incubated for 
one hour at 37°C in HBSS containing 1% dialyzed FBS (wash media). Washing media was 
removed and replaced with reconstruct media I. Keratinocytes (4.17 x 105) and melanoma cells 
(8.3 x 104) were added to the inside of each insert.  Plates were then incubated for 48 hours at 37 
°C in 5 % CO2.  Media was removed and replaced with reconstruct media II, and plates were 
incubated for a further 48 hours at 37 °C in 5% CO2.  Reconstruct media II was removed and 
replaced with reconstruct media III, which was added to the outside of the insert only.  Media 
was changed every other day until day 18 when reconstructs were harvested, fixed in 10% 
formalin, paraffin embedded, sectioned and stained. 
 
Organotypic 3D Skin Reconstructs Layer and Media Preparation 
Preparation of the acellular collagen layer: EMEM, 1.66 mM L-glutamine 10% ml FBS, 0.15% 
Sodium bicarbonate and 0.76 mg/ml bovine collagen. 
 
Preparation of the cellular collagen layer : 1.65 ml 10x MEM w/Earl’s salts, 0.15 ml L-glutamine 
(200 mM), 1.82 ml FBS, 0.35 ml 7.5% sodium bicarbonate, 2.8 ml Matrigel (BD Biosciences), 
San Jose, California), 11.2 ml bovine collagen I, and 4.5 x 105/ml fibroblasts. For melanocytes: 
Basic medium (500 mL): 98%  keratinocyte serum-free medium (Invitrogen), 0.36%  bovine 
pituitary extract, 2% dialyzed fetal bovine serum, 10 ng/mL SCF, 4.5 ng/mL bFGF and 264 
ng/mL ET-3. Medium I: Add 1ng/ml EGF to basic medium. Medium II: Add 0.2 ng/ml EGF to 
basic medium. Medium III: Add 2.4mM CaCl2 to basic medium. 
 
For melanoma cells: Medium I: 72.5% DMEM, 24% F12 (HAMs) (Invitrogen), 4 mM L-
Glutamine (Invitrogen), 1.48 x 10-6M  hydrocortisone (Sigma), 1x ITES (insulin, transferrin, 
ethanolamine, selenium) (Fisher), 0.1 mM O-phosphorylethanolamine (Sigma), 0.18 mM 
adenine (Sigma), 4 pM progesterone (Sigma), 2.4 mM CaCl2 (Sigma), 20 pM triodothyrodine 
(Sigma), 1 ml/L chelexed treated newborn calf serum (Hyclone and Sigma). Medium II: 72.5% 
DMEM, 24% F12 (HAMs), 4 mM L-Glutamine, 1.48 M hydrocortisone, 1x ITES (insulin, 
transferrin, ethanolamine, selenium), 0.1 mM O-phosphorylethanolamine, 0.18 mM adenine, 4 
pM progesterone, 2.4 mM CaCl2, 20 pM triodothyrodine, 1 ml/L newborn calf serum.  Medium 
III: 50% DMEM, 50% F12 (HAMs), 4 mM L-Glutamine, 1.48x10-6M hydrocortisone, 1x ITES 
(insulin, transferrin, ethanolamine, selenium), 0.1 mM O-phosphorylethanolamine, 0.18 mM  
adenine, 2.4 mM CaCl2, 20 pM triodothyrodine, 20 ml/L newborn calf serum). 
 
Cell Proliferation Assay (MTT) 
Cells were tranfected with CTRL or ROR1 siRNA as previously described (O’Connell et al, 
2010). 72 hours post transfection, a Vybrant MTT cell proliferation assay (Life Technologies, 
Grand Island, NY) was performed according to the manufacturer’s protocol. Cells were seeded at 
5 x 104 cells/well in a 96-well plate and incubated for 24 or 48 hours in RPMI supplemented with 
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10% FBS, phenol red free media. Cells were then washed and 100ul fresh media containing 10ul 
12 mM MTT was added. Plates were then incubated at 37°C for four hours. 100ul of SDS-HCL 
0.01M was then added and the plate incubated at 37°C for 16 hours. Absorbance was measured 
at 570 nm.  
 
Cell Proliferation Assay (MTS) 
Cell Proliferation was determined using CellTiter 96 Aqueous One Solution Cell Proliferation 
Assay according to manufacturer’s protocol. 1205LU and 451LU melanoma cells were seeded at 
6.5 x 103 cells per well in flat bottom 96-well plates and allowed to adhere overnight. 1205LU 
cells were then transfected with ROR2 siRNA as previously described. 48 hours following 
transfection, 1205LU cells were treated with 0 to 10 mM PLX4720/ 1% DMSO for 24 hours. 
451LU cells were treated with 200 ng/mL rWnt5A for 16 hours, and then retreated one hour 
prior to treatment with 0 to 10 mM PLX4720/ 1% DMSO for 24 hours. Following treatments, 
cells were incubated with MTS dye (20 µl/well) for 2 hours. Absorbance was determined at 
490nm using an EL800 microplate reader (BioTek, Winooski, VT).  The percent cell 
proliferation was calculated by converting the experimental absorbance to percentage of control 
and plotted vs drug concentration. The values were then analyzed using a nonlinear dose-
response analysis in GraphPad Prism.  
 
