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A RODENT MODEL OF FIBRODYSPLASIA OSSIFICANS PROGRESSIVA

CROSS REFERENCE TO RELATED APPLICATIONS

{6001} This application claims the benefits of priority from U.S. Provisional Application No.
62/684 582, filed June 13, 2018 and U 8. Provisional Application No. 62/828,532 filed April

3, 2019, the entire contents of which are incorporated herein by reference.
FIELD OF THE DISCLOSURE

{8002} This disclosure relates to genetically modified rodent animals and rodent models of
human diseases. More specifically, this disclosure relates to genetically modified rodents
whose genome comprises a modified rodent 4dcyvr i gene; rodents that exhibit a phenotypical
feature of fibrodysplasia ossificans progressiva (FOP) such as ectopic bone formation;
isolated rodent tissues and cells whose genome comprises a modified rodent 4devr/ gene;
isolated nucleic acids that comprise a modified rodent Acvri gene, compositions and methods
of making the genetically modified rodents; methods of breeding; and methods of using the

genetically modified rodents.
INCORPORATION BY REFERENCE OF SEQUENCE LISTING

{8003} The sequence listing 1n the ASCH text file, named as 36190 _10461US01
_Sequencelisting txt of 4KB, created on June 6, 2019, and submitted to the United States

Patent and Trademark Office via EFS-Web, is incorporated herein by reference.
BACKGROUND ART

{6004} Various publications, including patents, patent applications, published patent
applications, accession numbers, techuical articles and scholarly articles are cited throughout
the specification. Each of these cited publications is incorporated by reference, in its entirety

and for all purposes, in this document.
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18005] Acrvl is a type I receptor for bone morphogenic proteins (BMPs). Certain mutations
in the human ACVRI gene, including mutations that give rise to the amino acid modification
R206H or R258G, are strongly associated with the disease fibrodysplasia ossificans
progressiva (FOP) (see, e.g., US Pat. Appl. Publ. No. 2009/06253132; Pignolo, R J. (2011}
Orphanet Journal of Rare Diseases, 6:80,1-6; and Kaplan et al., Am J Med Genet A. 2015;
167(10): 2265-2271). Chimeric mice that bear an R206H mutation in Acvr/ develop an FOP-
like phenotype (see, e.g., Chakkalakal et al. (2012) J. Bone and Mineral Res. 27:1746-1756}.
Certain mutations in the Acyr{ gene, e.g, those resulting in an R206H Acvri protein variant,
are perinatal lethal in mice and present challenges for passing a knock-in gene comprising the

mutation through the germline of a rodent.
SUMMARY OF THE DISCLOSURE

{8006} This disclosure is directed to genetically modified rodent animals that comprise in

their germline a nucleic acid sequence that comprises a modified rodent Acvr/ gene.

18007} Genetically modified rodent animals are provided that comprise in their germline a
nucleic acid sequence that comprises a modified rodent Acvr/ gene, wherein the modified
rodent Acvr] gene comprises a conditional alteration of a rodent Acvr/ gene, wherein the

alteration renders the rodent anumal susceptible to ectopic bone formation.

[6008] Genetically modified rodent animals are provided that comprise in their germline a
aucleic acid sequence that comprises a modified rodent Acvr/ gene comprising a conditional
altered Acvr] exon, wherein induction of expression of the conditional altered Acvr/ exon
contfers upon the rodent animal a susceptibility to ectopic bone formation. In one
embodiment, the altered Acvr/ exon is exon 7. In a specific embodiment, the altered Acvr/

exon 7 includes an alteration resulting in a R258G amino acid variation in Acvrl protein.

{0009] Rodent animals are provided that conditionally express an altered Acvr/ alicle. In
various aspects, the altered 4cvr/ allele is an allele that confers a pathological phenotype on
the rodent animal expressing the allele. In various aspects, the rodent animals corprise an

altered exon of an Acvr/ allele flanked upstream and downstream with site-specific
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recombinase recognition sites (SRRS's), and the rodent animal comprises a recombinase that

recognizes the SRRS's, wherein the activity of the recombinase is inducible.

{8019} Rodent animals are provided that comprise a modification of a rodent Acwr/ gene that
causes {in one embodiment, in a heterozygote; in one embodiment, in a homozygote),

promotes, or makes the rodent animal susceptible to ectopic bone formation

{6011} Rodent animals are provided that comprise a conditional alteration of a rodent Acvr/
gene, wherein an aliered Acvr/ allele is not expressed in utero, and is not expressed
perinatally, and wherein the rodent animals express the altered Acvr/ allele in a conditional
manner, wherein the conditioval expression is induced by administration of a compound of

interest to the rodent animal.

{6032} In one aspect, a rodent animal is provided whose genome comprises a modified rodent
Acvr locus comprising ao altered Acvr/ exon in antisense orientation, wherein the altered
Acvr] exon is flanked upstream and downstream by SRR's that are oriented to direct an

inversion when acted upon by a recombinase that recognizes the SRRS's.

[0013] In some embodiments, a rodent animal is provided whose genome comprises a
modified rodent Acyr/ gene within an endogenous rodent Acvr/ locus, the modified rodent
Acvr! gene comprising a functioning devr/ exon 7 in sense orientation and flanked upstream
and downstream by a first pair of SRRS', and an altered Acwr ! exon 7 in antisense orientation
and flanked upstream and downstream by a second pair of SRRE', wherein the first and
second pairs of SRRS' are orientated such that a recombinase can invert the altered devrl
exon 7 into sense orientation and delete the functioning Acvr/ exon 7, resulting in an altered
Acvri allele (i.e, an Acvr/ allele comprising the alteration). In various embodiments, except
for exon 7, the remaining exons of a modified rodent Acvr/ gene are functioning exons of an
endogenous rodent Acvr ! gene, e.g., wild type rodent exons present at an endogenous rodent
Aevrl locus. In various embodiments, the altered 4evr/ allele is an allele that confers a

pathological phenotype on the rodent animal expressing the allele.
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16014] In some embodiments, provided herein 1s & genetically modified rodent whose genome
comprises a modified rodent 4cvrl gene within an endogenous rodent 4dcvrl locus, wherein
the modified rodent Acvr/ gene comprises (a) a functioning Acvr/ exon 7 encoding R258 in
sense orientation, flanked upstream and downstream by a first pair of SRRS'; and (b) an
altered rodent Acvrl exon 7 encoding a R258( variation in antisense orientation, flanked by a
second pair of SRRS' that are different from the first pair of SRRS'; wherein the first and
second pairs of SRRS' are oriented so that a recombinase can invert the altered rodent 4cvr/
exon 7 ito sense orientation, delete the functioning Acvr/ exon 7, and aliow an altered Acvr/
allefe comprising the altered rodent Acvr/ exon 7 to be expressed. In some embodiments,
expression of an altered Acvr/ allele comprising the altered rodent Acvr/ exon 7 results in
ectopic bone formation. In various embodiments, except for exon 7, the remaining exons of a
modified rodent Acvr! gene are functioning exons of an endogenous rodent Acyvr/ gene, e.g.,

wild type rodent exons present at an endogenous rodent Acvr ! locus.

