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1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and
scope of the research.

Our objective is to define the role of NELL-1 (NEL-like molecule-1) / Cntnap4 (Contactin-associated
protein-like 4) / MAPK signaling axis in osteosarcoma disease progression. Our overall hypothesis is
that NELL-1 enhances osteosarcoma (OS) cell proliferation, attachment, migration, invasion, and
ultimately disease progression, via Cntnap4 binding and downstream MAPK / FAK signaling
activation. Furthermore, Cntnap4 knockout will inhibit OS cell attachment, invasion and disease
progression.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Cntnap4, Nelll, osteosarcoma, sarcoma

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required to obtain
prior written approval from the awarding agency grants official whenever there are significant
changes in the project or its direction.

What were the major goals of the project?

List the major goals of the project as stated in the approved SOW. If the application listed
milestones/target dates for important activities or phases of the project, identify these dates and
show actual completion dates or the percentage of completion.

Major Task 1 — Regulatory and study preparatory tasks (100% complete)
Subtask 1 — Local IACUC approvals (100% complete)

Subtask 2 — ACURO approval (100% complete)

Subtask 3 — HRPO review and approval (100% complete)

Major Task 2 — In vitro studies (100% complete)

Subtask 1 — Perform Cntnap4 KO in 143B, Saos2 and primary OS cells (100% complete)
Subtask 2 — Perform proliferation, migration, attachment and invasion assays (100% complete)
Subtask 3 — Perform in vitro assays with or without NELL-1 treatment (100% complete)

Major Task 3 — In vivo studies (100% complete)

Subtask 1 — Perform xenografts using 143B and primary OS cells (100% complete)

Subtask 2 — Perform radiographic imaging and analysis of tumor xenografts (100% complete)
Subtask 3 — Histologic and immunohistochemical analysis of tumor xenografts (100% complete)

What was accomplished under these goals?
For this reporting period describe: 1) major activities, 2) specific objectives; 3) significant results
or key outcomes, including major findings, developments, or conclusions (both positive and



negative), and/or 4) other achievements. Include a discussion of stated goals not met. Description
shall include pertinent data and graphs in sufficient detail to explain any significant results
achieved. A succinct description of the methodology used shall be provided. As the project
progresses to completion, the emphasis in reporting in this section should shift from reporting
activities to reporting accomplishments.

Major Task 1 — Regulatory and study preparatory tasks
Subtask 1 — Local ACUC approval was obtained.

Subtask 2 — ACURO approval was obtained.

Subtask 3 — HRPO review was performed and approval obtained.
Summary: All elements of Major Task 1 performed.

Major Task 2 — In vitro studies
Subtask 1 — Studies have been performed demonstrating the effects of Cntnap4 gene deletion in
osteosarcoma cells. Design of CRISPR/Cas9 sequences and primers for validation of gene deletion
are shown in Supplementary Table 3.

Supplementary Table 3. CRISPR/Cas9 sgRNA and primer sequences.

CRISPR/Cas9 Sequence
Knockout 5’-TTCCACGGAGAACTTAGCG-3’
Negative 5’-CGCGATAGCGCGAATATATT-3’
control
Primers
Genes (human) Forward (5°-3°) Reverse (5°-3%)
C]g;]\gf4 GGCAGCATTTTTCCTTTCTTGC | CTCAGTGGCTAGACACCACC

CNTNAPA4 TGCAAATGCAGACAGTGTTGT | CCCTTGGGGTTCCATTCCAAA

GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG

The T7 endonuclease assay CNTNAP4 KO in single cell clones (Supplementary Figure 1).

700 bp -

Supplementary Figure 1. T7 endonuclease I assay in two CNTNAP4 knockout (KO) single

cell clones. The cleaved PCR products correspond to 408 and 292 bp, respectively.




Further analysis of gene expression across OS cell lines revealed highest levels of CNTNAP4
transcripts among 143B cells (Fig. 1a). Both clones showed no expression of CNTNAP4 via either

qPCR (Fig. 1b) or western blot (Fig. 1c).
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Figure 1. Cell autonomous effects of CRISPR/Cas9-mediated CNTNAP4 gene deletion in
human osteosarcoma cell lines. (a) Relative CNTNAP4 mRNA expression across osteosarcoma

cell lines. (b) Relative expression of CNTNAP4 in two clones compared with vector control (VC)

by qPCR. (¢) Western blot of CNTNAP4 in control 143B cells (VC) and knockout clones (KO).

In addition, siRNA mediated knockdown experiments were performed in parallel in 143B cells,
with gPCR results confirming significant knockdown after 48 hr (Supplementary Figure 4a).

Supplementary Figure 4
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Supplementary Figure 4. SIRNA mediated CNTNAP4 KD in 143B cells. Effects of SIRNA
mediated CNTNAP4 gene knockdown in 143B OS cells in comparison to scramble control. (a)

Confirmation of CNTNAP4 knockdown efficiency by qPCR, 48 h after siRNA treatment. (b)




Human primary OS cells were isolated and characterized (Fig. 7A-D). This included a karyotyping
(Fig. 7B), as well as confirmation of cell surface marker expression (CD44, CD73, CD90, CD105)
and absence of endothelial or hematopoietic contaminants (CD31, CD45) (Fig. 7C). Osteogenic
and chondrogenic differentiation was confirmed, using Alizarin red and Alcian blue staining,
respectively (Fig. 7D). Initial studies demonstrated low viability and slow cell growth after
CRISPR/Cas9 gene deletion of CNTNAP4 in primary OS cells, which precluded further in vitro or
in vivo evaluation. Future studies will use alternative methods, such as siRNA or shRNA, to
examine how CNTNAP4 effects primary OS cells.
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Figure 7. Characterization of primary human OS cells. (A) Representative image of bisected
osteosarcoma sample. White dashed lines indicate tumor. (B) Representative karyotype of primary
osteosarcoma cells. (C) Representative flow cytometry analysis of patient-derived primary
osteosarcoma cells. Frequency of expression is shown (blue) in relation to isotype control (red).
(D) Representative Alizarin red (AR) at d 10 of osteogenic differentiation, and Alcian blue staining
at d 14 of chondrogenic differentiation among human OS cells.

Subtask 2 —

Having confirmed gene deletion in human 143B OS cells (Fig. 1a-c), we next examined the effects
on cell proliferation, attachment, migration and invasion (Fig. 1d-j). When compared to vector
control (VC), multiple cellular effects were observed among CNTNAP4 KO 143B clones, including
reduced proliferation (Fig. 1C, mean 37.3% reduction at 72 h), reduced cell attachment (Fig. 1D, E,
mean 19.6% reduction at 5 h), reduced cell migration (Fig. 1F, G, 32.0-36.7% reduction across
clones), and reduced cellular invasion (Fig. 1H, I, 54.1-60.7% reduction). Similar findings were
observed with a polyclonal CNTNAP4 KO cell preparation either in the 143B or Saos2 OS cell
lines (15.8-49.5% reduction in proliferation, 32.2-44.7% reduction in attachment, Supplementary
Fig. S3).
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Figure 1. Cell autonomous effects of CRISPR/Cas9-mediated CNTNAP4 gene deletion in
human osteosarcoma cell lines. (A) Relative CNTNAP4 mRNA expression across osteosarcoma
cell lines. (B) Relative expression of CNTNAP4 in two clones compared with vector control (VC)
by qPCR. (C) Western blot of CNTNAP4 in control 143B cells (VC) and knockout clones (KO).
(D) MTS proliferation assay among CNTNAP4 KO single cell clones at 24, 48, and 72 h. (E, F)
Attachment assay at 3 and 5 h, assessed by (E) crystal violet staining and (F) quantification. (G, H)
Migration assay at 8 and 24 h assessed by (G) scratch wound healing assay and (H) quantification.
(I, J) Transwell invasion assay at 24 h, including (I) representative images and (J) quantification.
Data shown as mean + 1 SD, with dots representing individual data points. All experiments
performed in triplicates, with results from a single replicate shown. ND: Not detected. *P<0.05;
*#P<0.01 in comparison to VC. Scale bars: 100 pm.




Supplementary Fig. S3
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Fig. S3. CRISPR-Cas9 mediated CNTNAP4 KO in polyclonal 143B and Saos2 cells. (A-B)
Effects of CRISPR-Cas9 mediated CNTNAP4 gene deletion in polyclonal 143B OS cells. (A)
Proliferation (MTS) assay with or without CNTNAP4 KO (0-48 h) (B) Attachment assay as
assessed by crystal violet staining (left) and quantification (right) with or without CNTNAP4 KO
(3-5 h). (C-D) Effects of CRISPR-mediated CNTNAP4 gene deletion in polyclonal Saos2 OS cells.
(C) Proliferation assay as assessed by MTS with or without CNTNAP4 KO (0-48 h). (D)
Attachment assay as assessed by crystal violet staining (left) and quantification (right) with or
without CNTNAP4 KO (3-5 h). Data shown as mean + 1 SD. All experiments performed in
triplicates, with results from a single replicate shown. *P<0.05, **P<0.01.

Subtask 3 — The effects of recombinant NELL1 treatment in the context of CNTNAP4 gene
deletion were next assessed (Fig. 1K,L). Results showed an increase in attachment rates among
control 143B cells in agreement with prior reports, which was not seen among CNTNAP4 KO cells.
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Fig. 1 (K, L) Effects of recombinant NELL1 (5 pg/cm?) on 143B OS cells with or without
CNTNAP4 KO. Attachment assay assessed at 3 and 5 h by (K) crystal violet staining and (L)
quantification. Data shown as mean + 1 SD, with dots representing individual data points. All
experiments performed in triplicates, with results from a single replicate shown. *P<0.05;
*#P<0.01 in comparison to VC.
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Major Task 3 — In vivo studies

Subtask 1 — Implantation of animals with CNTNAP4 KO 143B cells and NELLI KO 143B cells
was completed. Double deletion of CNTNAP4 and NELLI resulted in low cell viability and poor
cell expansion, which precluded further use of these cells. A comprehensive summary of results
are presented together for Subtasks 2 and 3 (radiographic and histologic data, respectively).