Cell Motility Assay 
Cells were seeded at 1 x 105 cells/well in 24-well plates coated with fibronectin (BD 
Biosciences). Once confluent, a 200 μl pipette tip was heat-sealed, and one horizontal and one 
vertical scratch were made. Images of the same field were taken at 0 and 8 hours on a light 
microscope (Zeiss, Thornwood, NY) using phased light at a gain of 1. 
 
Matrigel Invasion Assay 
Invasion assays were performed using transwell migration chambers (Corning Life Sciences, 
Lowell, MA). 8μm filters were coated with 150 µL of 80µg/mL reconstituted basement 
membrane (Matrigel) (Becton Dickinson, Franklin Lakes, NJ). Cells were transfected with 
ROR1 siRNA for 48 hours and subsequently seeded onto the filters in serum free media at 2 x 
105 cells/well. Media containing 20% fetal calf serum was placed in the lower well to act as a 
chemoattractant. Cells were allowed to invade and adhere to the lower chamber, stained using 
crystal violet, and counted. The crystal violet was extracted using acetic acid and absorbance 
read at 570 nm. All cell lines were assayed in triplicate.  
 
3D Spheroid Assays 
Tissue culture treated 96-well plates were coated with 50 ul 1% Difco Agar Noble (Becton 
Dickinson). G-361 cells were seeded at 5 x 104 cells / well and allowed to form spheroids over 72 
hours. Spheroids were harvested and placed in a collagen plug containing EMEM, FBS, L-
Glutamine, sodium bicarbonate, and collage type I (Organogenesis). The collagen plug was 
allowed to set and 1ml McCoys 5A supplemented with 10% FBS media was added to the top of  
the plug.  
 
Immunofluorescence (IF) 
Cells were seeded into 1-well chamber slides (Nunc, Rochester, NY) at 2 x 105 cells / slide, 
incubated overnight, fixed and blocked as previously described (O'Connell et al., 2010). Primary 
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antibodies were diluted in blocking buffer, and cells were incubated overnight at 4°C. Cells were 
washed in PBS and incubated with the appropriate secondary antibody (1:2000, Alexa fluor-488 
or Alexa fluor-568, (Invitrogen)) for one hour at room temperature.  Cells were then washed in 
PBS and mounted in Prolong Gold anti-fade reagent containing DAPI (Invitrogen). Images were 
captured on a LSM 710 confocal microscope (Zeiss). 
 
Immunohistochemistry (IHC) 
Paraffin embedded sections were rehydrated through a xylene and alcohol series, rinsed in H2O 
and washed in PBS. Antigen retrieval was performed using target retrieval buffer (Vector Labs, 
Burlingame, CA) and steamed for 25 minutes. Samples were then blocked in a peroxidase 
blocking buffer (Thermo Scientific) for 15 minutes, followed by an Ultra-V block (Thermo 
Scientific) for five minutes, and incubated in appropriate primary antibody diluted in blocking 
buffer at 4°C overnight in a humidified chamber. Following washing in PBS, samples were 
incubated in a Streptavidin-HRP solution at room temperature for 20 minutes. Samples were then 
washed in PBS and incubated in 3-Amino-9-Ethyl-l-Carboazole (AEC) chromogen for 15 
minutes. Finally, samples were washed in H2O, incubated in Mayers hematoxylin for one 
minute, rinsed in cold H2O, and mounted in Aquamount. 
 
Real Time PCR 
RNA was extracted using Trizol (Invitrogen) and an RNeasy Mini kit (Qiagen) as previously 
described (O'Connell et al., 2008). Gene expression was quantified using the SYBR green 
method of qPCR, and mRNA levels were compared to standard curves. Primers were designed to 
cross intron exon junctions where possible. qPCR was performed on an ABI StepOnePlus 
sequence detection system using fast conditions, and samples were normalized against the 18S 
gene using Universal 18S primers (Ambion, Austin, TX). Expression was calculated using the 
standard curve method according to the manufacturer’s protocol (Perkin Elmer, Waltham, MA).  
 