[6013] In some embodiments, a functioning Acvr/ exon 7 encoding R258 is a naturally
occurring, functioning rodent Aevr/ exon 7, i.e., a wild type rodent Aevr/ exon 7. In some
embodiments, a functioning Acvr/ exon 7 encoding R258 is a substantially human 4CVR/
exon 7. In some embodiments, a substantially buman ACVRZ exon 7 is a naturally occurring,
functioning human ACVR/ exon 7, 1.e., a wild type human ACVR! exon 7. In other
embodiments, a substantially human ACVR7 exon 7 differs from a wild type human ACVR/
exon 7 by at least one nucleotide (i.e., one or more nuclectides) and has a reduced sequence
identity with an altered rodent 4evri exon 7 as compared to the sequence identity between the
wild type human ACVR/ exon 7 and the altered rodent 4cvr/ exon 7. In some embodiments,
a substantially human ACVR/ exon 7 encodes the same amino acids as a wild type human

ACVRI exon 7.

[8016] In some embodiments, the first pair of 3RRS' includes a first SRRS and a second
SRRS, wherein the first and second SRRS' are compatible with each other and are oriented to
direct an inversion. In some embodiments, the second pair of SRRS includes a third SRRS
and a fourth SRRS, wherein the third and fourth SRRS' are compatible with each other, are

oriented to direct an inversion, but are not compatible with the first or second SRRS,

4



WO 2019/241350 PCT/US2019/036719

16017] In some embodiments, a genetically modified rodent is provided that comprises a
modified rodent Aevr] gene at an 4ovrl Tocus in the germline of the rodent, wherein the
modified rodent Acvr/ gene comprises, with respect to the direction of transcription of the
Acvir] gene, (1) a functioning exon 7 {e.g., a substantially human exon 7} in sense orientation,
and (ii) an altered exon 7 in antisense orientation; and comprises a first pair of SRRSE'
composed of a first SRRS (SRRS1) and a second SRRS (S8RRS2), and a second pair of SRRS'
composed of a third SRRS (8RRS83) and a fourth SRRS (SRRS4); wherein SRRS1 is
compatible with SRR32, SRRS3 i1s compatible with SRRS4, but neither SRRST nor SRR82 is
compatible with SRRS3 or SRRS4, wherein SRRS1 is located upstream of the functioning
exon 7, SRRS2 is located just downstream (with respect to transcriptional direction of the
Acvrl gene) of the antisense altered exon 7, wherein SRRS1 and SRRS2 are oriented to direct
an inversion; wherein SRRS3 is disposed between the functioning exon 7 and the altered
antisense exon 7, and SRRS84 is located downstream (with respect to the direction of
orientation of the Acvr/ genej of SRRS2, wherein SRRS3 and SRRS4 are oriented to direct
an inversion. In some embodiments, each of SRRS' 1-4 is recognized by the same

recombinase, such as Cre.

{6018} In some embodiments, the first pair of SRRS' is a pair of Lox2372 sites, and the
second pair of SRRS' is a pair of LoxP sites. In other embodiments, the first pair of SRRS' is

a pait of LoxP sites, and the second pair of SRRS' is a pair of Lox2372 sites.

[0019] In some embodiments, a genetically modified rodent animal further comprises an
inducible recombinase which recognizes the SRRS's and is capable of inverting the antisense
altered Acvr/exon to sense orientation. In one embodiment, the gene encoding the inducible
recombinase is in the germline of the rodent, ¢.g., integrated at an endogenous rodent

ROSA26 locus.

{6020} Inducibility of a recombinase can be achieved at the transcription {gene expression)
fevel, or at the protein activity level. In some embodiments, expression of the recombinase

gene is inducible, and/or developmentally regulated, and/or specific to certain tissue or cell

(]
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types. In other embodiments, expression of the recombinase gene is constitutive, and the

activity of the recombinase is inducible,

{8021} In some embodiments, the recombinase is Cre. In some embodiments, the SRRS's are
fox sites or variants thereof which are recognized by Cre. In some embodiments, a
recombinase {e.g., Cre) is fused to a ligand binding domain responsive to binding by a ligand.
in some embodiments, a recombinase (e.g., Cre} is fused to a ligand binding domain that is
the ligand binding domain of a receptor such as a steroid receptor, a glucocorticoid receptor, a
retinoid receptor, a thyroid receptor, or an estrogen receptor (ER), or that is derived from the
figand binding domain of a receptor. In some embodiments, Cre is fused to an ER ligand-
binding domain comprising T2 mutations (referred to herein as Cre-ER'). A Cre-ER™
fusion protein is responsive to (i.e, activated by) binding by a ligand, e.g., tamoxifen or a
functional analogs/derivative thereof. In one embodiment, a gene encoding CreER ' is

present at the ROSA26 locus of a genetically modified rodent.

[6622] In some embodiments, a mutant rodent is provided that is derived from a genetically
modified rodent described above (i.e., derived from a genetically modified rodent comprising
a modified rodent devr/ gene which comprises a conditional Acvr/ alteration in antisense
orientation), wherein the mutant rodent has a genome that comprises the Acvr/ alteration in
sense orientation and wherein an Acvr/ gene comprising the alteration is expressed in the

mutant rodent which, in some embodiments, results in ectopic bone formation.

{6023} In one embodiment, the genetically modified rodent is a mouse having the genotype

Acyp [T GUROSA 26)Sor

[0024] In some embodiments, a genetically modified rodent is provided that expresses an
Acvr] allele comprising a functioning Acvr/ exon 7 (e.g., in utero and perinatally), wherein
upon action of the genetically modified rodent by a recombinase, the rodent expresses a

variant Acvrl protein comprising a R258G amino acid variation.