Subtasks 2 & 3 — First, NELLI KO 143B clones were implanted in an orthotopic xenograft model
in immunocompromised mice (Fig. 8A). In relation to control, tumor growth was impeded as
assessed by serial caliper measurements (Fig. 8B, 66.9% reduction in tumor size at study endpoint).
Findings were confirmed in an independent clone of knockout tumor cells (89.2% reduction in
tumor size). MRI confirmed a 57.1% and 66.1% reduction in tumor size at 14 and 28 d post-
implantation (Fig. 8C). Histologic examination of primary tumors demonstrated complete loss of
NELL1 immunoreactivity among NELLI KO xenograft tumor cells (Fig. 8D), accompanied by a
reduction in the proliferative index of NELLI KO implants (Fig. 8E, 67.5% reduction in Ki67
labeling). Tumor associated angiogenesis also showed a notable reduction among NELLI KO
implants (Fig. 8F, 74.9% reduction in CD31-positive vessel area), in line with prior reports of the
angiogenic effects of NELLI1 signaling. In order to confirm the impact of NELL1 on invasion and
metastasis, pulmonary metastatic burden was assessed by serial sections of lung fields. Results
indicated complete absence of lung metastasis among NELLI KO tumors at 28 d post-inoculation
(Fig. 8G, H). In a separate cohort of animals, mice with NELLI KO tumors demonstrated
prolonged overall survival (Fig. 81, 89.6% increase in median overall survival). Reduction in
metastatic potential among NELL KO sarcoma cells was further verified using tail vein injection,
in which an 81.1% reduction in pulmonary burden was observed (Fig. 8], K). Together, our data
demonstrates that NELLI gene deletion slows OS tumor growth and mitigates metastasis in a
xenograft model.
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Figure 8. NELL1 knockout mitigates OS disease progression in 143B xenograft model.
Orthotopic implantation of NELLI KO or vector control clonal 143B cells within the proximal tibia
of NOD-Scid mice. (A) Schematic diagram of study design. (B) Tumor volume, calculated by
caliper measurements twice weekly until 28 d post-injection (above) and gross pathology of all
tumors (below). (C) Representative MRI imaging at 14 and 28 d post-injection (left) and tumor
volume (right). (D) Confirmation of NELLI KO in xenograft tumors by immunostaining. Dashed
line indicates edge of tumor. (E) Ki67 immunostaining (left) and quantification (right). (F) CD31
immunostaining (left) and quantification (right). Dashed line indicates edge of tumor. (G) Cross-
sections of pulmonary fields (left) and quantification of metastatic foci (right). (H) Representative
NELL1 and Ki67 immunostaining in lung metastatic foci. (I) Overall survival, evaluated using
Kaplan—Meier curves (n=10 mice per group, 1 x 10° per implant). (J) NELLI gene deletion
mitigates OS lung metastasis after systemic injection. Tail vein injection of NELLI KO or vector
control 143B cells in female NOD scid mice, followed by analysis after 28 d (1.5 x 10 cells /
mouse, n=8 mice per group). Cross-sections of pulmonary fields (left) and quantification of
metastatic foci (right). (K) Representative NELL1 and Ki67 immunostaining in lung metastatic
foci. Scale bar: 100 um. Individual dots in scatterplots represent values from single animal
measurements, while mean and one SD are indicated by crosshairs and whiskers. *P<0.05;
**#P<0.01. ND: Not detected. A two-tailed student’s ¢ test was used for all comparisons. Survival
was assessed using Kaplan—Meier curves and log-rank analysis.




To further assess the effect of CNTNAP4 gene deletion, we utilized the same orthotopic xenograft
model in which CNTNAP4 KO or vector control 143B cells were implanted (Fig. 2). First, serial
caliper measurements assessed tumor growth (Fig. 2A). A clear reduction of tumor size was
observed in CNTNAP4 KO group when compared to the control group (49.1% reduction at 28 d
post-implantation). High resolution XR imaging was performed and confirmed a 48.0% reduction
in tumor size at 28 d post-implantation (Fig. 2B). At d 28 post implantation, histology of tumor
xenografts was assessed (Fig. 2C-H). CNTNAP4 immunostaining was first performed in xenograft
tumors and confirmed a 91.0% reduction in staining among CNTNAP4 KO implants (Fig. 2C, D).
Immunofluorescent staining for Ki67 demonstrated a reduction in the proliferative index

of CNTNAP4 KO implants when compared to VC implants (Fig. 2E, F, 55.2% reduction in Ki67
labeling). Tumor associated angiogenesis also showed a significant reduction

among CNTNAP4 KO implants compared to control (Fig. 2G, H, 81.5% reduction in CD31
labeling), in line with prior reports of the angiogenic effects of CNTNAP4 signaling. In addition,
vascular histomorphometric analysis confirmed that CNTNAP4 KO had significantly reduced
vessel percentage (51.1%), reduced branching index (71.0%), reduced total vessel length (59.0%).
We further investigated the invasion and metastatic potential in relation to CNTNAP4 KO (Fig. 21,
J). Pulmonary metastases were assessed by immunostaining of human nuclear marker (HuNu) on
serial cross-sections of lung tissue, at 28 d post tumor implantation (Fig. 2I). We observed
pulmonary metastasis in 11/12 (91.7%) of mice with control tumors, in comparison to 5/12
(41.7%) of mice with CNTNAP4 KO tumors (Chi-square, p=0.0094). Overall pulmonary burden of
disease was quantified, by assessing the overall number of HuNu positive cells per cross-section of
lung tissue. A conspicuous 76.9% decrease in pulmonary HuNu" cell number was observed

among mice CNTNAP4 KO implanted when compared to control among all 12 samples (Fig. 2J).
Together, our data demonstrate that CNTNAP4 gene deletion slows OS tumor growth and reduces
metastatic spread in an orthotopic xenograft model.
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Figure 2. CNTNAP4 knockout mitigates OS disease progression in 143B xenograft model.
Orthotopic implantation of CNTNAP4 KO or vector control clonal 143B cells within the proximal
tibia of female NOD-Scid mice (n=12 mice per group, 1 x 10° cells per implant). (A) Tumor
volume, calculated by caliper measurements twice weekly until 28 d post-injection (top) and gross
pathology of tumors (bottom). (B) Representative XR imaging at 14 and 28 d post-injection (left)
and tumor volume (d28, right). White dashed line indicating tumors. (C, D) CNTNAP4 KO verified
by (C) CNTNAP4 immunostaining and (D) quantification. (E, F) /n vivo tumor proliferation
assessed by (E) Ki67 immunostaining and (F) quantification. (G, H) Tumor associated
angiogenesis assessed by (G) CD31 immunostaining and (H) quantification. (I, J) Lung metastasis
assessed by (I) Human Nuclei (HuNu) immunostaining on cross-sections of pulmonary fields and
(J) quantification of metastatic cells. Data shown as mean + 1 SD, with dots representing
individual data points. P<0.05; **P<0.01. Scale bars: 100 pm.




Summary / Conclusions: The NELL1-CNTNAP4 signaling axis positively regulates cellular
properties of human osteosarcoma, including proliferation, migration, attachment, and invasion. Gene
deletion of either NELL1 or CNTNAP4 blunts disease progression in an OS xenograft model, including
reduced cell proliferation, tumor vascularity, tumor growth, and pulmonary metastasis. Significant
transcriptomic work (not supported by the present award) revealed that NELL1 and CNTNAP4 KO
cells display significant differences in signaling pathway alterations, despite similar cell phenotypes
(see appended publication: Qin et al., 2023). Prominent reductions in MAPK signaling were identified
among CNTNAP4 KO cells and tumors, and follow up studies using a combination of methods
revealed the downstream importance of ERK1/2 in NELL1-CNTNAP4 signaling (see Qin et al, 2023).

What opportunities for training and professional development has the project provided?
If the project was not intended to provide training and professional development opportunities or
there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe opportunities for training and professional development provided to anyone who worked
on the project or anyone who was involved in the activities supported by the project. “Training”
activities are those in which individuals with advanced professional skills and experience assist
others in attaining greater proficiency. Training activities may include, for example, courses or
one-on-one work with a mentor. “Professional development” activities result in increased
knowledge or skill in one’s area of expertise and may include workshops, conferences, seminars,
study groups, and individual study. Include participation in conferences, workshops, and seminars
not listed under major activities.

Nothing to report.

How were the results disseminated to communities of interest?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how the results were disseminated to communities of interest. Include any outreach
activities that were undertaken to reach members of communities who are not usually aware of
these project activities, for the purpose of enhancing public understanding and increasing interest
in learning and careers in science, technology, and the humanities.

Nothing to report.

What do you plan to do during the next reporting period to accomplish the goals?
If this is the final report, state “Nothing to Report.”

Describe briefly what you plan to do during the next reporting period to accomplish the goals and
objectives.




Nothing to report.

4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or
any change in practice or behavior that has come about as a result of the project relative to:

What was the impact on the development of the principal discipline(s) of the project?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how findings, results, techniques that were developed or extended, or other products from
the project made an impact or are likely to make an impact on the base of knowledge, theory, and
research in the principal disciplinary field(s) of the project. Summarize using language that an

intelligent lay audience can understand (Scientific American style).

CNTNAP4 signaling) in osteosarcoma biology.

This work has demonstrated for the first time the importance of a new signaling pathway (NELL-1 /

What was the impact on other disciplines?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how the findings, results, or techniques that were developed or improved, or other

products from the project made an impact or are likely to make an impact on other disciplines.

Nothing to report.

What was the impact on technology transfer?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe ways in which the project made an impact, or is likely to make an impact, on commercial

technology or public use, including:

o transfer of results to entities in government or industry;

o instances where the research has led to the initiation of a start-up company, or
o adoption of new practices.

Nothing to report.

What was the impact on society beyond science and technology?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”



Describe how results from the project made an impact, or are likely to make an impact, beyond the
bounds of science, engineering, and the academic world on areas such as:

o improving public knowledge, attitudes, skills, and abilities;

o changing behavior, practices, decision making, policies (including regulatory policies), or
social actions; or

. improving social, economic, civic, or environmental conditions.

Nothing to report.

CHANGES/PROBLEMS: The PD/PI is reminded that the recipient organization is required to
obtain prior written approval from the awarding agency grants official whenever there are
significant changes in the project or its direction. If not previously reported in writing, provide the
following additional information or state, “Nothing to Report,” if applicable:

Changes in approach and reasons for change
Describe any changes in approach during the reporting period and reasons for these changes.
Remember that significant changes in objectives and scope require prior approval of the agency.

Nothing to report.

Actual or anticipated problems or delays and actions or plans to resolve them
Describe problems or delays encountered during the reporting period and actions or plans to
resolve them.

The COVID19 pandemic led to significant delays in hiring and in some cases supply
purchasing. Despite this, we remained on track to complete the project on time.

Changes that had a significant impact on expenditures

Describe changes during the reporting period that may have had a significant impact on
expenditures, for example, delays in hiring staff or favorable developments that enable meeting
objectives at less cost than anticipated.

Nothing to report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents




Describe significant deviations, unexpected outcomes, or changes in approved protocols for the use
or care of human subjects, vertebrate animals, biohazards, and/or select agents during the
reporting period. If required, were these changes approved by the applicable institution committee
(or equivalent) and reported to the agency? Also specify the applicable Institutional Review
Board/Institutional Animal Care and Use Committee approval dates.

Significant changes in use or care of human subjects

Nothing to report.

Significant changes in use or care of vertebrate animals

Nothing to report.

Significant changes in use of biohazards and/or select agents

Nothing to report.

6. PRODUCTS: List any products resulting from the project during the reporting period. If
there is nothing to report under a particular item, state “Nothing to Report.”

o Publications, conference papers, and presentations
Report only the major publication(s) resulting from the work under this award.

Journal publications.  List peer-reviewed articles or papers appearing in scientific,
technical, or professional journals. Identify for each publication: Author(s); title; journal;
volume: year, page numbers, status of publication (published; accepted, awaiting
publication; submitted, under review; other); acknowledgement of federal support (yes/no).

Qin Q, Ramesh S, Gomez-Salazar M, Zhong L, Cherief M, Pratapneni A, Morris C,
McCarthy E, Zhang X, James AW. CNTNAP4 signaling regulates osteosarcoma
disease progression. NPJ Precision Oncology, 2023 Jan; 7(1):2.

Books or other non-periodical, one-time publications. Report any book, monograph,
dissertation, abstract, or the like published as or in a separate publication, rather than a
periodical or series. Include any significant publication in the proceedings of a one-time
conference or in the report of a one-time study, commission, or the like. Identify for each
one-time publication: author(s); title; editor, title of collection, if applicable; bibliographic
information; year; type of publication (e.g., book, thesis or dissertation); status of




publication (published; accepted, awaiting publication; submitted, under review, other);
acknowledgement of federal support (yes/no).