Cell Surface Biotinylation 
Surface biotinylation was performed using a cell surface protein isolation kit (Thermo Scientific, 
Rockford, IL) according to manufacturers protocol. Briefly, Cells were grown in four T-75 flasks 
to 90–95% confluence and labeled using sulfosuccinimidyl 2-(biotinamido)-ethyl- 1,3-
dithiopropionate. Cells were subsequently lysed, sonicated on low power, and incubated for 30 
minutes on ice. The labeled proteins were isolated using NeutrAvidin-agarose columns. A trace 
amount of Bromophenol blue was added to the eluate, and samples were analyzed by Western 
blot. 
 
SDS-PAGE and Western Blotting 
Protein was isolated and 50µg total protein was subjected to SDS-PAGE and transferred onto  
PVDF as previously described (O'Connell et al., 2008). Primary antibodies used were WNT5A 
(10 µg/ml), ROR1 (2.5 µg/ml), ROR2 (2.5 µg/ml), HIF1α (0.5 µg/ml), SIAH2 (5ug/ml), PO4-
ERK (0.2ug/ml), Total-ERK (1.2ug/ul), and beta tubulin (0.5 µg/ml) (Cell Signaling). 
Membranes were incubated overnight at 4oC with appropriate primary antibodies diluted in 5% 
milk/TBST. The membranes were subsequently washed in TBST and incubated for one hour at 
room temperature with appropriate HRP-conjugated secondary antibody (e.g. 0.2 µg/ml of anti-
mouse IgG, streptavidin, or anti-rabbit IgG) diluted in 5% milk/TBST. Proteins were visualized 
using ECL plus (Amersham, Uppsala, Sweden). 