[0025] In some embodiments, an adult rodent is provided that expresses an Acvr/ gene

product characterized by a R258(G variation, wherein at least 40%, 50%, 60%, 70%, 80%,
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90%, 95%, or 99% of the cells of the rodent comprise an altered Acvr/ gene encoding the
R258G variation. In other embodiments, an adult rodent is provided that expresses an 4cvrl

gene product characterized by a R258(G variation in specific tissues or cell types.

{6026} In some embodiments, a genetically modified rodent is provided, wherein the rodent
comprises a modified rodent Acvr/ locus in its germline that, upon action by a recombinase,

expresses an Acve/ protein that comprises a R258( variation.

{8027} In some embodiments, a rodent is provided that expresses a protein variant comprising
a RZ58G variation, wherein the rodent is non-chimeric (i.e., all the cells in the rodent express
the variant protein). In some embodiments, a rodent is provided that expresses a protein
variant comprising a R258G variation, wherein at least 40%, 50%, 60%, 70%, 80%, 90%,

5%, or 99% of the cells of the rodent express the protein variant.

{6028} In some embodiments, a rodent is provided that expresses a protein variant from a
modified rodent Acvr/ locus in the germline of the rodent, whergin all Acvrl-expressing cells
of the rodent comprise a modified rodent Acvr/ gene that encodes an Acvrl protein that
comprises an R258( variation. In one embodiment, all germ cells of the rodent comprise a
modified rodent Acrv? locus comprising a conditional genetic modification that encodes an

Acvrl protein with an R253G variation.

[8029] In some embodiments, a genetically modified rodent is heterozygous for the genetic
modification, i.e., the modified rodent Acvr/ gene comprising a conditional alteration. In

some embodiments, the rodent is homozygous for the genetic modification.

10036] In various embodiments, a genetically modified rodent 1s selected from the group
consisting of a mouse, a rat, and a hamster. In some specific embodiments, the rodent is a

mouse. In some specific embodiments, the rodent is a rat.

[0031] In another aspect, disclosed herein is a nucleic acid comprising a modified rodent

Acvr] gene described herein.
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10032] In some embodiments, a modified rodent Acvr/ gene in a nucleic acid comprises a
functioning Acvr ! exon 7 in sense orientation, flanked upstream and downstream by a first
pair of SRRS', and an altered 4Acvr/ exon 7 in antisense orientation, flanked upstream and
downstream by a second pair of SRRE', wherein the first and second pairs of SRRS' are
orientated such that a recombinase can invert the altered Acvr/ exon 7 into sense orientation,
and delete the functioning Aevr/ exon 7. In various embodiments, except for exon 7, the
semaining exons of a modified rodent Acyrl gene are functioning exons of a rodent 4evr/

gene, e.g., wild type exons of an endogenous rodent Acvr{ gene.

{6033} In some embodiments, a modified rodent Acvr/ gene in a nucleic acid comprises {(a) a
functioning 4evrd exon 7 encoding R258 in sense orientation, flanked upstream and
downstream by a first pair of SRRS"; and (b} an altered rodent Acvr ! exon 7 encoding a
R258G variation in antisense orientation, flanked by a second pair of SRRS' that are different
from the first pair of SRRE'"; wherein the first and second pairs of SRRS' are oriented so that a
recombinase can invert the altered rodent Acvr/ exon 7 into sense orientation, delete the
functioning Acvr/ exon 7, and allow an altered Acvr/ allele comprising the altered rodent
Acvrl exon 7to be expressed. In some embodiments, expression of an altered Acvr/ allele
comprising the altered rodent Acvri exon 7 results in ectopic bone formation. In various
embodiments, except for exon 7, the remaining exons of a modified rodent Acvr! gene are

functioning exons of a rodent devr/ gene, e.g., wild type exouns of a rodent Acvrl gene.

{8034} In some embodiments, a functioning Acvr 7 exon 7 encoding R258 is a wild type
rodent Acvr/ exon 7. In some embodiments, a functioning 4cvr! exon 7 encoding R258 is a
substantially human 4CVR/ exon 7. In some embodiments, a substantially human ACVR/
exon 7 is a wild type buman ACVRI exon 7. In other embodiments, a substantially human
ACVRI exon 7 differs from a wild type human ACVR/ exon 7 by at least one nucleotide and
has a reduced sequence identity with an altered rodent Acvr/ exon 7 as compared to the
sequence identity between the wild type human ACVR! exon 7 and the altered rodent dcvr/
exon 7. In some embodiments, a substantially human 4CVRI exon 7 encodes the same amino

acids as a wild type human ACVR/ exon 7.
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10035] In some embodiments, the first pair of SRRS' includes a first SRRS and a second
SRRS, wherein the first and second SRRS' are compatible with each other and are oriented to
direct an inversion. In some embodiments, the second pair of SRRS' includes a third SRRS
and a fourth SRRS, wherein the third and fourth SRRS' are compatible with each other, are

oriented to direct an inversion, but are not compatible with the first or second SRRS.

[0036] 1n some embodiments, a modified rodent Acvr/ gene in a nucleic acid comprises, with
respect to the direction of transcription of the Acvr/ gene, (i} a functioning exon 7 {e.g., a
substantially human exon 7} in sense orientation, and (it) an altered exon 7 in antisense
orientation; and comprises a first pair of SRRS' composed of a first SRRS (SRRS1)and a
second SRRS {SRRS2), and a second pair of SRRS' composed of a third SRRS (SRRS3) and
a fourth SRRS (SRRS4); wherein SRRS1 is compatible with SRRS2Z, SRRS3 is compatible
with SRRS4, but neither SRRS1 nor SRRS32 is compatible with SRRS3 or SRRS4, wherein
SRRS1 is located upstream of the functioning exon 7, SRRS2 is located just downstream
{with respect to transcriptional direction of the Acvr/ gene) of the antisense altered exon 7,
wherein SRRST and SRRS2 are oriented to direct an inversion; wherein SRRS3 is disposed
between the functioning exon 7 and the altered antisense exon 7, and SRR S84 is located
downstream (with respect to the direction of orientation of the 4cvri gene) of SRRK2,
wherein SRRS3 and SRR S84 are oriented to direct an inversion. In some embodiments, each

of SRRS' 1-4 is recognized by the same recombinase, such as Cre.

[0037] Tn another aspect, disclosed herein is a rodent genome comprising a nucleic acid that

comprises a modified rodent Acvr/ gene, described above,

{0038 1n some embodiments, the rodent genome further comprises a gene encoding an
inducible recombinase that recognizes the SRRS' and is capable to inverting an altered exon 7

and delete the functioning exon 7.