None.

Other publications, conference papers and presentations. /dentify any other
publications, conference papers and/or presentations not reported above. Specify the status
of the publication as noted above. List presentations made during the last year
(international, national, local societies, military meetings, etc.). Use an asterisk (*) if
presentation produced a manuscript.

None.

Website(s) or other Internet site(s)

List the URL for any Internet site(s) that disseminates the results of the research activities.
A short description of each site should be provided. It is not necessary to include the
publications already specified above in this section.

None.

Technologies or techniques
Identify technologies or techniques that resulted from the research activities. Describe the
technologies or techniques were shared.

None.

Inventions, patent applications, and/or licenses

Identify inventions, patent applications with date, and/or licenses that have resulted from the
research. Submission of this information as part of an interim research performance
progress report is not a substitute for any other invention reporting required under the
terms and conditions of an award.

None.

Other Products




Identify any other reportable outcomes that were developed under this project. Reportable
outcomes are defined as a research result that is or relates to a product, scientific advance,
or research tool that makes a meaningful contribution toward the understanding,
prevention, diagnosis, prognosis, treatment and /or rehabilitation of a disease, injury or
condition, or to improve the quality of life. Examples include:

J data or databases;

physical collections;

audio or video products;

software;

models;

educational aids or curricula;

instruments or equipment;

research material (e.g., Germplasm; cell lines, DNA probes, animal models),
clinical interventions;

new business creation; and

other.

None.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least
one person month per year on the project during the reporting period, regardless of the source of
compensation (a person month equals approximately 160 hours of effort). If information is
unchanged from a previous submission, provide the name only and indicate “no change”.



Name:
Project Role:

Aaron James
PI

Researcher Identifier (e.g. ORCID ID): 0000-0002-2002-622X

Nearest person month worked:
Contribution to Project:
Funding Support:

Name:
Project Role:

1.2
Dr. James has overseen all aspects of the project.
NIH, DOD, ACS, Maryland TEDCO

Mary Archer
Lab Manager

Researcher Identifier (e.g. ORCID ID): N/A

Nearest person month worked:
Contribution to Project:

Funding Support:

Name:
Project Role:

1.9
Mary contributed to the organization of the project,

including tissue and cell organization and animal care.
NIH, DOD, ACS, Maryland TEDCO

Qizhi Qin

Postdoctoral Fellow

Researcher Identifier (e.g. ORCID ID): N/A

Nearest person month worked:
Contribution to Project:

Name:
Project Role:

12

Dr. Qin has performed work all work in gene editing,
cell culture and assessments in Aim 1. He has worked
on all in vivo work for Aim 2.

Yiyun Wang
Postdoctoral Fellow

Researcher Identifier (e.g. ORCID ID): N/A

Nearest person month worked:
Contribution to Project:

1.8

Dr. Wang has assisted with all regulatory paperwork, as
well as gene editing methods for Aim 1 studies and
immunohistochemistry for Aim 2 studies.

from the previous submission.

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

If the active support has changed for the PD/PI(s) or senior/key personnel, then describe what the
change has been. Changes may occur, for example, if a previously active grant has closed and/or if
a previously pending grant is now active. Annotate this information so it is clear what has changed
Submission of other support information is not necessary for
pending changes or for changes in the level of effort for active support reported previously. The
awarding agency may require prior written approval if a change in active other support
significantly impacts the effort on the project that is the subject of the project report.

WE8I1XWH-18-1-0336 - ENDED
ROIDE031488 - BEGAN
R21AR078919 - BEGAN




What other organizations were involved as partners?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe partner organizations — academic institutions, other nonprofits, industrial or commercial
firms, state or local governments, schools or school systems, or other organizations (foreign or
domestic) — that were involved with the project. Partner organizations may have provided financial
or in-kind support, supplied facilities or equipment, collaborated in the research, exchanged
personnel, or otherwise contributed.

Provide the following information for each partnership:
Organization Name:

Location of Organization: (if foreign location list country)
Partner’s contribution to the project (identify one or more)

. Financial support;

o In-kind support (e.g., partner makes software, computers, equipment, etc.,
available to project staff),

o Facilities (e.g., project staff use the partner’s facilities for project activities),

o Collaboration (e.g., partner’s staff work with project staff on the project);

o Personnel exchanges (e.g., project staff and/or partner’s staff use each other’s facilities,
work at each other’s site); and

o Other.

None.

8. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: For collaborative awards, independent reports are required
from BOTH the Initiating Principal Investigator (PI) and the Collaborating/Partnering PI. A
duplicative report is acceptable; however, tasks shall be clearly marked with the responsible PI and
research site. A report shall be submitted to https://ers.amedd.army.mil for each unique award.

QUAD CHARTS: Ifapplicable, the Quad Chart (available on https://www.usamraa.army.mil)
should be updated and submitted with attachments.

9. APPENDICES: Attach all appendices that contain information that supplements, clarifies or
supports the text. Examples include original copies of journal articles, reprints of manuscripts and
abstracts, a curriculum vitae, patent applications, study questionnaires, and surveys, etc.



CNTNAP4 signaling regulates osteosarcoma disease progression

Qizhi Qin,*" Sowmya Ramesh,'" Mario Gomez-Salazar,* Lingke Zhong,! Masnsen Cherief,* Aniket
Pratapneni,! Carol D. Morris,?> Edward F. McCarthy,* Xinli Zhang,® Aaron W. James*

!Department of Pathology, Johns Hopkins University, Baltimore, MD 21205
2Department of Orthopaedics, Johns Hopkins University, Baltimore, MD 21205

33ection of Biosystems and Function, Division of Oral and Systemic Health Sciences, School of
Dentistry, University of California, Los Angeles, Los Angeles, CA, 90095

1 These authors contributed equally to this work

Running Title: CNTNAP4 signaling in osteosarcoma

*Corresponding Author:
Aaron W. James, M.D., Ph.D., 720 Rutland Avenue, Room 524A, Baltimore, MD 21205, Phone: (410)
502-4143, Email: awjames@jhmi.edu



mailto:awjames@jhmi.edu

Abstract

Improved treatment strategies for sarcoma rely on clarification of the molecular mediators of
disease progression. Recently, we reported that the secreted glycoprotein NELL-1 modulates
osteosarcoma (OS) disease progression in part via altering the sarcomatous extracellular matrix
(ECM) and cell-ECM interactions. Of known NELL-1 interactor proteins, Contactin-associated
protein-like 4 (Cntnap4) encodes a member of the neurexin superfamily of transmembrane
molecules best known for its presynaptic functions in the central nervous system. Here,
CRISPR/Cas9 gene deletion of CNTNAP4 reduced OS tumor growth, sarcoma-associated
angiogenesis, and pulmonary metastases. CNTNAP4 knockout (KO) in OS tumor cells largely
phenocopied the effects of NELL-1 KO, including reductions in sarcoma cell attachment,
migration, and invasion. Further, CNTNAP4 KO cells were found to be unresponsive to the
effects of NELL-1 treatment. Transcriptomic analysis combined with protein phospho-array
demonstrated notable reductions in the MAPK/ERK signaling cascade with CNTNAP4 deletion,
and the ERK1/2 agonist isoproterenol restored cell functions among CNTNAP4 KO tumor cells.
Finally, human primary cells and tissues in combination with sequencing datasets confirmed the
significance of CNTNAP4 signaling in human sarcomas. In summary, our findings demonstrate
the biological importance of NELL-1/CNTNAPA4 signaling axis in disease progression of human
sarcomas and suggest that targeting the NELL-1/CNTNAP4 signaling pathway represents a

strategy with potential therapeutic benefit in sarcoma patients.

Keywords: NELL-1, Caspr4, osteosarcoma, osteosarcomagenesis, bone tumor, tumor invasion, 143B cell
line



Introduction

Osteosarcoma (OS) is the most common primary bone malignancy and post-radiation sarcoma
12 "and is the most common bone sarcoma in children and adolescents *. Despite advances in
therapy, the overall 5-year survival rate remains poor and the prognosis for patients with
metastatic disease is grim 34, Prior observations identified high expression of the osteoblast-
related protein NELL-1 (NEL-like molecule-1) in human OS specimens °. Indeed, we recently
observed that the secreted protein NELL-1 regulates osteosarcomagenesis and OS disease
progression, associated with alteration in the sarcoma matrisome and FAK/Src signaling
activation °. Nevertheless, NELL-1 is known to bind to and activate multiple receptors ’, and the

ligand-receptor interactions in NELL-1 regulation of OS biology remain unexplored.

Cntnap4 (Contactin-associated protein-like 4, also known as Caspr4) is a member of the neurexin
superfamily receptor that is highly enriched in interneurons 8. Cntnap4 interacts with presynaptic
proteins to mediate neuronal communication and differentiation 8°. Recently, a ligand/receptor-
like interaction between NELL-1 and Cntnap4 was reported, which plays a critical role in NELL-
1 cellular response, including FAK (focal adhesion kinase) and canonical Wnt signaling
activation in osteoblasts 7. Cntnap4 knockdown replicated the effects of Nell1 knockdown in
vitro in osteoblast cell lines, and transgenic lineage restricted Cntnap4 knockout (KO) animals
phenocopied Nell1 KO mice ‘. This molecular data has shown that NELL-1 is a high-affinity
ligand for CNTNAP4 and implies that autocrine NELL-1/CNTNAP4 signaling within sarcoma

cells could be a biologically relevant axis that regulates OS disease progression.



In this study, we sought to define the regulatory role of CNTNAP4 in OS pathogenesis. Results
showed that CRISPR/Cas9 mediated CNTNAP4 gene deletion markedly reduced the aggressive
phenotype across human OS cell lines. CNTNAP4 KO significantly slowed OS disease
progression, blunted metastatic potential, and reduced angiogenesis in a xenograft OS model.
Bulk RNA Sequencing (RNA-Seq) and protein phospho-array demonstrated downregulation of
key genes in the Mitogen-activated protein kinase (MAPK) signaling pathway in CNTNAP4 KO
cells. These findings in mouse models suggest that CNTNAP4 signaling positively regulates
multiple aspects of OS disease progression in part via perturbations in the Ras-MAPK/ERK
signaling cascade, and that targeting NELL-1/CNTNAP4 signaling may represent an alternative

therapeutic approach.



Results

Cell autonomous effects of CNTNAP4 gene deletion in osteosarcoma

To assess the role of CNTNAP4 in OS, we first examined CNTNAP4 gene expression across
different human OS cell lines and observed the highest expression of CNTNAP4 in 143B cells
(Fig. 1a). Next, CNTNAP4 KO clones were generated from the 143B OS cell line using
CRISPR/Cas9. CNTNAP4 gene deletion in two clones was confirmed using gRT-PCR, western
blot, and the T7 endonuclease | assay (Fig. 1b, ¢, Supplementary Figure 1, 2). When compared
to vector control (VC), multiple cellular effects were observed among CNTNAP4 KO 143B
clones, including reduced proliferation (Fig. 1c, mean 37.3% reduction at 72 h), reduced cell
attachment (Fig. 1d, e, mean 19.6% reduction at 5 h), reduced cell migration (Fig. 1f, g, 32.0-
36.7% reduction across clones), and reduced cellular invasion (Fig. 1h, i, 54.1-60.7% reduction).
Similar findings were observed with a polyclonal CNTNAP4 KO cell preparation either in the
143B or Saos2 OS cell lines (15.8-49.5% reduction in proliferation, 32.2-44.7% reduction in
attachment, Supplementary Figure 3, 4). Next, we determined whether CNTNAP4 KO cells
showed deficient responsiveness to NELL-1. For this purpose, rNELL-1 protein coating was
applied and the attachment rates of control or CNTNAP4 KO 143B cells was assayed (Fig. 1j, k).
Results showed an increase in attachment rates among control 143B cells in agreement with prior
reports 1°, which was not seen among CNTNAP4 KO cells. Thus, CNTNAP4 plays a crucial role
in maintaining cellular proliferation, attachment, migration, and invasion potential in OS cells, at

least in part mediated by NELL-1/ CNTNAP4 interaction.