 16 

Statistical Analysis  
For in vitro studies, Student's t test or ANOVA was performed using at least three independent 
experiments. For in vivo studies, the fold change in tumor volume after treatment at 14 days 
relative to baseline was used to evaluate the treatment effect. Means, standard deviations (SD) 
and medians were calculated and distributions of data were examined to ascertain whether 
normal theory methods are appropriate. The Kruskal-Wallis test and post-hoc Wilcoxon rank-
sum test were used for multiple comparisons among experimental groups. Bonferroni's adjusted 
p-values were calculated and used to determine the statistical significance. For patient samples, 
paired T-tests were used to calculate significance. Stata 12.0 (StatCorp LP, College Station, TX, 
USA) was used for data analysis. Significance was designated as follows: *, p < 0.05; **, p < 
0.01; ***, p<0.001. 
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Figure 1. ROR1 is downregulated in metastatic melanoma, and is regulated by Wnt5A. 
ROR1 is expressed highly in primary melanoma (A), as opposed to ROR2 which is expressed in 
metastatic melanoma (B). Invasive melanoma cell lines express ROR2 but not ROR1 (C). ROR1 
is not expressed in Wnt5A high melanoma cell lines, and is downregulated by Wnt5A (D). 
Regulation of ROR1 by Wnt5A is achieved by phosphorylation of ROR1 most likely via PKC, 
as it can be blocked by the PKC inhibitor GO6983 (E). Subsequently, ROR1 is degraded via the 
proteasome, which can be blocked using the proteasome inhibitor MG132 (F). 
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Figure 2. Knockdown of ROR1 drives invasion in melanoma. ROR1 knockdown results in 
increases in Wnt5A and ROR2 in melanoma cells (A,B). Spheroid invasion assays demonstrate 
that knockdown of ROR1 increases invasion of melanoma cells. Further, knockdown of both 
ROR1 and ROR2 ablates invasion in these assays (C.D).  
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Figure 3: Wnt5A Decreases ROR1 Expression Through Proteasomal Degradation.  
(A) Real-time PCR analysis of ROR1 mRNA levels in Wnt5A low UACC1273 and G361 cell lines +/- 
treatment with rWnt5A (200 ng/ml, 16 hours) (***p<0.001; error bars=STDEV). (B) Surface 
biotinylation and Western blot analyses of ROR1 protein expression in UACC1273 cells (+/- rWnt5A) as 
well as metastatic UACC903, M93-047 and UACC647 cell lines. (C) Time course analysis (5 minutes, 1 
hour, 16 hours) of ROR1, Wnt5A and HSP90 in G361 and UACC1273 cells. (D) Expression of ROR1 
(green) protein in G361 cells following pre-treatment with the proteasome inhibitor (MG132, 10 µM, 1 
hour) in the presence or absence of rWnt5A (200 ng/ml, 10 minutes). (E) Western blot analysis of ROR1 
protein in UACC1273 cells following pre-treatment with the proteasome inhibitor (MG132, 10 µM, 1 
hour) in the presence or absence of rWnt5A (200 ng/ml, 16 hours). (F) Western blot analysis of ROR1 in 
poorly invasive UACC1273 cells following treatment with the PKC inhibitor GO6983 (1 µM, 17 hours). 
(G) Western blot analysis of ROR1 protein in UACC1273 cells following pre-treatment with the PKC 
inhibitor GO6983 (1 µM, 17 hours) in the presence or absence of rWnt5A (200 ng/ml, 16 hours). 
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Figure 4: Hypoxia Induces a Switch in ROR Receptor Expression and Increases Wnt5A Expression 
and Motility. (A) Wound healing assay of UACC903 cells seeded onto collagen coated plates and 
exposed to hypoxia (2% O2). Cells were scratched and imaged at zero and eight hours. (B) Protein 
expression of HIF1α in UACC1273 cells following exposure to hypoxia (2% O2) for 6 hours. (C) mRNA 
levels of Wnt5A and MITF following exposure to hypoxia (2%O2, six hours) analyzed by real-time PCR 
(*p<0.05, ***p<0.001; error bars=STDEV). (D) Western blot analysis of HIF1α protein expression in 
UACC903 cells following treatment with CTRL or HIF1α siRNA under normoxic and hypoxic 
conditions. (E) Western blot analysis of HIF1α and Wnt5A protein expression in M93-047 cells following 
treatment with CTRL or HIF1α siRNA under normoxic and hypoxic conditions. (F) Real-time PCR 
analysis of ROR1 mRNA levels in UACC1273 cells following exposure to hypoxia (2%O2, six hours and 
48 hours) (***p<0.001; error bars=STDEV). Western blot analysis of ROR1 (G) and ROR2 (H) protein 
expression in UACC1273 cells following exposure to hypoxia. (I) Analysis of ROR2 and Wnt5A mRNA 
levels, by real-time PCR, following treatment with CTRL or HIF1α siRNA in M93-047 cells (*p<0.05; 
error bars=STDEV). (J) Wnt5A and ROR2 mRNA levels assessed by real time PCR following treatment 
with CTRL or Wnt5A siRNA in M93-047 cells under normoxic or hypoxic conditions (*p<0.05, 
**p<0.01, ***p<0.001; error bars=STDEV). 
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Figure 5: Wnt5A Degrades β-Catenin and Stabilizes HIF1α via Siah2.  
(A) Analysis of Siah2 mRNA levels in melanoma cells that are increasingly invasive (*p<0.05, 
**p<0.01; error bars=STDEV). (B) Analysis of Wnt5A and Siah2 mRNA levels by real-time 
PCR in M93-047 cells treated with either a CTRL or Wnt5A siRNA (*p<0.05, **p<0.01; error 
bars=STDEV). (C) Siah2 mRNA levels in poorly (UACC1273) and highly (M93-047) invasive 
melanoma cells following exposure to hypoxia (2% O2, six hours and 24 hours) (*p<0.05, 
**p<0.01; error bars=STDEV). (D) Siah2 mRNA levels following treatment with CTRL or 
Wnt5A siRNA in M93-047 cells under normoxic or hypoxic conditions (2%O2, 24 hours) 
(*p<0.05, **p<0.01). (E) HIF1α mRNA levels in M93-047 cells following treatment with CTRL 
or Wnt5A siRNA under normoxic or hypoxic conditions (2% O2, 24 hours)  (**p<0.01; error 
bars=STDEV). (F) Expression of active β-catenin in cells following pretreatment with the 
proteasome inhibitor (MG132, 10 µM, one hour) in the presence or absence of rWnt5A (200 
ng/ml, 16 hours). (G) Expression of active β-catenin in cells after knockdown of SIAH2 (20nM, 
48h) in the presence or absence of rWnt5A (200 ng/ml, 16 hours). (H) Schematic representation 
of hypoxic induction of Wnt5A, Siah2, HIF1α and ROR2 and subsequent inhibition of β-catenin. 
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Figure 6: Wnt5A and ROR2 Contribute to Intrinsic Resistance to BRAF Inhibitors.  
(A) Wnt5A and (C) ROR2 mRNA levels in sensitive and resistant melanoma cell lines analyzed 
by real-time PCR (*p< 0.05, and **p<0.005, respectively). (B) PLX-sensitive 451LU melanoma 
cells were treated with increasing doses of PLX4720, and proliferation was analyzed by an MTS 
assay. (D) PLX-resistant 1205LU cells were transfected with CNTR1 or ROR2 siRNA, and were 
then treated with increasing doses of PLX4720. (E) ROR1 mRNA levels in sensitive and 
resistant melanoma cell lines analyzed by real-time PCR (**p<0.005).  
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Figure 7: Wnt5A and ROR2 Contribute to Acquired Resistance to BRAF Inhibitors. (A) 
Immunohistochemical staining of Wnt5A in four different patient samples pre-Vemurafenib 
treatment. (B) Wnt5A expression was scored and correlated to clinical response following 
treatment with Vemurafenib. Wnt5A expression correlates to poor patient response (**p<0.01). 
(C) Immunohistochemical staining of Wnt5A in patient samples pre- and post-treatment with 
Vemurafenib or Vemurafenib/Trametinib. Wnt5A expression increases in relapsing tumors 
(*p<0.05) (D) Western blot analysis of PO4-ERK and total-ERK expression in WM983B 
melanoma cells that are sensitive to BRAF inhibitors (parental (Par)) and in resistant (BR) 
subclones of the parental WM983B cells. Cells were untreated or treated with the BRAF 
inhibitor PLX4720 (1 µM, 48 hours). (E) ROR1, ROR2 and Wnt5A protein expression in 
parental and resistant WM983B cells analyzed by Western blot. (F) Western blot analysis of 
PO4-ERK and total-ERK expression in WM983B parental cells treated with rWnt5A (200 
ng/ml) for 24 hours. 
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Table 1. 
 