{6039} In some embodiments, the recombinase is Cre. In some embodiments, the SRRS's are
fox sites or variants thereof which are recognized by Cre. In some embodiments, a
recombinase {e.g,, Cre) is fused to a ligand binding domain responsive to binding by a ligand,

e.g., Cre-ER " which is responsive to (i.e., activated by) binding by tamoxifen or a functional
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analogs/derivative thereof. In one embodiment, a gene encoding CreER ™ is integrated into

the ROSA26 locus of a rodent genome.

{8040} In a further aspect, disclosed herein is an isolated rodent tissue or cell whose genome
comprises a nucleic acid described above, i.e., the genome of the tissue or cell comprises a
modified rodent Acvr! gene. In some embodiments, an isolated rodent tissue or cell
comprises a modified 4cvr/ gene within an endogenous rodent Acvr/ locus. In some
embodiments, the isolated rodent cell is an embryonic sterm (ES) cell. In some embodiments,
an isolated rodent tissue or cell is a rodent egg or a rodent embryo. The isolated rodent tissue

or cell include, for example, mouse or rat tissue or cell.

[6041] In some embodiments, an isolated rodent tissue or cell comprises in its genome a
modified rodent Acvrl gene comprising a functioning Acvr/ exon 7 in sense orientation and
flanked upstream and downstream by a first pair of SRRS', and an altered Acvr/ exon 7 in
antisense orientation and flanked upstream and downstream by a second pair of SRRS/,
wherein the first and second pairs of SRRS' are orientated such that a recombinase can invert
the altered Acvr! exon 7 into sense orientation, and delete the functioning Acvr/ exon 7. In
various embodiments, except for exon 7, the remaining exons of a modified rodent Acvr!
gene are functioning exons of an endogenous rodent Acvr/ gene, e.g., wild type exons present

at an endogenous rodent dcvr/ locus.

[8042] In some embodiments, an isolated rodent tissue or cell comprises in iis genome a
modified rodent Acvr! gene comprising {a) a functioning Acvr /! exon 7 encoding R258 in
sense orientation, flanked upstream and downstream by a first pair of SRRE'; and (b} an
altered rodent Acvr/ exon 7 encoding a R258( variation in antisense orientation, flanked by a
second pair of SRRS' that are different from the first pair of SRRS'; wherein the first and
second pairs of SRRS' are oriented so that a recombinase can invert the altered rodent Acvr{
exon 7 into sense orientation, delete the functioning Acvr/ exon 7, and allow an altered Acvr/
aliele comprising the altered rodent Acvr/ exon 7 to be expressed. In some embodiments,
expression of an altered Acvr/ allele comprising the altered rodent 4cvr/ exon 7 results in

ectopic bone formation. In various embodiments, except for exon 7, the remainiug exons of a

10
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modified rodent 4evr/ gene are functioning exons of an endogenous rodent Acvr/ gene, e.g.,

wild type exons present at an endogenous rodent Acvr ! locus.

{8043} In some embodiments, a functioning Aevr/ exon 7 encoding R258 is a wild type
rodent Acvr! exon 7. In some embodiments, a functioning Acvr! exon 7 encoding R258 s a
substantially human ACVR! exon 7. In some embodiments, a substantially human ACVR/
exon 7 is a wild type human ACVR/ exon 7. In other embodiments, a substantially human
ACVRI exon 7 differs from a wild type human ACVRZ exon 7 by at least one nucleotide and
has a reduced sequence identity with an altered rodent 4cvri exon 7 as compared to the
sequence identity between the wild type human ACVR/ exon 7 and the altered rodent Acvr/
exon 7. In some embodiments, a substantially haman ACVR/7 exon 7 encodes the same amino

acids as a wild type human ACVR! exon 7.

{8044} In some embodiments, the first pair of SRRS' includes a first SRRS and a second
SRRS, wherein the first and second SRRS' are compatible with each other and are oriented to
direct an inversion. In some embodiments, the second pair of SRRE' includes a third SRRS
and a fourth SRRS, wherein the third and fourth SRRS' are compatible with each other, are

oriented to direct an inversion, but are not compatible with the first or second SRRS.

[0045] v some embodiments, an isolated rodent tissue or cell comprises in 118 genome &
modified rodent 4cvr/ gene comprising, with respect to the direction of transcription of the
Acvrl gene, (1) a functioning exon 7 {e.g., a substantially human exon 7) in sense orientation,
and (ii} an altered exon 7 in antisense orientation; and comprises a first pair of SRRS'
composed of a first SRRS (SRRS1) and a second SRRS (SRRS2), and a second pair of SRRS'
composed of a third SRRS (SRRS3) and a fourth SRRS (SRR54); wherein SRRS1 is
compatible with SRRS2, SRRS3 is compatible with SRRS4, but neither SRRS1 nor SRRS2 is
compatible with SRRS3 or SRRS4, wherein SRRS1 is iocated upstream of the functioning
exon 7, SRRS2 is located just downstream (with respect to transcriptional direction of the
Acyrl gene) of the antisense altered exon 7, wherein SRRS1T and SRRS2 are oriented to direct
an inversion, wherein SRRS3 is disposed between the functioning exon 7 and the altered

antisense exon 7, and SRRS$4 is located downstream (with respect to the direction of

i
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orientation of the 4cvr/ gene) of SRRSZ, wherein SRRS3 and SRRS4 are oriented to direct
an inversion. In some embodiments, each of SRRS' 1-4 is recognized by the same

recombinase, such as Cre.

[6046] In a further aspect, disclosed herein is a nucleic acid construct for targeted
modification of an Acvr/ gene in a rodent genome, also referred to as "a targeting nucleic

acid".

{8047} In some embodiments, a targeting nucleic acid comprises (a) a functioning Acvr/ exon
7 encoding R258 in sense orientation, flanked upstream and downstream by a first pair of
SRR, and (b) an altered rodent Acvr/ exon 7 encoding a R258G variation in antisense
orientation, flanked by a second pair of SRRE' that are different from the first pair of SRRS';
wherein the first and second pairs of SRRS' are oriented so that a recombinase can invert the
altered rodent Acvr{ exon 7 into sense orientation and delete the functioning Acvr/ exon 7. In
some embodiments, the functioning exon 7 and the altered exon 7 are each flanked by intronic
sequences. Typically a targeting nucleic acid construct comprises 5' and 3' homology arms
{nucleotide sequences homologous to the nucleotide sequences at the locus to be targeted) that
mediate homologous recombination and integration of the nucleic acid sequence between the
homology arms. In some embodiments, a targeting nucleic acid construct also comprises a

selection marker gene to facilitate identification and selection of correctly targeted clones.