CNTNAP4 knockout mitigates OS disease progression

To further assess the effect of CNTNAP4 gene deletion, we next utilized an orthotopic xenograft
model in which CNTNAP4 KO or control 143B cells were implanted into NOD scid mice (Fig.
2). First, serial caliper measurements assessed tumor growth (Fig. 2a). A clear reduction of
tumor size was observed in CNTNAP4 KO group when compared to the control group (49.1%
reduction at 28 d post-implantation). High resolution XR imaging was performed and confirmed
a 48.0% reduction in tumor size at 28 d post-implantation (Fig. 2b). At d 28 post implantation,
histology of tumor xenografts was assessed (Fig. 2c-h). CNTNAP4 immunostaining was first
performed in xenograft tumors and confirmed a 91.0% reduction in staining among CNTNAP4
KO implants (Fig. 2c, d). Immunofluorescent staining for Ki67 demonstrated a reduction in the
proliferative index of CNTNAP4 KO implants when compared to VC implants (Fig. 2e, f, 55.2%
reduction in Ki67 labeling). Tumor associated angiogenesis also showed a significant reduction
among CNTNAP4 KO implants compared to control (Fig. 2g, h, 81.5% reduction in CD31
labeling), in line with prior reports of the angiogenic effects of CNTNAP4 signaling . In
addition, vascular histomorphometric analysis confirmed that CNTNAP4 KO had significantly
reduced vessel percentage (51.1%), reduced branching index (71.0%), reduced total vessel length
(59.0%) (Supplementary Figure 5). We further investigated the invasion and metastatic
potential in relation to CNTNAP4 KO (Fig. 2i, j). Pulmonary metastases were assessed by
immunostaining of human nuclear marker (HuNu) on serial cross-sections of lung tissue, at 28 d
post tumor implantation (Fig. 2i). We observed pulmonary metastasis in 11/12 (91.7%) of mice
with control tumors, in comparison to 5/12 (41.7%) of mice with CNTNAP4 KO tumors (Chi-
square, p=0.0094). Overall pulmonary burden of disease was quantified, by assessing the overall

number of HUNu positive cells per cross-section of lung tissue. A conspicuous 76.9% decrease in
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pulmonary HuNu" cell number was observed among mice CNTNAP4 KO implanted when
compared to control among all 12 samples (Fig. 2j). Together, our data demonstrate that
CNTNAP4 gene deletion slows OS tumor growth and reduces metastatic spread in an orthotopic

xenograft model.

Transcriptomic and proteomic profile after CNTNAP4 gene deletion

To characterize the transcriptomic landscape following CNTNAP4 gene deletion in 143B cells,
RNA-seq analysis was performed (Fig. 3). PCA and differential expression revealed that the
CNTNAP4 KO groups exhibited significantly different expression patterns compared to VC
(Supplementary Figure 6a, b). 8,993 DEGs were identified (3,472 upregulated genes and 5,521
downregulated genes) relative to VC (FDR<0.05) (Fig. 3a). Top 200 DEGs are provided in
Supplementary File. Subsequently, IPA and GO term analyses were performed. In CNTNAP4
KO cells, IPA showed downregulation of synaptic function, a known role of Cntnap4 in neurons
(Fig. 3b). Consistent with our in vitro findings, functional GO enrichment analysis showed
downregulation of DEGs in biological processes related to cellular division, cell migration, and
cell-cell adhesion, (Fig. 3c) as well as other signaling pathways generally related to cancer
(Supplementary Figure 6c, d). CNTNAP4 KO efficiency was further verified by looking at
certain key target genes (Fig. 3d; MAST3, CASK, TIAM1, NRX2, NRX3) that are known to
physically interact with CNTNAP4 (Supplementary Figure 7). In addition, we observed the
downregulation of key human OS related genes with specific functions in cell cycle/apoptosis
(MDM2, TP53AIP1, RB1-DT) and DNA repair/damage (BRCA1, BRCA2, ATM, WRN) (Fig. 3e).
Altogether, our transcriptomic analysis corroborated key functional changes with CNTNAP4

gene deletion and identified enriched molecular targets in the progression of OS.



To better understand the biological function of these differentially expressed mRNAs, GO term
analysis was performed on all target genes of deregulated mRNAs. All target genes were
enriched into seventeen signaling pathways (Supplementary Table 1), including Wnt signaling
pathway (53 genes; Fig. 3f), Fibroblast growth receptor (FGFR) signaling pathway (27 genes;
Fig. 3g), MAPK cascade signaling pathway (90 genes). Heatmap and module scoring depicts
significantly downregulated genes in the KO group as compared to VC and highlights the certain
key genes involved in MAPK signaling, such as HRAS, MAP3K4, PIK3CB, and FGF2 (Fig. 3h,
I, Supplementary Table 2). Based on this, we further narrowed our focus to assess the
expression of MAPK downstream targets (MTOR, GSK3A, MAPK1, AKT1, CREBBP, RPS6KAL,
RPS6KA4) which were found to be downregulated in the KO group as depicted in the heatmap
(Fig. 3j) and box plot (Fig. 3k; p=0.001). To further validate the downregulation of the MAPK
signaling pathway, the levels of phosphorylated MAPK proteins in 143B cells with or without
CNTNAP4 gene deletion were assayed using a Phospho-MAPK Antibody Array (Fig, 3I, m).
Overall, there was downregulation of all the MAPK proteins following CNTNAP4 deletion. The
maximum fold reduction was observed in ERK1/2 (12.5-fold), JINK (4.45-fold) and RPS6KB1
(4.32-fold) (Fig. 3n). Thus, a transcriptomic-phosphorylation array analysis confirmed that
CNTNAPA4 deletion significantly reduces MAPK signaling activity, including prominent

reductions in ERK1/2 signaling activity.

ERK1/2 agonist reverses effects of CNTNAP4 deletion
Having observed a prominent reduction in ERK1/2 signaling in CNTNAP4 KO cells, we next

examined whether an ERK agonist could restore MAPK signaling and cellular behavior among



CNTNAP4 KO 143B cells. Here, either VC or CNTNAP4 KO 143B cells were treated with the
ERK1/2 agonist isoproterenol (1ISO)?, and proliferation, attachment, migration, and invasion
were again assayed (Fig. 4a-d). When treated with 1ISO, CNTNAP4 KO cells showed a complete
or near complete restoration of cellular proliferation to levels comparable to VVC cells (Fig. 4a).
Similar observations were made with ISO-treated CNTNAP4 KO cells in rates of cell attachment,
migration, and invasion (Fig. 4b-d). Furthermore, phospho-array confirmed a restoration of
pERK1/2 (7.34-fold increase) and other MAPK associated proteins among ISO-treated
CNTNAP4 KO cells such as JNK and p38 (Fig. 4e, f). Western blot further confirmed the
restoration of pERK1/2 and pJNK in ISO-treated CNTNAP4 KO cells (Fig. 4g, Supplementary
Figure 8). The activation of ERK1/2 signaling was next assessed by immunofluorescent
staining for ERK1/2 and pERK1/2 across 143B xenografts. Among CNTNAP4 KO tissue
sections, decreased pERK1/2 and retained ERK1/2 immunoreactivity was observed in

comparison with control tumors (Fig. 4g).

CNTNAP4 KO and NELL1 KO sarcoma cells display similarities and differences in
transcriptomic profiling

Thus far, significant similarities had been observed between CNTNAP4 KO sarcoma cells and
those effects we recently reported in NELL1 KO cells 8. To further compare 143B sarcoma cells
with NELL1 or CNTNAP4 gene deletion, direct transcriptomic pathway analysis was performed
(Fig. 5). Analysis of GO terms showed some clear similarities and differences between datasets
including enrichment for terms such as axon guidance, cell adhesion, cell proliferation, and cell
migration with either CNTNAP4 or NELL1 gene deletion (Fig. 5a). Notably, GO term

enrichment predicted a larger role for cell division with CNTNAP4 KO as opposed to NELL1 KO



when compared to their respective controls. The transcriptional similarities and differences
between CNTNAP4 and NELL1 gene deletion were next assessed by KEGG pathway analysis
(Fig. 5b). Using significantly downregulated and upregulated KEGG pathways (p<0.05), Venn
diagrams showed only 22 shared down-regulated pathways and 18 shared up-regulated signaling
pathways between CNTNAP4 and NELL1 KO datasets (Fig. 5¢, Supplementary File). Further
analysis of each of the downstream pathway presented the gene expressions are distinctly
different between CNTNAP4 KO and NELL1 KO. CNTNAP4 target gene expression was next
compared across datasets, shown as either heatmap or gene module scores in comparison to each
respective control (Fig. 5d). Overall, a significant downregulation of CNTNAP4 target genes was
observed in CNTNAP4 KO cells, but not in NELL1 KO cells (Fig. 5d). Similarly, MAPK and
FAK signaling pathways were significantly downregulated in CNTNAP4 KO cell clones, but to a
lesser extent in NELL1 KO tumor cells (Fig. 5e, f). Interestingly, ECM associated genes
(previously reported to be significantly reduced in expression with NELL1 KO) 8, were
significantly upregulated among CNTNAP4 KO tumor cells (Fig. 59). These data suggested that
CNTNAP4 KO demonstrate partial overlap in transcriptomic profiling with NELL1 gene deletion
tumor cells, but that crucial differences in MAPK/FAK signaling and ECM expression profiles

exist between the two KO transcriptomic phenotypes.