ID 
Site of 
disease 

Site of  
biopsy RX % 

Response 
Wnt5A 
postivity 

Time of 
PFS 

3C sc 

Skin / 
subcutaneous 
nodule biopsy  BRAFi 10%  ++  10 

10A li, sc, n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 13% +++ 3 months 

R5 sc, n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 17%  +  6 months 

16B sc, n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 20%  +  11 months 

31A sc,n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 22%  +  4 months* 

35B sc,n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 23%  -  

8 months, 
ongoing* 

R10 n, sc 
Subcutaneous 
nodule 

BRAFi + 
MEKi 23% ++ 3 months 

R8 Lu, sc, n 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 23%  -  2 months* 

R4 n, sc Lymph node 
BRAFi + 
MEKi 33% ++ 5 months 

6A sc 

Skin / 
subcutaneous 
nodule biopsy  

BRAFi + 
MEKi 38% - 15 ongoing 

R12 n, li Hepatectomy BRAFi 50% ++ 5 months 
20C n,sc,li,lu bowel BRAFi 50%  +/- 2 months 

R6 n, li, lu 
small 
intestine 

BRAFi + 
MEKi 50% -  4 months 

24A br,sc,lu,li,n 

Skin / 
subcutaneous 
nodule 
biopsy  BRAFi 53%  -  2 months 

16A sc, n 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 57% - 

7 months 
ongoing 
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R9 n, lu Lymph node 
BRAFi + 
MEKi 57% +/- 

12 months, 
ongoing 

13A sc, n 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 58%  -  9 months 

6B sc 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 60%  -  22 months 

R3 n, li, lu Lymph node 
BRAFi + 
MEKi 63% +/- 13 months 

25A n, sc 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 64%  -  3 months 

11A sc,br 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 80%  -  10 months 

12A sc, br, n 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 86% - 

9 months 
ongoing 

12B sc, br, n 

Skin / 
subcutaneous 
nodule 
biopsy  

BRAFi + 
MEKi 89%  -  12 months 

R2 li, lu Hepatectomy BRAFi 90% +/- 7 months 
 
 
Table 1: Wnt5A Expression May Predict Response to Therapy. Wnt5A expression in 
patients before treatment with BRAF/MEK inhibitors and percent response to therapy.  
* Indicates removal from treatment due to adverse effects. Li= liver, sc= subcutaneous, 
n=nodule, br=brain. Brafi= vemurafenib or dabrefanib, Meki= trametinib. Expression of Wnt5A 
in non-responders is significant to p=0.002. 
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Table 2. 

Patient  

% Wnt5A 
positivity 
PRE RX 

% Wnt5A 
positivity 
POST RX Treatment 

M11 (pre)          
(post)   15 90 

Vemurafenib/   
trematenib 

10-1(Pre)  
(Post) 0 20 

Dabrefanib/ 
trematinib 

10-15(Pre)  
(Post) 0 10 Vemurafenib 
11 (Pre)  
(Post) 0 90 Vemurafenib 
10-35(pre)  
(post) 0 25 Vemurafenib 
OS-08 (pre)  
(post) 10 40 Vemurafenib 
WS-09- (pre)  
(post) 20 40 Dabrefanib 
HS09 (pre)  
(Post) 16 5 PLX4032 
WS-03Pre) 
(Post) 5 5 Vemurafenib 
S10 (Pre)  
(post) 25 30 Vemurafenib 
24A (Pre) 
24C (Post) 0 100 

