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Fibrodysplasia Ossificans Progressiva (FOP) is a rare autosomal dominant genetic disease characterized by
heterotopic ossification (HO) formed in soft tissues. Diffuse Intrinsic Pontine Glioma (DIPG) is a terminal
pediatric brain cancer that forms a glial tumor in the ventral pons. In 2006, it was found that FOP was caused by
ACVRI1 mutations, most commonly the R206H mutation. Unlike the wild-type receptor, the R206H mutant
receptor signals to pSmad1/5/8 in response to Activin A, an atypical ligand. It was recently discovered that some
cancerous tumors contain mutations that also alter ACVR1. Thus, my project investigates whether the mutations
associated with these cancers have similar signaling profiles compared to mutations that drive FOP. First, the
variants were introduced into ACVR1 using overexpression plasmids and then transfected into HEK293 cell lines
with a BRE luciferase reporter, allowing Smad1/5/8 signaling to be measured. After drug selection and two cell
sorts, BRE luciferase assays were performed using WT and R206H as controls. Through a Western Blot and Flow
Cytometry, it was evident that all lines overexpressed ACVRI1 but to different degrees. Results showed that all
FOP mutations signaled through pSmad1/5/8 in response to Activin A. All but one of the cancerous mutations
(D185G) responded to Activin A, suggesting a similar mechanism as in FOP. DIPG cancer tumors have increased
phosphorylation due to ACVR1 mutations, which may aid abnormal cell growth. An Activin A blocking antibody
may serve as a therapeutic for FOP and DIPG patients. Future work will investigate if indeed mutations in
ACVRI may be driving cancer progression, acting as a secondary mutation. Researchers may find that ACVR1
mutations are advantageous to cancerous growth, affecting personalized medicine treatment options.
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Introduction

The ACVRI receptor is a type 1 receptor responsible for receiving signals the environment and transmitting
them inside the cell to promote normal development and maintain normal bone and muscle function. Ligands,
most commonly the bone morphogenetic protein (BMP) family of ligands, normally activate ACVR1. ACVRI1 is
a kinase that forms a complex with type 2 receptors, resulting in phosphorylation of Smad1/5/8 proteins (Kaplan
Shore Pignolo, 2008). Smad1/5/8 proteins migrate to the nucleus to target genes and stimulate downstream
signaling. These BMP receptor kinases are tightly regulated, but a mutation within this receptor can lead to

altered signaling and severe diseases (Chaikuad et al., 2015).
Fig. 1 Heterotopic Ossification Formation in FOP Patients and Congenital Malformation of the Big Toes



(Kaplan Shore Groppe, 2008).
Fig. 1 Heterotopic Ossification Formation in FOP Patients and Congenital Malformation of the Big Toes
(Kaplan Shore Groppe, 2008).
Fig. 2 Location of Glial Tumor Found in Patients with DIPG (Vinci et al., 2014)

Fig. 2 Location of Glial Tumor Found in Patients with DIPG (Vinci et al., 2014)
Some endometrial cancer tumors also contain mutations in ACVR1. Endometrial cancer is characterized by

the proliferation of cells in the inner lining of the uterus and can only be treated by the surgical resection of the

uterus. In 2012, there were 320,000 new cases diagnosed, making it the 6™ most common cancer in women
(Ferlay et al., 2014). Most cases of endometrial cancer occur between the ages of 60 and 70 with only a few cases

occurring before the age of 40 (Leslie et al., 2012).

Fig. 3 R206H Mutation turns ACVR1 into an Activin-A Responsive Receptor (Hatsell, Idone et al., 2015)
Fig. 3 R206H Mutation turns ACVRI1 into an Activin-A Responsive Receptor (Hatsell, Idone et al., 2015)
Fig. 4 Location of mutations in ACVRI1 reported so far in DIPG and FOP (Pacifici Shore, 2016)

Fig. 4 Location of mutations in ACVRI1 reported so far in DIPG and FOP (Pacifici Shore, 2016)

Research Questions and Hypotheses

The main focus of the research is to characterize the signaling profiles of the ACVRI mutants found in FOP,
DIPG, and endometrial cancer tumors. For the variants associated with cancer, the hope is to see if these
mutations are also beneficial to tumor growth. Through BRE Luciferase assays, the results are predicted to show
that the ACVR1 mutants would bind to Activin A to produce Smad1/5/8 signaling similarly to the FOP-driving
mutants. Ultimately, knowledge of the different mutations and their responses to different ligands is a precursor to
finding a treatment for FOP, DIPG, and endometrial cancer. With this, there is hope that blocking Activin A will
decrease and prevent progression of HO in FOP patients and tumor growth in cancer patients.
Materials and Methods
Generation of ACVRI variant-expressing HEK293/BRE-Luciferase cells