Clinical relevance of CNTNAP4 in human osteosarcoma

First, expression of Cntnap4 was verified in different sets of human osteosarcoma tissues and
primary cells. Immunohistochemical staining of primary OS resection tissue sections with viable
tumor showed consistent immunoreactivity across all tumor samples (Fig. 6a, b, N=8). Likewise,

gRT-PCR demonstrated amplification of CNTNAP4 mRNA across all human OS primary cells
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examined (Fig. 6¢, N=4). Next, we reanalyzed a ScCRNA-Seq dataset which utilized a patient-
derived xenograft model of osteosarcoma 3. Confirming the author’s original analysis, we
identified both Ki67"9" and Ki67'" sarcoma cells (Fig. 6d). Although the expression of
CNTNAP4 in this dataset had lowly expressed transcripts, the levels of CNTNAP4 interacting
genes (MACF1, MLLT4, FBXO21, CASK) were found to be highly enriched in the Ki67"9"
sarcoma cells (Fig. 6d), which was found as well to cluster with high MDM2 expression. To
investigate whether CNTNAP4 expression correlates with prognosis in OS patients, we
performed a meta-analysis on public gene-expression data from human soft tissue sarcoma
dataset and obtained a graphical summary of genomic alterations in multiple CNTNAP4
interacting genes (Fig. 6e). The number of patients and frequency of genetic alteration in each
tumor sub-type is provided in Supplementary Figure 9. Among the queried genes, we found
maximum genetic alterations in CNTNAP3B (8%), APBA1 (6%), CNTNAP2 (6%), NELL1 (4%),
CASK (3%), TIAM1 (3%), and NRX3 (2.9%). Most of the genes showed amplifications. A total
of seventy cases showed alterations in one of the query genes with thirty-two events (median
survival — 54.20 months) while the group without genetic alterations had 136 cases with 46
events (median survival 80.50 months). Notably, patients with genetic alterations in CNTNAP4
associated genes had shorter overall survival than those without alterations (log rank, p=0.04;

Fig. 6).
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Discussion

In summary, we report that CNTNAP4 gene deletion mitigates aggressive sarcoma behavior in an
orthotopic model of human OS, characterized by delayed tumor onset, decreased tumor
progression, reduced tumor-associated angiogenesis and diminished ERK/MAPK signaling. This
was corroborated by several cellular changes including reduced cell migration, invasion, and
altered transcriptional targets of ERK signaling pathway. Cntnap4 exerts its effects partly via
interaction with NELL-1, an osteosarcoma associated protein, and subsequent positive regulation
of MAPK intracellular components. Finally, we confirmed that the diminished ERK1/2 activity
due to loss of CNTNAP4 can be restored by an ERK agonist. We conclude that
NELL1/CNTNAP4 activates ERK/MAPK signaling, and this is a feature of an aggressive
phenotype in osteosarcoma (Fig. 7). Further, perturbing NELL-1/CNTNAP4 signaling could

serve as a potential therapy to improve OS disease progression.

We previously reported that NELL-1, a protein known to regulate osteogenesis 4, has a positive
impact in OS disease progression *>®. NELL1 modulates the sarcoma matrisome and cell-ECM
interactions to promote sarcomagenesis and disease progression. We have now extended this
work to elucidate the role of CNTNAP4, a high-affinity receptor for NELL-1 in mediating tumor
progression. Significantly, several genetic alterations that collectively interact with CNTNAP4
have poor prognosis in patients with soft tissue sarcoma, although no data for osteosarcoma is

yet known.

Prior studies have demonstrated that Cntnap4 has a distinct pattern of cellular localization from

that of other members in the family (Cntnap, Cntnap2, Cntnap3, Cntnap5) *°, indicating that they
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may have diverse functions inside and outside of central nervous system 8. By structural
homology, Cntnap4 most closely resembles Cntnap3 followed by Cntnap2, Cntnap and
neurexins *®. Owing to this structural and functional similarity it is worthwhile to speculate the
contribution of other Cntnap subunits to balance the deficit of Cntnap4 function in our study.
Despite their high structural similarity, the extracellular domain of the Cntnap4 facilitate
interactions with multiple ligands that are members of the Contactin subgroup (TAG-1, BIG-1,
BIG-2, NB2, NB3, and FAR-2) to form cell-recognition complexes *°. On the other hand, the
cytoplasmic region of Cntnap4 (C4ICD) comprises a carboxyl-terminal binding site exclusive for
binding different PDZ domain-containing proteins involved in regulating cellular and biological
processes 7. Some of the binding partners of Cntnap4 that are predicted to localize at plasma
membrane, cytoplasm, and nuclear include CASK, TIAM1, APBAL (MINT1), LNX2, MASTS3,
NRXN, MACF1. Interestingly, overexpression of these regulatory proteins such as CASK,

TIAM1, APBAL, and NRXN, have also been linked with sarcoma progression 819,

While studies reveal high-affinity interaction between N-terminus of NELL-1 and Cntnap4 %,
several other cell-surface membrane receptors that physically interacts with NELL-1 via N-
terminal thrombospondin-1 (TSP-N) and epidermal growth factor (EGF) domains have been
identified to facilitate its downstream signaling cascade during neurogenesis, osteogenesis,
chondrogenesis, vasculogenesis, and sarcomagenesis 223, Some of the other physical protein
interactions of NELL-1 include integrin 1 (ITGB1), protein kinase C 1, apoptosis-related
protein 3 (APR3) and Roundabout 2 (Robo2) 1%2426, This suggests that NELL-1 exerts at least
some effects independent of Cntnap4 and that NELL-1 could have more diverse effects outside

of Cntnap4-MAPK-FAK signaling in sarcoma biology. Nevertheless, we observed under certain
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doses of NELL1 protein and in the assayed examined that CNTNAP4 KO cells remained
unresponsive to NELL1 treatment. Therefore, we cannot determine the extent to which other

NELL-1 binding partners play a role in NELL-1 mediated changes in sarcoma cell behavior .

There are some limitations to the present study. First, the observed human genetic data in soft
tissue sarcomas represented several distinct sarcoma types and different genetic alterations,
including both loss-of-function and gain-of-function mutations. Therefore, future studies
investigating the role of NELL-1/CNTNAP4 function in sarcoma progression will likely require
prospective data collection on single tumor types, including bone-associated sarcomas. Second, it
is clear, as alluded to, that both NELL-1 and CNTNAP4 have several binding partners that may
play partially redundant roles in sarcoma disease progression. Use of additional genetic
deletions, such as combination NELL-1/CNTNAP4 knockout alleles, will assist in further
decoding the effects of these protein targets in OS biology. Third, this study has mechanistically
focused on the changes primarily associated with the MAPK/ERK pathway following CNTNAP4
deletion. We recognize many other transcription factors and indeed changes mediated by
Isoproterenol affects multiple downstream events. Further studies may be necessary to evaluate
the principal changes associated upstream or downstream of ERK1/2 such as PKA/CREB. Taken
together, our results demonstrate that CNTNAP4 signaling plays an important regulatory role in
OS disease progression. These findings suggest that targeted treatment of the Nell-1/Cntnap4

signaling axis represents a potential strategy to mitigate sarcoma disease progression.
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Methods

Mice

All animal experiments were conducted according to approved protocols (MO21M112) of the
Animal Care and Use Committee (ACUC) at Johns Hopkins University (JHU). NOD Scid mice

(Stock No: 001303) were procured from The Jackson Laboratory (Bar Harbor, ME, USA).

Cell isolation and culture

Human OS cell lines were procured from American Type Culture Collection (Manassas, VA),
including 143B (ATCC®-CRL-8303™), Saos-2 (ATCC® HTB-85™), HOS (ATCC CRL-1543),
KHOS/NP (ATCC CRL-1544), KHOS-312H (ATCC CRL-1546), and G-292 (ATCC CRL-
1423). Primary human OS cells were harvested from human OS resection samples (n=4) under
IRB approval at JHU. The diagnosis of high-grade conventional OS was verified by two
independent bone pathologists (E.F.M. and A.W.J.). The human OS tissue samples collected
under sterile conditions were washed in PBS and dissected into small bits (<1 mm?). Primary OS
tumor cells were isolated as previously described 2 and were culture-expanded for 3 to 5
passages prior to use. Patient-derived primary OS cells verified by karyotyping,
immunophenotyping (CD31'CD45 CD44*CD73*CD90*CD105%), and multi-lineage
differentiation were used 828, The primary OS cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM, Gibco, Grand Island, NY) supplemented with 15% fetal bovine serum (FBS,
Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco) in a humidified incubator with

5% CO2 at 37°C.
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CNTNAP4 gene deletion and isolation of cell clones

CRISPR/Cas9 gene deletion of CNTNAP4 in human OS cell lines and primary cells was
achieved using a plasmid with a guide RNA (gRNA) sequence combined with U6gRNA-Cas9-
2A-RFP vector (Sigma-Aldrich). The specific gRNA sequence of KO and negative control
plasmids used in this study is shown in Supplementary Table 3. Transient plasmid DNA
transfection was performed using TransIT®-LT1 Transfection Reagent (Mirus, Madison, WI) °.
Briefly, cells plated at density of 3x10° cells/ml in 6-well cell culture plates were transfected
with TransIT-LT1 Reagent-plasmid DNA complex and incubated for 72 h. Next, CNTNAP4 KO
single cell colonies were established by FACS. Viable RFP-positive cells from CNTNAP4 KO-
transfected cells and control-transfected cells were sorted into wells of a 96-well microtiter plate
by using a Dako Cytomation MoFlo cell-sorter (Beckman, Indianapolis, IN). For single cell
sorting, a 70-mm nozzle with the sheath pressure set at 70 PSI was used. After confirmation of

CNTNAP4 gene deletion by gqRT-PCR, n=2 colonies were expanded for use.

Small interfering RNA (siRNA) and Transfection

Knockdown of CNTNAP4 in sarcoma cells was performed using Silencer Select chemically
synthesized siRNA (Thermo Fisher Scientific, Cat# 4390846; s40010) °. Briefly, cells were
seeded in 6-well culture plates at a density of 3x 10* cells per well. At 70% confluence, basal
medium was removed and replenished with antibiotic-free basal medium. Transfection was
performed using TransIT®-LT1 Dynamic Delivery System (Mirus, Madison, W1) and 100

nm CNTNAP4 siRNA or scramble siRNA diluted in minimal essential medium (Opti-MEM) and
incubated for 3 h. CNTNAP4 knockdown efficiency was confirmed by gRT-PCR at 48h post-

transfection.
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T7 Endonuclease | Assay

CNTNAP4 KO and control-transfected cells were collected for the detection of the mutation
using the T7 Endonuclease | Assay Kit (Genecopoeia, Rockville, MD). DNA was extracted from
the samples using Quick-DNA™ Miniprep Kit (Zymo Research, Irvine, CA). See
Supplementary Table 3 for primer information. PCR reactions were performed according to the
manufacturer's protocol ©. Briefly, the PCR product was digested using T7E1 enzyme at 37°C for

60 minutes, followed by separation using 1.5% agarose gel electrophoresis.

In vitro functional assays

The following experiments were performed as described previously %2°. First, cell proliferation
was measured using the CellTiter 96® Aqueous Non-Radioactive MTS Cell Proliferation Assay
(Promega, Madison, WI). A total of 2 x 10° cells were plated in 96-well plates and incubated for
24,48, and 72 h. The optical density at 490 nm was measured using a microplate
spectrophotometer (BioTek, Winooski, VT). Second, cell attachment was assayed by crystal
violet staining. A total of 2 x 10° cells were plated in 24-well plates and incubated for 1, 3 and 5
h. Briefly, the cells were fixed with 100% methanol and then stained with 0.5% crystal violet
solution for 10 min at RT. The crystal violet stain was eluted using 10% acetic acid and the
absorbance was measured at 570 nm. In select experiments, culture plates were pre-coated with 5
ug/cm? of recombinant NELL1 (provided by X.Z.). Third, migration assays were conducted
using the Culture-Insert 2 Well (lbidi, Martinsried, Germany). A total of 4 x 10* cells per well
were incubated overnight. The following day, insert wells were gently removed, and the plate

was replenished with growth medium. After incubation for 12 and 24 h, photographs were taken
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using an inverted microscope (Olympus, Tokyo, Japan). The diameter of the cell-free gap was
determined using ImageJ software (Version 1.49 v, NIH, Bethesda, MD). Fourth, invasion assays
were conducted using Corning® BioCoat™ Matrigel® Invasion Chambers (Corning, Bedford,
MA). Briefly, 2.5 x 10° cells suspended in serum-free medium were added to the upper chamber,
and 500 pl growth medium was added to the lower chamber. After 24 h incubation, cells were
fixed and stained with 0.5% crystal violet solution. Photographs of five random areas were taken
under an inverted microscope (Olympus) and the number of invaded cells was counted. Finally,
in select experiments cells were stimulated with vehicle (Veh) or Isoproterenol (ISO), a -
adrenergic agonist, at 1 uM concentration for 5 min at 37°C. Cell proliferation, attachment,

migration, invasion was assessed. Experiments were done in triplicate.

gqRT-PCR

Total RNA was extracted from cultured cells of equal passage number and density using
TRIzol™ Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. A
total of one pg of total RNA was used for reverse transcription with iScript cDNA synthesis kit
(Bio-Rad). Real-time PCR was performed using SYBR Green PCR Master Mix (Thermo
Scientific, Waltham, MA). Relative gene expression was calculated using a 224 method by

normalization with GAPDH. Primer sequences are listed in Supplementary Table 3.