{6048} In some embodiments, a functioning Aevr{ exon 7 encoding R258 is a wild type
rodent Acvr ! exon 7. In some embodiments, a functioning Acvr! exon 7 encoding R258 is a
substantially human ACVR/ exon 7. In some embodiments, a substantially human ACVR/
exon 7 is a wild type human ACVR/ exon 7. In other embodiments, a substantially human
ACVRI exon 7 differs from a wild type human ACVRZ exon 7 by at least one nucleotide and
has a reduced sequence identity with an altered rodent 4cvri exon 7 as compared to the
sequence identity between the wild type human ACVR/ exon 7 and the altered rodent Acvr/
exon 7. In some embodiments, a substantially homan ACVR/Z exon 7 encodes the same amino

acids as a wild type human ACVR{ exon 7.
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10049 In some embodiments, the tirst pair of SRRS' includes a first SRRS and a second
SRRS, wherein the first and second SRRS' are compatible with each other and are oriented to
direct an inversion. In some embodiments, the second pair of SRRS' includes a third SRRS
and a fourth SRRS, wherein the third and fourth SRRS' are compatible with each other, are

oriented to direct an inversion, but are not compatible with the first or second SRRS.

[005¢] 1n some embodiments, a targeting nucleic acid comprises, with respect to the direction
of transcription of the 4dcvri gene, (i) a functioning exon 7 {e.g., a substantially human exon
7) in sense orientation, and (ii} an altered exon 7 in antisense orientation; and comprises a first
pair of SRRS' composed of a first SRRS (SRRS1) and a second SRRS (SRRS2), and a second
pair of SRRS' composed of a third SRRS (SRRS3) and a fourth SRRS (SRRS4); wherein
SRRS1 is compatible with SRRS2, SRRS3 is compatible with SRRS4, but neither SRRS1 nor
SRRS2 is comupatible with SRRS3 or SRRS4, wherein SRRS1 is located upstream of the
functioning exon 7, SRRS2 is located just downstream {with respect to transcriptional
direction of the Acyr! gene) of the antisense altered exon 7, wherein SRRS1T and SRRSZ are
oriented to direct an inversion; wherein SRRS3 is disposed between the functioning exon 7
and the altered antisense exon 7, and SRRS4 is located downstream (with respect to the
direction of orientation of the Acvrl gene) of SRRS2, wherein SRRS3 and SRRS4 are
oriented to direct an inversion. In some embodiments, each of SRRS' 1-4 is recognized by the

same recombinase, such as Cre.

[0051] In another aspect, disclosed herein is a method of making a genetically modified
rodent, comprising modifying a rodent genome to comprise a modified rodent 4cvr/ gene

within an endogenous rodent Acvr{ locus as described herein.

18052] In some embodiments, the rodent genome is modified by a process comprising
introducing into a rodent embryonic stem (ES} cell a targeting nucleic acid construct
described herein; obtaining a rodent ES cell whose genome comprises a modified rodent
Acyrl gene; and making a genetically modified rodent by using the rodent ES cell comprising
a moditied genome. For example, a targeting nucleic acid is introduced into a rodent ES celi,

wherein the targeting nucleic acid comprises (a) a functioning Acvr/ exon 7 encoding R258 in
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sense orientation, flanked upstream and downstream by a first pair of SRRS", and (b) an
altered rodent Acvrl exon 7 encoding a R258G variation in antisense orientation, flanked by a
second pair of SRRS' that are different from the first pair of SRRS'; wherein the first and
second pairs of SRRS' are oriented so that a recombinase can invert the altered rodent Acvr/
exon 7 into sense orientation and delete the functioning Aevr/ exon 7. A rodent ES cell can
be selected whose genome has been modified and comprises the functioning Acvr/ exon 7
encoding R258 in sense orientation, flanked upstream and downstream by a first pair of
SRRS"; and the altered rodent Acvr/ exon 7 encoding a R258G variation in antisense
orientation, flanked by a second pair of SRRS' that are different from the first pair of SRRS".

Such rodent ES cell can be used to make a rodent.

8053} In some embodiments, a genetically modified rodent made by the present method and
comprising a modified rodeut Acvr ] gene further comprises an inducible recombinase (e.g.,
Cre). In some embodiments, a nucleic acid encoding an inducible recombinase is present in
the genome of a rodent ES cell into which a targeting nucleic acid construct is introduced. In
some embodiments, a rodent comprising a modified rodent devr/ gene tn its genome is made
first and then crossed with another rodent comprising a nucleic acid encoding an inducible

recombinase in its genome.

{6054} In some embodiments, the inducible recombinase is activated in a rodent and acts to
invert an altered exon 7 and delete the functioning exon to allow an Acvrl protein comprising

an alteration (e.g., R258G) to be expressed.

[6055] In a further aspect, disclosed herein is a method of breeding rodents and rodent

rogenies obtained.
fo)

{8056} In some embodiments, disclosed herein is 3 method comprising breeding a first rodent
whose genome comprises a modified rodent 4evr/ gene with a second rodent, resulting in a
progeny rodent whose genome comprises the modified rodent Acvr/ gene. A modified rodent
Acvri gene has been described herein; for example, a modified rodent Acvr/ gene may
comprise a functioning Acvrl exon 7 in sense orientation and flanked upstream and

downstream by a first pair of SRRS', and an altered rodent Acvr/ exon 7 in antisense

14



WO 2019/241350 PCT/US2019/036719

orientation and flanked upstream and downstream by a second pair of SRRS', wherein the
first and second pairs of SRRS' are orientated such that a recombinase can invert the altered
Acvri exon 7 into sense orientation, and delete the functioning 4cvr/ exon 7. In some
embodiments, an altered rodent 4evrd exon 7 encodes a R258G variation, and a functioning

Acvr] exon 7 is a substantially human ACVRI exon 7 encoding R2S8.

{0057] 1n some embodiments, the second rodent comprises an inducible recombinase. In
some embodiments, the inducible recombinase is an inducible Cre recombinase. In some

. . . 5 . . - e T2 . . . . .
embodiments, an inducible Cre recombinase is a Ure-ER ™ recombinase, inducibie by binding

of a ligand such as tamoxifen or a functional derivative or analog thereof.