Dabrafenib/ 
trametinib 

25A (Pre) 
25B (Post) 5 0 

Dabrafenib/ 
trametinib 

AVERAGE 8 38 
 

T-Test P=0.020260 
   

Table 2: Wnt5A Expression Increases in Patients Who Acquire Resistance to MAPK 
Inhibition. Change in Wnt5A positivity (%) in patients both pre- and post-treatment with 
BRAF/MEK inhibitors (Vemurafenib/ Trematenib / Dabrefanib / PLX4032). Increase in Wnt5A 
during resistance is significant to p=0.018. 
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Supplementary Table 1 – siRNA Sequences 
 

siRNA Sequence 
CTRL Proprietary Sequence 
WNT5A Sense 5’-GGAUAACCUUGUAACAUAU-3’ 
WNT5A Antisense 5’-AUAUGUUACAAGGUUAUCC-3’ 
HIF1α Sense  5’-GAAGAACUAUGAACAUAAATT-3’ 
HIF1α Antisense 5’-UUUAUGUUCAUAGUUCUUCCT-3’ 
ROR1 Sense 5’-CAGUGAGUAAUCUCAGUAATT -3’, 
ROR1 Antisense 5’- UUACUGAGAUUACUCACUGGG-3’ 
ROR2 Sense 5’-GGUUUGGGAAAGUCUACAATT-3’ 
ROR2 Antisense 5’-UUGUAGACUUUCCCAAACCGG-3’. 
SIAH2 Sense 5’-GGGAGAAGACAUCGUCUUUTT-3’ 
SIAH2 Antisense 5’-AAAGACGAUGUCUUUCCCTG-3’ 

     
 
 
18. Extent of Clinical Activities Initiated and Completed.  Items 18(A) and 18(B) should be 

completed for all research projects.   If the project was restricted to secondary analysis of 
clinical data or data analysis of clinical research, then responses to 18(A) and 18(B) should 
be “No.” 

 
18(A) Did you initiate a study that involved the testing of treatment, prevention or 
diagnostic procedures on human subjects?  

______Yes  
__X__ No  

 
18(B) Did you complete a study that involved the testing of treatment, prevention or 
diagnostic procedures on human subjects?  

______Yes  
__X_ No  
 

If “Yes” to either 18(A) or 18(B), items 18(C) – (F) must also be completed.  (Do NOT 
complete 18(C-F) if 18(A) and 18(B) are both “No.”) 

 
18(C) How many hospital and health care professionals were involved in the research 
project? 

______Number of hospital and health care professionals involved in the research 
project 

 
18(D) How many subjects were included in the study compared to targeted goals? 

 
______Number of subjects originally targeted to be included in the study 
______Number of subjects enrolled in the study 
 
Note: Studies that fall dramatically short on recruitment are encouraged to  
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provide the details of their recruitment efforts in Item 17, Progress in Achieving  
Research Goals, Objectives and Aims. For example, the number of eligible 
subjects approached, the number that refused to participate and the reasons for 
refusal. Without this information it is difficult to discern whether eligibility 
criteria were too restrictive or the study simply did not appeal to subjects. 
 

18(E) How many subjects were enrolled in the study by gender, ethnicity and race? 
 
Gender: 
______Males 
______Females 
______Unknown 

 
Ethnicity: 
______Latinos or Hispanics 
______Not Latinos or Hispanics 
______Unknown 
 
Race: 
______American Indian or Alaska Native  
______Asian  
______Blacks or African American 
______Native Hawaiian or Other Pacific Islander 
______White 
______Other, specify:      
______Unknown 
 

18(F) Where was the research study conducted? (List the county where the research 
study was conducted.  If the treatment, prevention and diagnostic tests were offered in 
more than one county, list all of the counties where the research study was 
conducted.) 
 

19. Human Embryonic Stem Cell Research.  Item 19(A) should be completed for all research 
projects.  If the research project involved human embryonic stem cells, items 19(B) and 
19(C) must also be completed. 

 
19(A) Did this project involve, in any capacity, human embryonic stem cells?  

_____Yes  
__X_ No  

 
19(B) Were these stem cell lines NIH-approved lines that were derived outside of 
Pennsylvania? 

______Yes  
______ No  

 
19(C) Please describe how this project involved human embryonic stem cells:  
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20. Articles Submitted to Peer-Reviewed Publications.  
 

20(A) Identify all publications that resulted from the research performed during the funding 
period and that have been submitted to peer-reviewed publications.  Do not list journal 
abstracts or presentations at professional meetings; abstract and meeting presentations should 
be listed at the end of item 17.  Include only those publications that acknowledge the 
Pennsylvania Department of Health as a funding source (as required in the grant 
agreement). List the title of the journal article, the authors, the name of the peer-reviewed 
publication, the month and year when it was submitted, and the status of publication 
(submitted for publication, accepted for publication or published.).  Submit an electronic 
copy of each publication or paper submitted for publication, listed in the table, in a PDF 
version 5.0.5 (or greater) format, 1,200 dpi. Filenames for each publication should include 
the number of the research project, the last name of the PI, and an abbreviated title of the 
publication.  For example, if you submit two publications for Smith (PI for Project 01), one 
publication for Zhang (PI for Project 03), and one publication for Bates (PI for Project 04), 
the filenames would be:  

Project 01 – Smith – Three cases of isolated 
Project 01 – Smith – Investigation of NEB1 deletions 
Project 03 – Zhang – Molecular profiling of aromatase 
Project 04 – Bates – Neonatal intensive care  

If the publication is not available electronically, provide 5 paper copies of the publication.   
 