Bulk RNA-Seq and data analysis
Gene expression was detected by total RNA sequencing using the Illumina NextSeq 500
platform (lllumina, San Diego, CA). Briefly, total RNA was extracted from clonal 143B cells

with or without CNTNAP4 KO by Trizol (Life Technologies Corporation, Gaithersburg, MD)
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and three independent RNA samples were prepared. The total RNA samples were sent to the
JHMI Deep Sequencing and Microarray core for sequencing. Data analysis was performed using
software packages including CLC Genomics Server and Workbench (RRID: SCR_017396 and
RRID: SCR_011853), Partek Genomics Suite (RRID: SCR_011860), Spotfire DecisionSite with
Functional Genomics (RRID: SCR_008858), and QIAGEN Ingenuity Pathway Analysis (IPA,
RRID: SCR_008653). Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO) enrichment analysis of differential expression genes (DEGs) were performed in Database

for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics software.

cBioPortal for Cancer Genomics repository

The cBioPortal for Cancer Genomics repository was utilized to reanalyze multi-omics data from
the Cancer Genome Atlas [Adult Soft Tissue Sarcomas (TCGA, Cell 2017)] **3L. Genomic and
transcriptomic data from 206 patients representing three different sarcoma types (Soft tissue
Sarcoma, Uterine Sarcoma and Nerve Sheath Tumor) with seven different cancer subtypes
[Leiomyosarcoma (25.7%), Dedifferentiated Liposarcoma (24.3%), Undifferentiated
Pleomorphic Sarcoma (21.4%), Uterine Leiomyosarcoma (13.1%), Myxofibrosarcoma (8.3%),
Synovial Sarcoma (4.9%), Malignant Peripheral Nerve Sheath Tumor (2.4%)] were analyzed. A
list of CNTNAP4 interacting genes (CNTNAP3B, APBAL, CNTNAP2, NELL1, CASK, TIAM1,
AFDN, NRXN3, MACF1, NRXN2, CCDC184, FBX021, MAST3, RANBP10) was analyzed. The
OncoPrint provided the genetic alteration frequency on the DNA level for the different cancer
types for the queried gene list. Genetic alterations were further divided into missense mutations,
amplification, deep deletion, and multiple alterations. From the same platform, we obtained the

overall patient survival status.

19



Single-cell RNA sequencing (sSCRNA-Seq)

Publicly available sScRNA-Seq data was obtained (accession number: GSE179681, Sample
GSM5426214) 13, The single cell transcriptomic library of 47,977 OS cells was obtained from a
patient-derived xenograft (PDX) model, grown as an orthotopic tumor. Seurat R package was
used for quality control, filtering, and analysis of gene expression matrices. Cells were filtered to
remove doublets, low quality cells, and cells with high mitochondrial genes. Cells with fewer
than 100 expressed genes and genes expressed in fewer than five cells were removed.
Downstream analysis was performed using Seurat v3.0 package 3. Expression matrices were
converted to Seurat object through the “CreateSeuratObject” function. Cells that that have
unique feature counts over 2,500 or less than 200 were digitally filtered out for further analysis.
Next, the dataset was scaled, analyzed for principal components, and visualized using UMAP.
Human cells were differentiated by Ki67 expression [cluster 0 (Ki67 low): 101 cells, cluster 1
(Ki67 high): 3,645 cells]. Along with MDM2, a negative regulator of the p53 tumor suppressor,
expression of genes with predicted physical interactions with CNTNAP4 were analyzed

(MACF1, MLLT4, FBX0O21, CASK).

MAPK phosphorylation protein array

Protein array analysis was performed using the Human MAPK Phosphorylation Antibody Array
(ab211061) according to the manufacturer’s instructions (Abcam, Boston, MA). Visualization
was performed with the ChemiDoc Touch Imaging System (Bio-Rad, CA). The average signal
(pixel density) of the pair of duplicate spots representing each MAPK downstream protein was

normalized on an averaged positive control spot. Corresponding signals were compared to
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determine the relative difference in MAPK downstream proteins among cells with or without
CNTNAP4 gene deletion. Data shown are from automatic exposure second exposure using a

chemiluminescence imaging system. See Supplementary Table 4 for protein layout.

Western Blot

Western blot was performed as previously described®. Briefly, cells were lysed in RIPA buffer
with protease inhibitor cocktail (Cell Signaling Technology), and protein concentrations were
determined by BCA assay (Thermo Scientific). Cell lysates were then separated by SDS-PAGE
and transferred onto nitrocellulose membrane. Membranes were then blocked with 5% BSA and
incubated with primary antibodies at 4 °C overnight. Membranes were incubated with a
horseradish peroxidase (HRP)-conjugated secondary antibody and detected with ChemiDoc
XRS+ System (Bio-Rad). All western blots within a panel are from the same experiment and all

blots were processed in parallel. Antibodies are listed in Supplementary Table 5.

Osteosarcoma implantation and assessments

All animal studies were performed with institutional ACUC approval within Johns Hopkins
University. For all 143B OS cell implantation, 8—10-week-old, male and female NOD Scid mice
were used. 1 x 10° clonal 143B cells with or without CNTNAP4 KO in 50 ul PBS were injected
subperiosteally within the proximal tibia metaphysis. Tumor size was measured by caliper three
times weekly or radiographs every 2 weeks. Tumor formation was monitored and recorded, and
tumor volume was calculated ®. Tumor volume was calculated using an inbuilt measurement tool

in the radiograph software and the tumor size was measured and calculated as per caliper
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measurement. Primary tumors and lungs were harvested at 28 d post-injection for histologic

analysis. Analyses were performed by investigators blinded to the treatment group.

Histology and Immunohistochemistry

Primary tumor samples and lungs were fixed in 4% paraformaldehyde (PFA) at 4°C for 24 h and
decalcified in 14% EDTA (Sigma-Aldrich) for up to 28 d at 4°C. Samples were then
cryoprotected in 30% sucrose overnight at 4°C and embedded in optimal cutting temperature
compound (OCT, Tissue-Tek 4583, Torrance, CA) to obtain frozen sections. Routine H&E
staining was performed on the entire lung tissues (10 pum thick) sectioned in a coronal plane to
assess pulmonary burden, and number of metastasis foci were manually counted. For
immunohistochemistry, sagittal sections of primary or metastatic tumors were washed in PBS x
3 for 10 min and permeabilized with 0.5% Triton-X for 30 min. Next, 5% normal goat serum (S-
1000, Vector Laboratories, Burlingame, CA) was applied for 30 min, then incubated in primary
antibodies overnight at 4°C. The following day, slides were washed in PBS, incubated in the
secondary antibody for 1 h at RT, and then mounted with DAPI mounting solution (Vectashield
H-1500, Vector Laboratories). Digital images of these sections were captured with 10-100 x
objectives using upright fluorescent microscopy (Leica DM6, Leica Microsystems Inc., Buffalo
Grove, IL). Analyses were performed by investigators blinded to the sample identification.

Antibodies are listed in Supplementary Table 5.

Vascular morphometry
For the quantitative vascular morphometric analysis, a semi-automated, validated, open-source

software (Angiotool 0.6a, http://angiotool.nci.nih.gov) was utilized to quantify the differences in
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morphological and spatial parameters of the vascular network between CNTNAP4 VVC (n=4) and
KO (n=8) tumor xenografts. The following angiogenesis related parameters were assessed in the
CD31 immunoassay samples: vessel percentage, total vessel length, junction density and total

number of endpoints.

CNTNAP4 expression in human osteosarcoma

Human OS resection tumor sections (n=8) were used under IRB approval at JHU with a written
informed consent for tissue banking. Paraffin-embedded tissue sections were deparaffinized in
xylene and rehydrated in descending grades of alcohol solutions. Heat-induced epitope retrieval
was performed using 10 mM sodium citrate buffer, 0.05% Tween 20 (pH 6.0) for 20 min at 85-
90°C. Endogenous peroxidase activity was blocked using BLOXALL™ Blocking Solution
(Vector laboratories, Burlingame, CA, USA) for 10 min. Sections were washed in 1x PBS and
incubated overnight at 4°C in humid chambers with anti-CNTNAP4 primary antibody (Biorbyt,
United Kingdom). The following day, sections were washed in 1x PBST (3x) and incubated with
a secondary antibody (Invitrogen, Waltham, MA) for 1 h at RT. The sections were further
incubated with avidin-biotin complex (Vector laboratories, Burlingame, CA, USA) for 30 min.
The immunostaining was developed using 3,3-Diaminobenzidine (DAB) as chromogen and

sections were counterstained with Mayer’s hematoxylin prior to imaging.

Statistical analysis
Results are expressed as the mean+ 1 SD. A Shapiro-Wilk test for normality was performed on
all datasets. Homogeneity was confirmed by a comparison of variances test. Parametric data was

analyzed using either a Student’s t test for a two-group comparison, or a one-way analysis of
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variance when more than two groups were compared, followed by a post hoc Tukey test
(GraphPad Software 9.0). *P<0.05 and **P<0.01 were considered significant. For in vivo 143B
implantation studies, the sample size was calculated based on an anticipated effect size of 2.0
based on our in vitro studies comparing CNTNAP4 KO and vector control. For this scenario,
eight replicates per group was calculated to provide 80% power to detect effect sizes of at least

1.5, assuming a two-sided 0.05 level of significance.

Study approval

All animals were housed, and procedures performed under a protocol approved by the IACUC of
Johns Hopkins University (protocol MO21M112). Human samples were used under a written
informed consent for tissue banking and Institutional Review Board (IRB) approval (protocol

number IRB00119905).
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Data availability
The data generated in this study are available within the article and its supplementary data files.

RNA sequencing data is freely available within the NCBI GEO database (GSE210373).