In order to study their signaling profiles, the mutations causing FOP and those found in cancer tumors were
introduced into pPCMV.ACVRI1 using overexpression plasmids and confirmed by sequencing. Human embryonic
kidney cell lines (HEK293) expressed these plasmids, including an additional BMP responsive element (BRE)
Luciferase reporter (see Fig. 5). This reporter allows measurement of the cell line’s signal to Smad1/5/8. To
produce over-expressing HEK293/BRE-Luc stable cell lines, HEK293/BRE-Luc cells were transfected with the
ACVRI1 mutant plasmids using TransIT-LT1 transfection reagent (Mirus). Stable lines were formed after drug
selection with 100ug/ml hygromycin B. Pools of stably transfected cells expressing nearly identical levels of
ACVRI were generated by fluorescence-activated cell sorting (FACS) after surface staining with an anti-ACVR1

antibody. The resulting pools were used for signaling assays.

Fig. 5 Introduction of ACVR1 Variant Plasmids into HEK293/BRE-Luc Lines,
as well as a BRE Signaling Reporter Plasmid
Fig. 5 Introduction of ACVRI1 Variant Plasmids into HEK293/BRE-Luc Lines,
as well as a BRE Signaling Reporter Plasmid

FACS-sorting to select ACVR1-expressing cells
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Fig. 6 Sample of Cell Sorting HEK293/BRE-Luc Cells Expressing Equal Levels of ACVR1
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Cell Treatments and Immunoblotting

HEK293/BRE-Luc cell lines expressing ACVRI1 variants were plated on 6 well dishes (Corning) at 1 x 10°
cells/well and grown overnight in complete media. Cells were lysed in hypotonic buffer containing 1% NP-40
substitute and 2X protease and phosphatase inhibitor cocktail. Whole cell lysates were prepared in SDS
containing buffer and proteins were resolved on 10% gradient SDS-PAGE gels (Invitrogen) and transferred to
PVDF membranes (Millipore). Immunoblotting was performed using standard procedures. Primary ACVRI1
Rabbit antibody (Cell Signaling, 4398) detected total levels of ACVRI1 protein. B-Tubulin (Sigma T5201) was
used as a loading control. All primary antibodies were used at a dilution of 1:1000. Signal was visualized with
HRP conjugated secondary antibodies (Promega) and ECL substrate (EMD Millipore). Blots were imaged with an
ImageQuantTM LAS 4000 (GE Healthcare) instrument.

Cell Staining for Flow Cytometry

HEK?293 ells were dissociated by adding TrypLE (Gibco). Cells in BD buffer were spun down at 1000 rpm
for 3 minutes and resuspended in 200uL of BD stain buffer, with or without primary antibody. Primary rabbit
monoclonal anti-ACVR1 antibody MAB637 (R&D Systems) was added at a concentration of 1 pg/mL. Cells
were kept at 4 C and incubated for 1 hour while rotating in the cold room. Then, secondary antibody in BD Buffer
was added (1:2000 in 200uL total). Cells were kept at 4 C and incubated for 20 minutes while rotating. Secondary
antibody was diluted by adding 500-800uL of BD Bufter. To fix cells, they were incubated in 4% formaldehyde
for 10-20 minutes (37% solution, dilution 1:10 in water). After the 10-20 minute incubation, cells were washed
twice and filtered through Flow Cytometry filter cap tubes. The florescence signal was analyzed by the Flow
Cytometry instrument.
Assays in HEK293/BRE-Luc reporter lines

HEK?293 cell lines were kept healthy by passaging each line twice a week using HEK293 complete media.
For all assays, rhActivin A, thBMP6, or hBMP7 (R&D Systems) were pre-mixed at set concentrations before
addition to cells. BRE Luciferase assays were performed to study the responsiveness of each line to different
ligands. HEK293/BRE-Luc reporter cell lines were plated in 96-well plates (Thermo Scientific) at 10,000

cells/0.33 cm and incubated at 37°C for 3-hours, then treated with recombinant proteins as described. For all
reporter assays, luciferase expression was measured about 16 hours after treatments using Bright-Glo Luciferase
Assay System (Promega). Data was processed using Prism 6 software.