Note:  The grant agreement requires that recipients acknowledge the Pennsylvania 
Department of Health funding in all publications.  Please ensure that all publications listed 
acknowledge the Department of Health funding. If a publication does not acknowledge the 
funding from the Commonwealth, do not list the publication. 
 

Title of 
Journal 
Article: 

Authors: Name of 
Peer-
reviewed 
Publication: 

Month and 
Year 
Submitted: 

Publication 
Status (check 
appropriate 
box below): 

1. Hypoxia 
induces 
phenotypic 
plasticity and 
therapy 
resistance in 
melanoma via 
the tyrosine 
kinase 
receptors 
ROR1 and 
ROR2 
 
 

Michael P. O’Connell, Katie, 
Marie Webster, Alexander 
Valiga, Amanpreet Kaur, Adina 
Vultur, Ling Li, Meenhard 
Herlyn, Jessie Villanueva, Qin 
Liu, Xiangfan Yin, Sandy 
Widura, Janelle Nelson, Nivia 
Ruiz, Tura Camilli, Fred E. 
Indig, Keith Flaherty, Jennifer 
Wargo, Dennie T. Frederick, 
Zachary A. Cooper, Suresh 
Nair,  Ravi Amaravadi, Lynn 
Schuchter, Giorgos Karakousis, 
Wei Xu, George Xu, Ashani T. 
Weeraratna 

Cancer 
Discovery 
 

01/2013 Submitted 
Accepted 
Published 
(10-08-2013) 
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20(B) Based on this project, are you planning to submit articles to peer-reviewed publications 
in the future?   

 
Yes____X_____ No__________ 
 
If yes, please describe your plans: 
 
We will be submitting a second manuscript in the next three months on the role of Wnt5A on  
the regulation of MAPK signaling.  

 
 
21. Changes in Outcome, Impact and Effectiveness Attributable to the Research Project.  

Describe the outcome, impact, and effectiveness of the research project by summarizing its 
impact on the incidence of disease, death from disease, stage of disease at time of diagnosis, 
or other relevant measures of outcome, impact or effectiveness of the research project.  If 
there were no changes, insert “None”; do not use “Not applicable.”  Responses must be 
single-spaced below, and no smaller than 12-point type. DO NOT DELETE THESE 
INSTRUCTIONS.  There is no limit to the length of your response.  
 
These data provide us with a new biomarker that may predict for response to therapy 
(Wnt5A) and two new targets for the management of melanoma (ROR1 and ROR2). 
 
 

22. Major Discoveries, New Drugs, and New Approaches for Prevention Diagnosis and 
Treatment.  Describe major discoveries, new drugs, and new approaches for prevention, 
diagnosis and treatment that are attributable to the completed research project. If there were 
no major discoveries, drugs or approaches, insert “None”; do not use “Not applicable.”  
Responses must be single-spaced below, and no smaller than 12-point type. DO NOT 
DELETE THESE INSTRUCTIONS.  There is no limit to the length of your response. 
 
Our data indicate that targeting the Wnt5A/ROR2 pathway may not only increase initial 
sensitivity to BRAF inhibition, but may also provide a useful mechanism for targeting 
relapsing tumors. Ongoing work in our laboratory seeks to identify small molecule inhibitors 
of ROR2, hoping that we can use them to generate more effective and durable responses to 
Vemurafenib. Importantly, as the ROR2 pathway also drives melanoma metastasis, such 
inhibitors could be of great clinical benefit in the 50% of patients that do not carry the 
BRAFV600E mutation. 
 
 

23. Inventions, Patents and Commercial Development Opportunities. 
 
23(A) Were any inventions, which may be patentable or otherwise protectable under Title 35 
of the United States Code, conceived or first actually reduced to practice in the performance 
of work under this health research grant?  Yes   No X  
 
If “Yes” to 23(A), complete items a – g below for each invention. (Do NOT complete items 
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 a - g if 23(A) is “No.”) 
 
a. Title of Invention:   

 
b. Name of Inventor(s):   

 
c. Technical Description of Invention (describe nature, purpose, operation and physical, 

chemical, biological or electrical characteristics of the invention):   
d. Was a patent filed for the invention conceived or first actually reduced to practice in 

the performance of work under this health research grant?   
Yes  No  

 
If yes, indicate date patent was filed:   
 

e. Was a patent issued for the invention conceived or first actually reduced to practice in 
the performance of work under this health research grant?   
Yes  No  
If yes, indicate number of patent, title and date issued:   
Patent number:   
Title of patent:   
Date issued:   

 
f. Were any licenses granted for the patent obtained as a result of work performed under 

this health research grant?  Yes   No  
 

If yes, how many licenses were granted?    
 

g. Were any commercial development activities taken to develop the invention into a 
commercial product or service for manufacture or sale?  Yes  No  

 
If yes, describe the commercial development activities:   

 
23(B) Based on the results of this project, are you planning to file for any licenses or patents, 
or undertake any commercial development opportunities in the future?  
 