Code availability
Our scRNA-seq analysis pipelines and codes can be obtained from the original author’s open
source R package and script on Bioconducter (https://satijalab.org/seurat/). The default standard

parameters are used in the analysis process.
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Figure legends

Figure 1. Cell autonomous effects of CRISPR/Cas9-mediated CNTNAP4 gene deletion in
human osteosarcoma cell lines. (a) Relative CNTNAP4 mRNA expression across osteosarcoma
cell lines. (b) Relative expression of CNTNAP4 in two clones compared with vector control (VC)
by gPCR. (c) Western blot of CNTNAP4 in control 143B cells (VC) and knockout clones (KO).
(d) MTS proliferation assay among CNTNAP4 KO single cell clones at 24, 48, and 72 h. (e, f)
Attachment assay at 3 and 5 h, assessed by (e) crystal violet staining and (f) quantification. (g, h)
Migration assay at 8 and 24 h assessed by (g) scratch wound healing assay and (h)
quantification. (i, j) Transwell invasion assay at 24 h, including (i) representative images and (j)
quantification. (k, I) Effects of recombinant NELL1 (5 pg/cm?) on 143B OS cells with or
without CNTNAP4 KO. Attachment assay assessed at 3 and 5 h by (k) crystal violet staining and
(I) quantification. Data shown as mean + 1 SD, with dots representing individual data points. All
experiments performed in triplicates, with results from a single replicate shown. ND: Not

detected. *P<0.05; **P<0.01 in comparison to VC. Scale bars: 100 pum.
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Figure 2. CNTNAP4 knockout mitigates OS disease progression in 143B xenograft model.
Orthotopic implantation of CNTNAP4 KO or vector control clonal 143B cells within the
proximal tibia of female NOD-Scid mice (n=12 mice per group, 1 x 106 cells per implant). (a)
Tumor volume, calculated by caliper measurements twice weekly until 28 d post-injection (top)
and gross pathology of tumors (bottom). (b) Representative XR imaging at 14 and 28 d post-
injection (left) and tumor volume (d28, right). White dashed line indicating tumors. (c, d)
CNTNAP4 KO verified by (c) CNTNAP4 immunostaining and (d) quantification. (e, f) In vivo
tumor proliferation assessed by (e) Ki67 immunostaining and (f) quantification. (g, h) Tumor
associated angiogenesis assessed by (g) CD31 immunostaining and (h) quantification. (i, j) Lung
metastasis assessed by (i) Human Nuclei (HuNu) immunostaining on cross-sections of
pulmonary fields and (j) quantification of metastatic cells. Data shown as mean £ 1 SD, with

dots representing individual data points. P<0.05; **P<0.01. Scale bars: 100 um.
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Figure 3. Bulk RNA sequencing between CNTNAP4 vector control (VC) and knockout
(KO) 143B osteosarcoma (OS) cells. (a) Volcano plot summarizing RNA-Seq specific
differentially expressed genes (DEGs) (FDR <0.05). The red dots on the top right quadrant are
significantly up-regulated DEGs and the blue dots within the top left quadrant show highly
down-regulated DEGs in the CNTNAP4 KO compared to VC; grey dots denote unchanged
genes. Values are presented as the log of fold change. n=3 biological replicates of VC and
CNTNAP4 KO cells. (b) Ingenuity Pathway Analysis (IPA) of the RNAseq showing the top
canonical pathways enriched in the CNTNAP4 KO compared to VC. (c) Gene Ontology (GO)
analysis of RNA-seq shows the classification of the entire transcriptome in biological process
(BP). (d) Heatmap of CNTNAP4 interactors that are differentially expressed in KO group. Note
that CNTNAP4 KO decreased expression level of nuclear targets APBA1, CASK and neurexin
family (NRX2, NRX3). (e) Heatmap showing downregulation of OS related genes involved in
DNA repair and cell cycle control. Note that CNTNAP4 KO decreased the expression level of
nuclear targets TP53AIP1, MDM2, and BRCAL. (f) Heatmap of representative Wnt signaling
pathway related genes. Note that CNTNAP4 KO decreased expression level of certain key genes
(WNT7A, WNT11, FZD7, AXIN2) with implications in cancer progression. (g) Heatmap of
representative fibroblast receptor growth factor (FGF) signaling. Note that CNTNAP4 KO
decreased expression level of certain key genes (FGF1, TRIM71, TIAL1) with implications in
cancer progression. (h) Heatmap of representative MAPK signaling pathway related genes
showing decreased expression level in CNTNAP4 KO. (i) Box plot showing the average of fold
change values from all target genes in the heatmap. (J) Heatmap of specific MAPK nuclear
targets related genes showing decreased expression level in CNTNAP4 KO. (k) Box plot

showing the average of fold change values from all target genes in the heatmap. MAPK
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phospho-array in CNTNAP4 VVC and KO cells. The human phospho-MAPK array was used to
detect eighteen phosphorylated kinases in (I) CNTNAP4 VVC and (m) CNTNAP4 KO. Red box
indicates the changes in the ERK1/2 spots. (n) Stacked column charts depict the mean pixel
density of protein levels in lysates prepared from VVC (red) and KO (blue). Boxplot shows center
line as the median, box limits as upper and lower quartiles of the modulus score. ***P<0.001. A

two-tailed student’s t test was used for comparisons between CNTNAP4 KO vs VC.
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Figure 4. ERK agonist restores cellular phenotypes in CNTNAP4 KO cells. Cells were pre-
treated by vehicle control (Veh) or 1 uM isoproterenol (1SO) for 5 min. (a) MTS proliferation
assay among cells at 24, 48, and 72 h. (b) Attachment assay at 3 h, assessed by crystal violet
staining (top) and quantification (bottom). (b Attachment assay at 3 h, assessed by crystal violet
staining (top) and quantification (bottom). (c) Migration assay at 24 h assessed by scratch wound
healing assay (left) and quantification (right). (d) Transwell invasion assay at 24 h, including
representative images (left) and quantification (right). Data shown as mean + 1 SD, with dots
representing individual data points. **P<0.01; n.s.= not significant. Scale bars: 100 um. (e)
Protein array demonstrating MAPK phosphorylation in CNTNAP4 KO clones with or without
ISO treatment. (f) Phosphorylation level of MAPK proteins measured as fold-change of the
paired duplicate spots and normalized to positive control spots. (g) Western blot of pPERK1/2,
ERK1/2, pJNK and JNK. Ratio of pERK1/2/ERK1/2 and pJNK/INK is listed below. (h)

pERK1/2 and ERK1/2 immunostaining and quantification in 143B xenografts.
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Figure 5. Comparison of bulk RNA sequencing among CNTNAP4 KO and NELL1 KO OS
cells. (a-f) Total RNA sequencing comparison between CNTNAP4 KO and NELL1 KO clonal
143B cells. (a) Gene Ontology (GO) enriched in both CNTNAP4 KO and NELL1 KO cells. (b)
KEGG pathways enriched in both CNTNAP4 KO and NELL1 KO cells. (c) Venn diagrams show
the similarities and differences in the significantly up- and down-regulated pathways between
NELL1 KO (blue) and CNTNAP4 KO (pink) datasets (P<0.05). (d-g) Heat map demonstrating
the contrast in the expression levels of genes involved in downstream signaling and
corresponding module score among CNTNAP4 KO and NELL1 KO cells, including (d)
CNTNAP4 interactors, () MAPK signaling, (f) FAK signaling, and (g) ECM-receptor
interaction. Gene module scores are shown as a boxplot shows center line as the median, box
limits as upper and lower quartiles of the modulus score. The dashed line indicates no change in
gene module score in comparison to vector control. *P<0.05; **P<0.01, in comparison to the

corresponding vector control.
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Figure 6. Clinical relevance of Cntnap4 and other interactors in Osteosarcoma (OS). (a)
Representative immunohistochemical staining of CNTNAP4 within human OS tissue section
(left) and negative control (right); high magnification is provided as inset. Scale bar: 100 pum. (b)
Quantification of DAB intensity in human OS tissue sections (n=8). (c) Relative CNTNAP4
MRNA expression in primary human OS cells. (d) Single cell RNA-Seq analysis of patient-
derived xenograft OS sample. Violin plots show gene expression of CNTNAP4 interacting genes
(MACF1, MLLT4, FBX021, CASK) in the two clusters, KI67°" (101 cells) and K167 "9 (3,645
cells). (e) Genomic alterations in samples from an Adult Soft Tissue Sarcoma (TCGA, Cell
2017) dataset from cBioPortal. Waterfall plot depicts the genetic alterations in CNTNAP4
interacting genes across multiple sarcoma subtypes. Red represents amplification and blue
represents deep deletion of genes in 34% of the sarcoma patients (n=206). (f) Kaplan-Meier
curve between groups with and without genetic alterations in at least one of the 15 genes
including CNTNAP4 (p=0.0415). The red and blue lines represent cases with and without genetic
alterations, respectively. Data shown as mean +1 SD. Boxplot shows center line as the median,

box limits as upper and lower quartiles of the DAB intensity.
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Figure 7. Model proposing mechanism driving sarcoma progression through Nell-
1/Cntnap4 signaling. As a secreted molecule, NELL-1 initiates cellular signaling through
binding to its receptor, Cntnap4, on the cell surface. The Ras-MAPK/ERK and Outside-in
integrin signaling pathways play critical roles initiating downstream targets during sarcoma

disease progression. Cartoon created with BioRender.com.
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Figure 2
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Figure 4
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Figure 5
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Figure 7
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Supplementary materials

Supplementary Figure 1. T7 endonuclease | assay in two CNTNAP4 knockout (KO) single cell
clones.

Supplementary Figure 2. Full-size blots of Figure 1c.

Supplementary Figure 3. CRISPR-Cas9 mediated CNTNAP4 KO in polyclonal 143B and
Saos2 cells.

Supplementary Figure 4. SIRNA mediated CNTNAP4 knockdown (KD) in polyclonal 143B
cells.

Supplementary Figure 5. Vascular morphometric analysis of angiogenesis in CNTNAP4 VC
and KO xenograft explants.

Supplementary Figure 6. Additional transcriptomic analysis of clonal 143B cells with or
without CNTNAP4 gene deletion.

Supplementary Figure 7. Protein-protein interaction of CNTNAP4 network using the STRING
and Innate DB database.

Supplementary Figure 8. Full-size blots of Figure 4g.

Supplementary Figure 9. Cancer subtypes and frequency of all mutations in CNTNAP4
associated genes.

Supplementary Table 1. Enriched GO terms related to cancer signaling.

Supplementary Table 2. Gene lists used for heatmap.

Supplementary Table 3. CRISPR/Cas9 sgRNA and primer sequences.

Supplementary Table 4. MAPK array protein targets layout.