[6058] In some embodiments, the progeny rodent comprises an inducible recombinase. In
some embodiments, the inducible recombinase is an inducible Cre recombinase. In some

. . . . . iy T2 .
embodiments, an inducible Cre recombinase is a Cre-ER ' recombinase,

[8059] In some embodiments, the inducible recombinase is expressed in a cell or tissue, e.g.,
selected cells or tissues of the progeny rodent. In some embodiments, the expressed
secombinase acts tn a cell or tissue to invert the altered dcvr/ exon 7 into sense orientation
and to delete the functioning Acvr/ exon 7, thereby allowing an altered 4evr/ allele

comprising the altered exon 7 to be expressed.

[6066] Also provided herein are progeny rodents obtained from a breeding method disclosed

herein.

8061} In still another aspect, a genetically modified rodent animal that expresses an altered
Acvrl allele 1s used as a model for an ectopic ossification disorder. In one embodiment, the
ectopic ossification disorder is fibrodysplasia ossificans progressiva (FOP). In some
embodiments, a genetically modified rodent animal that expresses an altered Acvr/ allele is
used to evaluate a candidate therapeutic compound for determining whether the candidate

compound can inhibit the development of ectopic bone formation in the rodent.
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BRIEF DESCRIPTION OF THE DRAWINGS

8062} FIG. 1 illustrates the devr/ wild type to R258G FlEx schematics. The top schematic
shows the Acvr! genomic region after knockin and Neo deletion. The bottom schematic
shows the genomic region after Cre-mediated inversion and deletion, which places the mutant
exon in its normal location and orientation. The human exon {open box) and flanking intronic
{open bar) sequences were used to reduce hairpin formation with the inverted mouse
exon/intron (striped box/striped bar) sequences during transcription.  Additional nucleotide
changes were made to the human exon to further reduce sequence identity with the mouse

exon.

[0663] FIG. 2 shows that Acvr /75T GrROSA26)Sor™ ™ mice developed
heterotopic ossification (HO) after tamoxifen treatment. Four 4oyy j{R750HIET,
GHROSA26)Sor ™™ mice were given 5 daily 40mg/kg tamoxifen injections. After 2

weeks, all mice showed HO formation.

18064 FIG. 3 shows that an anti-Activin A blocking antibody inhibits HO formation in

R258G

Acvrl conditional-on knock-in mice.

DETAILED DESCRIPTION

[0065] Fibrodysplasia ossificans progressiva (FOP) 15 an autosomal dominant disorder of
ectopic bone formation. Approximately 95% of FOP is caused by the R206H mutation in
activin A type I receptor (Acvrl). However, several other mutations in either the GS or
kinase domains, including R258G, have been reported to cause atypical FOP with a more
severe phenotype. The two patients with the R258G mutation have profound developmental
abnormalities in addition to developing heterotopic ossification after birth (Kaplan et al, Am

T Med Genet A. 2015; 167(10): 2265-2271).

[0066] Genetically modified rodents are provided that are capable of expressing an Acvrl
protein comprising an alteration that results in a disorder characterized by ectopic bone

formation, e.g., FOP. In some embodiments, rodents expressing the altered Acvrl protein
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include rodents that are not chimeric, e.g., rodents whose genomes carry a modified Ao/
gene comprising a conditional alteration that, once expressed, results in ectopic bone

formation in a rodent.

[6067] Genetically modified rodents are provided that comprise a FIEx design that provides
for a conditional deletion of & functioning exon and replacement of the functioning exon with
an altered exon. A functioning exon encodes amino acids of a protein that is functional, i.e,,
performs its expected biological function. In some ermnbodiments, a functioning exon is a
naturally occurring, wild type exon. In some embodiments, a functioning exon encodes the
same amino acids as a wild type exon. FlEx allows for forming a conditional allele by
placement of a nucleic acid sequence encoding an aitered exon in the antisense strand (hereon
referred to as “inverted altered exon”) next to a functioning exon that will later on be deleted.
By uiilizing selected site-specific recombinase recognition sites (SRRS's), in the presence of
their cognate recombinase, the inverted altered exon is brought to the sense sirand, and hence
also in frame with the rest of the gene, whereas the functioning exon is deleted. This FIEx
approach relies on the placement of incompatible SRRS's (e.g,, lox2372 and loxP)
surrounding the functioning and altered exons. Thus, one advantage of the FIEx approach is
that a {perinatal/embryonic) lethal mutation is not expressed unless the FIEx allele is acted
upon by the selected recombinase(s). Ancther advantage of this FIEx approach is permanent
removal of the functioning exon upon exposure to the selected recombinase, and thus vo
inverted repeat remains in the genome post-inversion, which eliminates the possibility of
regenerating a wild type allele. Yet another advantage of the FIEx approach is the permanent
fixing of the altered exon in the sense strand which results from the removal of one of each of
the two different types of SRRSs {e.g. one of the two 10x2372 sites and one of the loxP sites).
A functioning exon derived by humanization of a wild-type rodent exon also minimizes
inverted repeat sequence, thus facilitating cloning steps and alleviating concerns of
rearrangements during and after targeting, as well as RNA splicing artifacts during maturation
of the corresponding mRNA. In some embodiments, a substantially human wild type exon is
used in a FIEx design. The "human wild type exon” or "human exon” refers to a naturally

occurring, functioning exon from buman. The term "substantially human wild type exon” or
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"substantially human exon" include both a naturally occurring, functioning human exon, and
modified forms thereof where one ormore{e.g., 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15
or more) nucleotides of a naturally occurring human exon have been altered. In specific
embodiments, one ormore {e.g., 1,2,3,4,5,6,7, 8 9,10, 11, 12, 13, 14, 15 or more}
nucleotides have been altered without changing the encoded amino acids (essentially altered
codon choices), to reduce sequence identity with the rodent exon, which further minimizes

inverted repeat sequence and reduces the possibility of rearrangements.