Yes ____X_____ No__________ 
 
If yes, please describe your plans: 
 

We will continue to seek and identify inhibitors of ROR2 that can be used in the clinic.  
 
 
24.  Key Investigator Qualifications.  Briefly describe the education, research interests and 
experience and professional commitments of the Principal Investigator and all other key 
investigators.  In place of narrative you may insert the NIH biosketch form here; however, 
please limit each biosketch to 1-2 pages.   
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BIOGRAPHICAL SKETCH 
Provide the following information for the key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FOUR PAGES. 
NAME 
WEERARATNA, Ashani T. 

POSITION TITLE 
Assistant Professor 

eRA COMMONS USER NAME 
WEERARATNA 
EDUCATION/TRAINING  (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.) 

INSTITUTION AND LOCATION DEGREE 
(if applicable) YEAR(s) FIELD OF STUDY 

St. Mary’s College of Maryland, St. Mary’s City, MD BA 1991 Biology 
George Washington University Medical Center, 
Washington, DC 

MPhil 1997 Molecular and Cellular 
Oncology 

George Washington University Medical Center, 
Washington, DC 

PhD 1998 Molecular and Cellular 
Oncology 

    
 
A. Personal Statement: 
 
My laboratory examines link between changes in the tumor microenvironment, and melanoma 
progression. We place a particular emphasis on the Wnt signaling pathway, which comprises a family of 
proteins that have been shown to have great implications in fetal development as well as cancer. We use a 
variety of techniques from gene expression profiling to cellular and in vivo assays. Over the last decade 
we have built up both a sound base of technical and observational knowledge, as well as assembled an 
array of tools to study Wnt signaling in cells of melanocytic origin. Currently we are interested in how an 
aging microenvironment guides changes leading to increased metastasis and therapy resistance.  
 
B. Positions and Honors: 
 
Positions 
1991-1993 Research Technician, Johns Hopkins Oncology Center, Baltimore, MD 
1993-1998 Goldstein Fellowship Award (Graduate School), The George Washington University 

Medical Center, Washington DC 
1998-2000  Postdoctoral Fellowship, Johns Hopkins Oncology Center, Baltimore, MD 
2000-2003  Staff Scientist, National Human Genome Research Institute, NIH, Bethesda, MD 
2003-2011  Staff Scientist, Laboratory of Immunology, National Institute on Aging, NIH, Baltimore, 

MD 
2011-present  Assistant Professor, Molecular and Cellular Oncogenesis Program, The Wistar Institute, 

Philadelphia, PA 
Honors 
1988  Presidential Merit Scholarship, St. Mary’s College of Maryland, St. Mary’s City, MD 
1989  University of Maryland at Baltimore Summer Fellowship Award, Baltimore, MD 
1993-1998 Goldstein Fellowship Award, The George Washington University Medical Center, 

Washington, DC 
1997 First Place Award for Oral Presentation, DC Chapter of the National Society for 

Experimental Biology and Medicine, Washington, DC 
1999 AACR-AFLAC Scholar Award, AACR-NCI-EORTC International Conference on 

Molecular Targets and Therapeutics, Washington, DC 
2001  Fellows Award for Research Excellence, National Institutes of Health, Bethesda, MD 
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2001 AACR-AFLAC Scholar Award, AACR-NCI-EORTC International Conference on 
Molecular Targets and Therapeutics, Miami, FL 

2003  Staff Recognition Award, National Institute on Aging, Baltimore, MD 
2004  IRP Recognition Award, National Institute on Aging, Baltimore, MD 
2006  Staff Recognition Award, National Institute on Aging, Baltimore, MD 
2006 Young Investigator of the Year Award, Society for Melanoma Research; Awarded in 

Noordwijk, Netherlands. 
2007  Staff Recognition Award , National Institute on Aging, Baltimore, MD 
2008  Staff Recognition Award , National Institute on Aging, Baltimore, MD 
2008  Women in Science Investigator Award, National Institute on Aging, Baltimore, MD 
2009  Staff Recognition Award, National Institute on Aging, Baltimore, MD 
2012                American Cancer Society Institutional Research Grant Award. 
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