Fig. 7 Western Blot Data of Cancer Variants



Fig. 7 Western Blot Data of Cancer Variants
Before assays were performed, the HEK293s had to be further characterized. A Western Blot was conducted

to measure ACVRI1 protein levels in whole cell lysate from each of the lines. Fig. 7 shows that all the variants
expressed ACVRI1, but to varying degrees. -tubulin was used as the load control to normalize the levels of protein
detected by confirming that protein loading is the same across the samples. The expression levels of the load
control did not vary between the different sample lanes, as indicated by Fig. 7, showing that equal concentrations
of protein lysate were loaded across the samples.
Controls (No Primary AB)

Fig. 8 Flow Cytometry Data

Controls (No Primary AB)
Fig. 8 Flow Cytometry Data

Three BRE Luciferase assay trials were performed to assess the signaling profiles of ten out of the eleven
known FOP variants. These ACVRI1 mutations are the L196P, delP197-F198insL, R202I, Q207E, R258S, R375P,
G325A, G328E, G328W, and G356D variants. First, these mutations were treated with BMP6, all displaying
signaling profiles equivalent to the WT ACVRI1 in that each mutation was able to produce a Smad1/5/8 signal. In
this sense, BMP6 was used as a control to make sure each stable cell line was able to properly bind to and signal
in response to ligand.

After evaluating the results from the three BRE Luciferase Assay trials, two additional assays were
performed to better understand and solidify results. The first assay studied the Smad1/5/8 response to Activin A,
but focused on the few mutations that did not respond to Activin A as expected in the preliminary data. The
L196P, R2021, R375P, and G356D mutations were investigated, using the WT, R206H, and R206C as controls.
The R206C mutation is not associated with FOP, but is a mutation that acts like the WT despite its point mutation
in the same residue as R206H. Fig. 9 shows that the L196P line was unresponsive like the WT and the R206C,
and the R2021 and R375P lines still only responded to high concentrations of ligand. The R206H consistently

remained the most responsive, with the G356D responding to Activin A at just a slightly lower degree.

Fig. 9 FOP Variants Smad1/5/8 Response to Activin A
Fig. 9 FOP Variants Smad1/5/8 Response to Activin A

In order to see if the FOP variants showing little response to Activin A may respond to perhaps a different
ligand, another BRE Luciferase Assay was performed. However, this assay measured the Smad1/5/8 response to
Activin B, a ligand with similar properties to that of Activin A. Again, WT, R206H, and R206C were used as
controls. As seen in Fig. 10, most of the FOP variants tested showed a response more similar to R206H compared
to the previous assay. It is evident that the R2021 and R375P did not just respond to higher concentrations of
ligand, unlike the previous assay. The G356D mutant consistently acted like the R206H. Nevertheless, the L196P
still showed a weak response to an atypical ligand. These results pose the question that perhaps Activin B may be
the prominent force driving FOP in addition to Activin A. Still, the L196P mutant stands out as being much less
responsive to both ligands in the case of all performed assays.

Fig. 10 FOP Variants Smad1/5/8 Response to Activin B
Fig. 10 FOP Variants Smad1/5/8 Response to Activin B

Fig. 11 Cancer Variants Smad1/5/8 Response to Activin A



Fig. 11 Cancer Variants Smad1/5/8 Response to Activin A
The same experiment was performed but in response to Activin B, another non-canonical ligand. Again, WT

was unresponsive to this ligand, but the R206H showed a very prominent response. As shown in Fig. 12, for the
variants found in both FOP and DIPG, it is evident that they responded to Activin B more profoundly, as did the
G328V line. Similarly, the D185G line showed no response to Activin B. This data too suggests that perhaps
Activin B may be a prominent force driving cell proliferation in addition to Activin A. Experiments were

performed multiple times to validate results but only data from one trial is shown.
Fig. 12 Cancer Variants Smad1/5/8 Response to Activin B

Fig. 12 Cancer Variants Smad1/5/8 Response to Activin B

Table 1 below displays a summary of all the experiments performed, including variants associated with FOP,
DIPG, and endometrial cancers. All variants signaled through Smad1/5/8 in response to BMP7, as it was a
control. As shown in Table 1, all the variants except for D185G effectively responded to Activin A. The table also
includes information of the location of each variant on the ACVRI1 receptor: the Extracellular Domain (ECD), the
transmembrane domain (TM), glycine-serine rich (GS) domain, or the Kinase.