[00638] If a rodent bearing a FlEx allele is bred to a recombinase-containing rodent, the altered
allete will be expressed in the progeny in utero; and if the alteration is a perinatal/embryonic
fcthal alteration, the goal of making an animal that can be studied which expresses the allele
may be compromised. Therefore, the rodent bearing a FIEx allele is not bred with an
unregulated recombinase-containing rodent. Iustead, the rodent bearing a FIEx allele is bred
with a rodent that expresses a recombinase, the activity of which is inducible (e.g., responsive
to an inducer) (i.e., an inducible recombinase). Inducible recombinases can be made by
fusing a recombinase with a ligand binding domain of a protein that, when bound to its
cognate ligand or functional derivatives of the cognate ligand, renders the protein functional
{e.g., by stabilizing the protein). Fonctional derivatives of a cognate ligand refer to
compounds that are analogous in structure and perform substantially the same function (i.e.,
binding to the same receptor) as the coguate ligand. Examples of such ligand-binding
domains include, but are not limited to, the ligand-binding domains of steroid receptors,
glucocorticoid receptors, retinoid receptors and thyroid receptors (Eilers et al. (1989) Nature
340:66-68; Picard et al. (1988) Cell 54:1073-1080). in some embodiments, an inducible
recombinase is a fusion protein between Cre and an estrogen receptor (ER) modified with T2
mutations (encoded by a Cre-ER'? allele). With this fusion protein, the Cre recombinase is
inactive in the absence of a ligand for the ER (see, Indra, A. et al. (1999), Nucleic Acids Res.
27(22%4324-4327; Feil, R et al. {1997} Biochern. Biophys. Res. Commun. 237:752-757, U.S.
Pat. Ne. 7,112,715), and the Cre recombinase becomes active when provided with a ligand for
the ER, e.g., tamoxifen, or a functional derivative of tamoxifen. A rodent comprising a

conditional allele constructed with Cre-responstve SRRE's as described herein, and containing
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a Cre-ER '’ allele, would therefore express the allele comprising the functioning exon, unless
and until the rodent is exposed to a ligand for the ER to induce Cre activity. In this way,
rodents are generated that contain a modified Acvr/ gene in their germline but that do not
express the corresponding variant Acvrl protein unless and until the rodents are exposed to a
ligand of the ER (e.g., tamoxifen). Following exposure to the ligand, the Cre-ER ' fusion

protein is activated and the conditional allele 13 converted to the corresponding altered allele.

8069} A ligand can be administered to the rodent via various routes to induce the activity of
the recombinase, including parenteral and non-parenteral routes of administration. Parenteral
routes include, e.g., intravenous, intraarterial, intraportal, intramuscular, subcutaneous,
intraperitoneal, intraspinal, intrathecal, intracerebroventricular, intracramal, intrapleural or
other routes of injection. Non-parenteral routes include, e.g., oral, nasal, transdermal,
pulmonary, rectal, buccal, vaginal, ocular. In specific embodiments, a ligand is administered

to a rodent via intraperitoneal injection.

{6070} In various embodiments, the conversion to an altered allele is irreversible, with
deletion of the functioning exon. In this manner, a rodent line containing an otherwise lethal
Acvrl mutation can be maintained essentially indefinitely, producing the desired genetic

lesion and accompanying phenotype whenever desired.

8071} The rodents provided herein include, for example, mice, rats, and hamsters. In some
embodiments, the rodent is 2 mouse or arat. In specific embodiments, the rodent is a mouse.
Acvrl is highly conserved across species, with R258 being conserved and at the same position

for mice and rats.

[0072] In some embodiments, the rodent is a mouse of a C57BL strain, for example, a
CS57BL strain selected from CS7TBL/A, C57BL/An, C57BL/GrFa, C57BL/KalwN, CS7BL/6,
C57BL/6Y, C57BL/6By), C57BL/6NI, C57BL/10, C57BL/10ScSn, C57BL/10Cr, and
C57BL/0a. In other embodiments, the rodent is a mouse of a 129 strain, for example, a 129
strain selected from the group consisting of 129P1, 129P2, 129P3, 120X1, 12951 {e.g,,
129S1/8V, 12981/Svim), 12982, 12984, 12985, 12989/SvEvH, 129/8viae, 12986
(129/SvEvTac), 12987, 12988, 12971, 1297172 (see, e.g., Festing et al. (1999), Mammalian
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Genome 10:8306; Auerbach et al. (2000), Biotechnigues 29(5):1024-1028, 1030, 1032}, In
some embodiments, the rodent is a mouse that is a2 mix of an aforementioned 129 strain and
an aforementioned C57BL/6 strain. In certain embodiments, the mouse is a mix (i.e., hybrid)
of aforementioned 129 strains, or a mix of aforementioned CS7BL strains, or amix of a
CS7BL strain and a 129 strain. In certain embodiments, the mouse is a mix of a C57BL/6
strain with a 129 strain. In specific embodiments, the mouse is 2 VGF1 strain, also known as
F1H4, which is 3 hybrid of C57BL/6 and 129, In other embodiments, the mouse is a BALB
strain, e.g., BALB/c strain. In some embodiments, the mouse is a mix of a BALB strain and

another aforementioned strain.

{8073} In some embodiments, the rodent is a rat. In certain embodiments, the rat is selected
from a Wistar rat, an LEA strain, a Sprague Dawley strain, a Fischer strain, F344, F6, and
Dark Agouti. In other embodiments, the rat is a mix of two or more strains selected from the

group consisting of Wistar, LEA, Sprague Dawley, Fischer, F344, ¥6, and Dark Agouti.

[6074] A conditional Aevr/ allele comprising the R258G variation can be engineered by
utilizing the FIEx method. See, e g, Schnutgen, F. et al. (2003} Nat. Biotech. 21:562-565;
and U.S. Pat. No. 7,205,148, FlEx employs a pair of mutant Lox sites--referred to as a FlEx
array--that are recognized by the same recombinase (Cre) but that do not react with one
another, and are laid out in an A-B/[A-B] configuration, where the "[A-B]" is in the opposite
strand with respect to "A-B", to enable inversion of the DNA sequence flanked by the arrays.
In some embodiments, the pair of LoxP-Lox2372 is used as the combination of mutant Lox
sites for the conditional allele described herein. These two mutant Lox sites do not exhibit
cross-reactivity. The sequence that is contained within each array -- .., between the LoxP
and Lox2372 sites of each array--will be deleted upon action by Cre. One embodiment of a

conditional allele is illustrated in FIG. 1.