Supplementary Table 5. List of Antibodies used.
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Supplementary Figures

Supplementary Figure 1

Supplementary Figure 1. T7 endonuclease | assay in two CNTNAP4 knockout (KO) single

cell clones. The cleaved PCR products correspond to 408 and 292 bp, respectively.
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Supplementary Figure 2
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Supplementary Figure 2. Full-size blots of Figure 1c.
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Supplementary Figure 3
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Supplementary Figure 3. CRISPR-Cas9 mediated CNTNAP4 KO in polyclonal 143B and
Saos?2 cells. (a-b) Effects of CRISPR-Cas9 mediated CNTNAP4 gene deletion in polyclonal
143B OS cells. (a) Proliferation (MTS) assay with or without CNTNAP4 KO (0-48 h) (b)
Attachment assay as assessed by crystal violet staining (left) and quantification (right) with or
without CNTNAP4 KO (3-5 h). (c-d) Effects of CRISPR-mediated CNTNAP4 gene deletion in
polyclonal Saos2 OS cells. (c) Proliferation assay as assessed by MTS with or without
CNTNAP4 KO (0-48 h). (d) Attachment assay as assessed by crystal violet staining (left) and
quantification (right) with or without CNTNAP4 KO (3-5 h). Data shown as mean £ 1 SD. All
experiments performed in triplicates, with results from a single replicate shown. *P<0.05,

**P<0.01.
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Supplementary Figure 4
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Supplementary Figure 4. SIRNA mediated CNTNAP4 KD in 143B cells. Effects of SIRNA
mediated CNTNAP4 gene knockdown in 143B OS cells in comparison to scramble control. (a)
Confirmation of CNTNAP4 knockdown efficiency by gPCR, 48 h after siRNA treatment. (b)
Proliferation (MTS) with or without CNTNAP4 KD (0-48 h). (c) Transwell invasion assay with
crystal violet staining, with or without CNTNAP4 KD (22 h). Data shown as mean + 1 SD. All
experiments performed in triplicates, with results from a single replicate shown. **P<0.01. Scale

bar: 100 um.
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Supplementary Figure 5
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Supplementary Figure 5. Vascular histomorphometric analysis in CNTNAP4 VC and KO
xenograft explants. (a) Vessel density (b) total vessel length (c) total number of junctions, and
(d) total number of endpoints. VC (n=4) and CNTNAP4 KO (n=8) tumor explants analyzed. Data

shown as mean = 1 SD, **P<0.01, *P<0.05.
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Supplementary Figure 6
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Supplementary Figure 6. Additional transcriptomic analysis of clonal 143B cells with or
without CNTNAP4 gene deletion. (a) Principal component analysis among VC and CNTNAP4
KO 143B osteosarcoma cells. (b) Clustering heatmap of all 19,565 protein coding genes
expressed among VC and CNTNAP4 KO 143B cells. (c) Heatmap of representative FAK
signaling pathway related genes. Note that CNTNAP4 KO decreased expression level of certain
key genes (VAV1, PIK3R1, PAK2, PARVA, PAK3) with implications in cancer progression. (d)
Heatmap of representative ECM-receptor signaling. Note that CNTNAP4 KO decreased
expression level of certain key genes (ITGB7, SDC1, PAK3) with implications in cancer

progression. (e) Heatmap of representative BMP signaling.
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Supplementary Figure 7
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Supplementary Figure 7. Protein-protein interaction of CNTNAP4 network obtained using

the STRING and Innate DB database. TIAM1, NELL-1, MACF1, MAST3, FBX021, NRXN,
APBAL, CASK, and RANBP10 physically interact with CNTNAP4. Cartoon created with

BioRender.com.
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Supplementary Figure 8
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Supplementary Figure 9
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Supplementary Figure 9. Cancer subtypes and frequency of all mutations in CNTNAP4
associated genes. (a) Pie chart shows percentage of patients in each soft tissue sarcoma subtype
(n=206). (b) Bar graph represents the distribution of alteration types of CNTNAP4 associated
genes in each soft tissue sarcoma subtype, including amplification (red), deep deletion (blue),

multiple alterations (grey), and missense mutation (green).
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Supplementary Table 1. Enriched Gene Ontology (GO) terms related to cancer signaling.

Downregulated GO terms_CNTNAP4 KO Vs VC

GO term (Biological Processes) Count p-value
G0:0000165~MAPK cascade 90 0.004424
G0:1901796~regulation of signal transduction by p53 class mediator 65 1.73E-07
GO:0051_056~reguIat|on of small GTPase mediated signal 61 1 30E-05
transduction
G0:0090263~positive regulation of canonical Wnt signaling pathway 53 0.001516
G0:0030036~actin cytoskeleton organization 53 0.031373
G0:0048013~ephrin receptor signaling pathway 36 1.86E-04
G0:0007409~axonogenesis 30 0.007502
G0:0008543~fibroblast growth factor receptor signaling pathway 27 0.04408
GO0:0006977~DNA damage response, signal transduction by p53

. o 27 1.57E-04
class mediator resulting in cell cycle arrest
G0:0048010~vascular endothelial growth factor receptor signaling 93 0.031535
pathway
G0:0030514~negative regulation of BMP signaling pathway 23 0.037169
G0:0034446~substrate adhesion-dependent cell spreading 21 0.018607
G0:1904263~positive regulation of TORC1 signaling 10 0.031891
G0:0046328~regulation of JINK cascade 9 0.033764
G0:0035331~negative regulation of hippo signaling 9 0.002968
G0:0060338~regulation of type I interferon-mediated signaling 7 0.006036
pathway
G0:0034333~adherens junction assembly 7 0.021732
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Supplementary Table 2. Gene list used for heatmap.

MAPK signaling
cascade

FLT3, IRS1, YWHAB, NRK, RASGRF1, IRS2, PIK3CB, FGF1, FGF2, FGF5, FNTA, PSMD2, FNTB,
PEA15, PBK, NEFL, PSMD1, NRTN, MAP3K9, MAP3K6, HRAS, MAP3K4, MAP2K4, KSR1, NRG1,
FRS2, IL17RD, SPTB, DUSP7, PSMAG, PSMA3, PSMA4, PSMA2, RASA1, PSME3, MAPKAPK?2,
PSMEZ2, RAPGEF2, PRKCQ, MAPKAPKS, RAF1, SOS1, CAMK2B, PSMD12, PSMD11, PPM1L,
PSMD13, CUL3, TGFA, PIK3R1, RASAL2, ABHD17C, IL2RG, NLK, EGFR, PSMA7, RASGRP3,
PSMB5, PABPN1, HSF1, MAP3K21, RIPK1, MAP4KS5, PAK3, MARK3, MAP2K6, MAP3K2, ICMT,
MAP3K1, DAB2IP, GRIN2B, FGF17, DLG1, PSMC6, ARTN, PSMC1, TAOK1, TAOK2, FGF18, NF1,
LAMTOR2, GRB2, CALM1, FGF13, KBTBD7, MAP3K14, FGFR3, FGFR2, PTPN3, FGFR1

Canonical Wnt
signaling pathway

OTUDS, PTPRU, GSK3B, GSK3A, CHDS, LIMD1, GLI3, PSMD2, PSMD1, LZTS2, ANKRD6, TLE4,
TLEL, IGFBP4, IGFBP2, SOX13, SHISA3, TMEM170B, DKK1, LATS1, GREM1, PSMAG, SFRP1,
PSMA3, PSMA4, PSMA2, PSME3, RAPGEF1, PSME2, ROR2, RBMS3, AMER1, PSMD12, PSMD11,
PSMD13, CUL3, STK4, PSMAY, STK3, PSMB5, FRZB, G3BP1, APOE, FZD4, CAV1, DAB2IP,
TMEM64, MAPK14, TPBGL, BICC1, PSMC6, PSMC1, CCDC88C, SNAI2, CTNNB1

Fibroblast receptor
signaling pathway

TRIM71, FGF1, FGF2, FGF5, TIAL1, PTBP1, FLRT2, POLR2B, POLR2D, POLR2K, POLR2L, FGF21,
GALNTS3, NCBP2, FRS2, PTPN11, EXT1, FGF17, HNRNPM, HNRNPH1, FGF18, GRB2, FAT4,
FGF12, FGFRS, FGFR2, FGFR1

ECM-receptor
interaction

CD36 CD44, CD47, DAG1, GP1BA, GP1BB, GP5, GP6, GP9, HMMR, ITGA1, ITGA10, ITGA11,
ITGA2, ITGA2B, ITGAS, ITGA4, ITGAS, ITGAG, ITGA7, ITGAS8, ITGA9, ITGAV, ITGBL1, ITGB3,
ITGB4, ITGB5, ITGB6, ITGB7, ITGB8, SDC1, SV2A, SV2B, SV2C, VAV3, VCL

FAK signaling
pathway

FAK, AKT1, AKT2, AKT3, BCAR1, CRK, CRKL, DOCK1, ILK, PAK1, PAK2, PAK3, PAK4, PAKS5,
PAKG6, PARVA, PARVB, PARVG, PIK3CA, PIK3CB, PIK3CD, PIK3R1, PIK3R2, PIK3R3, PIP5K1A,
PIP5K1B, PIP5K1C, PTK2, PXN, RAC1, RAC2, RAC3, RAP1A, RAP1B, RAPGEF1, RASGRF1, RHOA,
ROCK1, ROCK2, VAV1, VAV2, TCF7L1, TCF7L2, WNT1, WNT10A, WNT10B, WNT11, WNT16, WNT2,
WNT2B, WNT3, WNT3A, WNT4, WNT5A, WNT6, WNT7A, WNT7B, WNT8A, WNT8B, WNT9A, WNTIB,
WNT5B, AXIN1, AXIN2

CNTNAP4
interactors

CNTNAP3B, APBA1, CNTNAP2, NELL1, CASK, TIAM1, AFDN, NRXN3, MACF1, NRXN2, CCDC184,
FBXO2, MAST3, RANBP10
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Supplementary Table 3. CRISPR/Cas9 sgRNA and primer sequences.

CRISPR/Cas9

Sequence

Knockout 5’- TTCCACGGAGAACTTAGCG-3’
Negative 5’-CGCGATAGCGCGAATATATT-3’
control
Primers

Genes (human)

Forward (5°-3”)

Reverse (5°-3°)

CNTNAP4
(T7EI)

GGCAGCATTTTTCCTTTCTTGC | CTCAGTGGCTAGACACCACC

CNTNAP4

TGCAAATGCAGACAGTGTTGT | CCCTTGGGGTTCCATTCCAAA

GAPDH

CTGGGCTACACTGAGCACC

AAGTGGTCGTTGAGGGCAATG
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Supplementary Table 4. MAPK array protein targets layout.

A B C D E F G H
ERK1
Akt | CREB | (pT202/Y204) | GSK3a
POS POS NEG NEG (pS473) | (pS133) JERK?2 (pS21)
(Pt185/y187)
GSK3b | HSP27 INK MEK MKK3 | MKKS6 MSK2 mTOR
(pS9) (0S82) | (pT183) | (pS217/T221) | (pS189) | (pS207) (pS360) (pS2448)
038 p53 P70S6K RSK1 RSK2
(pT180/Y182) | (pS15) | (pT421/S424) |  (pS380) | (pS3se) | NEC NEG POS
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Supplementary Table 5. List of antibodies used.

Antibody Company Catalog # Use Dilution
Rabbit anti-CNTNAP4 Biorbyt orb544737 IHC, WB | 1:100
Mouse anti-Human Nuclei | Millipore-Sigma MAB1281 | IF 1:200
Rabbit anti-CD31 Abcam ab28364 IF 1:200
Rabbit anti-Ki67 Abcam ab15580 IF 1:200
Goat anti-Mouse AF488 Abcam ab150117 IF 1:1000
Goat anti-Rabbit AF488 Abcam ab150077 IF 1:1000
Soat anti-Rabbit DYLIGNt | vzector Laboratories DI-1594 | IF 1:1000
Goat anti-Rabbit, HRP Invitrogen 32460 IHC 1:1000
?é?(tf};)‘”“’p“‘” 42 MAPK | il signaling Technology | 9102 WB, IF | 1:100
Ejﬁ’}g ?\ZE&EQO(SSP& ;2 | Cell Signaling Technology | 9101 WB, IF | 1:100
Rabbit anti-FGF Cell Signaling Technology | 61997 wWB 1:100
Rabbit anti-JINK Cell Signaling Technology | 9252 wWB 1:100
Mouse anti- Phospho-JNK | Cell Signaling Technology | 9255 WB 1:100
Rabbit anti-GAPDH Cell Signaling Technology | 5174 WB 1:100
ﬁ\r?ligg]gﬁi?b:)gd?/ HRP- Cell Signaling Technology | 7076 WB 1:2500
ﬁzt:bt())lg;/m HRP-linked | ) Signaling Technology | 7075 WB 1:2500
ﬁ\r?lga(;agzlttk:gdcay HRP- Cell Signaling Technology | 7074 WB 1:2500

IF: Immunofluorescent staining; IHC: Immunohistochemistry; WB: Western Blot
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