ECD
™
GS

Kinase
Table 1 Summary of all the ACVR1 Variants in Response to Activin A

ECD
™
GS

Kinase
Table 1 Summary of all the ACVRI1 Variants in Response to Activin A

Conclusions

These findings reveal that Smad1/5/8 signaling in response to Activin, an atypical ligand for this receptor, is
also likely the prominent cause of less common FOP cases in addition to the R206H, the most common mutation
that drives FOP. The results of our luciferase assays show that Activin A and Activin B are both able to bind to
the ACVR1 mutant receptors and induce signaling, a property that distinguishes these mutants from the wild-type
receptor. The uncommon ACVRI1 mutants associated with only 3% of FOP cases act in the same way as the
R206H mutation, effectively able to convert ACVRI1 into a signaling complex in the presence of an atypical
ligand. There is hope that all FOP patients would benefit from the same type of treatment as R206H patients, such
as an Activin A blocking antibody.

It can be concluded that the mildest FOP cases are associated with the least responsive of the mutants to



Activin A, and perhaps the severity of the disease may correspond with the degree of Activin A responsiveness.
For example, a patient with the L196P mutation shows mild progression of HO and a late onset of about 40 years
old. According to the results, this line showed the lowest Smad1/5/8 signaling in response to either Activin A or
Activin B, which may provide reasoning for the mildness of the disease. However, since there are so few patients
with some of these very rare FOP-driving mutations, making a correlation between disease severity and Activin
responsiveness is difficult. A more conclusive way to test this would be to create mouse models containing these
very rare FOP-driving mutations in ACVRI.

The mutations that are found in cancer tumors that respond to Activin A suggests that a similar mechanism is
involved, yet future work will investigate if indeed this may be driving cancer progression or if there is an
unknown factor. Essentially, this research gives insight to understanding the role of mutations in driving cancers
and how this information can be used in the field of personalized medicine to treat these patients. Personalized
medicine refers to the fact that each cancer patient has their own different genetic makeup and responds to drugs
differently, so treatment modalities may be varied which may drastically affect the outcomes.

However, a limitation of the system is that the experiments were only performed in overexpression systems
in vitro, not in a cell line expressing ACVR1 from the endogenous locus or in vivo mouse models. Future work
will test these variants with other “non-canonical” ligands such as the Activin family, especially the D185G line
as it showed no response to either Activin A and Activin B. As well, future work will explore whether or not the
ACVRI mutations confer a benefit to the cancer, such as stimulating the cells to divide more quickly and making
it easier for the abnormal cells to evade the immune system.

Future steps will also further investigate the effect of mutations in ACVRI1 on cancer progression. The
childhood gliomas that harbor ACVR1 mutations are quite rare and have not been routinely biopsied until
recently, so this cancer is only now being molecularly characterized. Importantly, the discovery that ACVRI
mutants can acquire the ability to signal through Activins is very recent, and none of the investigations of DIPG
or endometrial tumors that contain ACVRI1 mutants were performed with this knowledge. This discovery
provides important insight for future work that will be done to access the potential pathogenic role of ACVRI
mutants in cancer tumors. An important next step is to license glioma cell lines that harbor the ACVR1 mutations.
Also, testing ligand blocking ACVRI1 antibodies is of high interest to see whether or not they may provide more
complete blockade of signaling as compared to just the anti-Activin A antibody.

It is important to realize that cancer is an accumulation of hundreds of diseases. Right now, this data is
meaningful for the cancer patients that contain ACVR1 mutations in their tumors. Genes interact with other genes
to evade certain treatment options, so understanding the effects of different mutations is critical to comprehend
what is happening in a particular person’s disease. The individual nature of each patient’s cancer is so important
to the field of personalized medicine that since 2014, the pediatric oncology department at Columbia University
Medical Center decided to provide whole-exome sequencing to every single one of its pediatric cancer patients
(Craig, 2016). This analysis will allow detailed information regarding each patient’s individual mutations, which
is hoped to lead doctors to determining the best course of treatment, hopefully increasing chances of recovery.

The hope is to understand the effects of the mutations on tumor progression and treat other patients with the
same subtype in a similar way. Whole-exome sequencing is a method of DNA profiling increasing popularity that
reveals the exact sequence of all thirty million nucleotides that constitute a person’s nineteen thousand genes.
Despite its complexity, researchers are seeking a more comprehensive approach that might save patients with
forms of cancer that are deemed incurable, such as DIPG. Ultimately, this is how researchers will increase the
cure rate for cancer patients and beat all cancers. Our work on a rare skeletal disorder provides hope for the
treatment of not only patients with this disease, but may also lead to an eventual potential cure for pediatric
patients with a rare and currently terminal brain cancer and possibly other cancer patients, as well. Small steps
can lead to great strides in eradicating disease.
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