{6075] Mouse devr/ displays a variety of splice variants (e.g., dcvr-201, 202, 203, 204}
The exons which are mutated in FOP, are shared by all protein-coding splice variants of
Acvrl. In one embodiment, disclosed herein is a conditional Acvr/ allele comprising a

modification of exon 7 (ENSMUSEQ0G01232449) of the isoform, Aevr/-201.
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16076] An Acyr /55T g11ele can be engineered by placing the altered version of the amino
actd 258-encoding exon of rodent 4cvrl (e.g., ENSMUSEQ0001232449) in the antisense
strand, so that the altered exon is not incorporated into Acvr/'s transcript. As the sequence
encoded by exon 7 is required for Acvrl function, this necessitated that a functioning exon 7
is also incorporated into the design (exon 7 is shared by all protein-coding splice variants of
Acvr?y. Furthermore, since exons are not recognized as such without accessory intronic
sequences, both upstream and downstream sequences of the exon are also incorporated into
both an altered and functioning amino acid 258-encoding exons. However, doing so would
generate a large inverted repeat, and such DNA structures are inherently prone to
recombination both during the genetic engineering steps reguired to build the targeting vector
as well as post-targeting, in vive (Holkers, M. et al. (2012) Nucleic Acids Res. 40:1984-1999),
Furthermore, if the wild type rodent sequence of the amino acid 258-encoding exon and the
upstream and downstream intronic seguences associated with the exon were retained intact
and precede the altered rodent exon, then this wild type region could act as a homology arm
and be utilized during targeting in the rodent ES cells, thereby resulting in exclusion of the

altered exon from the targeted allele.

- ~ R258GJFIF: . -
[0677] Therefore, an devr /757595 allele can be designed in a manner such that:

a) A large inverted repeat is avoided. To accomplish this, the R258-encoding
exon (e.g., ENSMUSEQ0001232449) as well associated upstream and
downstrearn intronic sequences can be replaced with the corresponding region

from human ACVR{.

b} The wild type rodent sequence of the R258-encoding exon {(e.g.,
ENSMUSEO0001232449) is preserved at the protein level. The mouse and
human protein sequences encoded by exons ENSMUSEG0001232449 and
ENSEQGO01009617, respectively, are identical. However, where possible, the
codons within the human exon sequence (e.g., ENSEO0001009617) can be
altered to further reduce the nucleotide sequence identity between the rodent

and human exons, without altering the amino acids encoded by the exon.
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¢y The introduced human sequence is removed in its entirety upon action by Cre.

. . . .. " [R255G .
Therefore, in the “conditional-on” state—where the Acvr !’ "mutant gene is

transcribed—no human sequences remain and hence any resulting phenotype

cannot be attributed to the presence of extraneous sequence.

[6078] More specifically, as an example, the region bounded by nucleotides 58468399 1o
58468770 in mmudcvr{ (1e, nucleotides 58468399 to 58468770 of mouse Chromosone 2,
GRCm38/mm 10} was replaced with a nucleic acid composed of nucleotides 157770252 to
157770625 of hsaACVRI (i.e., nucleotides 157770252 10 157770625 of human Chromosome
2, GRCh38/hg38), in a manner such that the introduced sequence, which includes #sadCVR/
exon ENSEQ0C01009617, was transcribed as part of the resulting modified

[R258G]

Acvri fE1ocus. In addition, by altering codon choice, the nucleotide sequence of
human exon ENSEQG001009617 was altered to reduce sequence identity between the mouse
and human exon, without altering protein coding. This introduced human sequence is referred
to hereafter as hsa_e7+. Therefore, prior to inversion of the FIEx element (altered exon
ENSMUSEC0001232449 and associated upsiream and downstream intronic sequences——see

JR255GIFIEx

below), the resulting locus, Acvr’ , should function as wild type.

106079] The R258G variation was modeled by altering exon ENSMUSEQG0001232449 in the
corresponding position, through altering the codon defined by nucleotides 58468530 to
58468532 trom AGG (coding for arginine) to GGG (coding for glycine). The resulting
rutant exon, along with flanking intronic sequences, were placed 3" to hsa_e7+ and in the
antisense strand of mmudcvr!. In addition, nuclectides 58468771-58468815 of mmudcve ]
were deleted in order to create a small deletion that would accommodate LOA probes
{Gomez-Rodriguez, J. et al. (2008) Nucleic Acids Res. 36:¢117; Valenzuela, D. et al. (2003)
High-throughput engineering of the mouse genome coupled with high-resolution expression
avalysis, Nat. Biotech. 21:652-659). This introduced mutated mouse sequence is hereafter

referred to as mmu_e7R258G+

i
[



WO 2019/241350 PCT/US2019/036719

1008¢] Exemplary sequences of human exon 7, altered mouse exon 7 encoding R258G, and
altered human exon 7, along with upstream and downstream intronic sequences are

summarized below and set forth in the Sequence Listing.

SEQ D NG Description

i Human exon 7

2 Human exon 7 with codon alterations

3 Human sequence including codon altered exon 7 and surrounding
introns

4 Mouse altered exon 7 encoding R258G

5 Mouse altered exon 7 {in reverse as in construct)

6 Mouse sequence including altered exon 7 and surrounding introns

7 Mouse sequence including altered exon 7 and surrounding introns (in
reverse as in construct}

8 Rat exon 7

[6081] In order to enable Cre-dependent inversion of the mmu_e7R258G+ and simulianeous

deletion of hsa_e7+, a combination of F1Ex like Lox arrays were used such that:

a) hsa e7+is preceded by a LoxP site, and followed by a Lox2372 site. In this

respect, hsa_e7+ is contained with the 5’ LoxP-Lox2372 FlEx-like array.

by rmu e7R2Z58G 1s followed by the 3’ LoxP-Lox2372 FlEx-like array, but this
array is engineered such that it is in a mirror image configuration to the 5
LoxP-Lox2372 FlEx-like array. This enables permanent inversion of

mmu_e7R258G+ into the sense strand by Cre.

IR2SSGIFIF . o
! THIES s exposed to Cre, the hsa_e7+ will be

[6082] When the resulting allele, dcvr’
deleted and the mmu_e7R258G+ will be inverted into the sense strand. As a result,

Acvr 55wl be expressed in place of Acvel,
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I8083] A targeting nucleic acid construct comprising an Acvr{ FIEx allele described above
can be made for tntroducing the Acvr/ FIEx allele into a rodent genome. [o addition to an
Acvri FIEX sequence (a substantially human exon 7 in sense orientation and surrounding
wutromic sequences, an altered rodent exon 7 encoding R258G in antisense orientation and
surrounding intronic sequences, and recombination recognition sites), the nucleic acid
construct can include flanking sequences that are of suitable lengths and homologous to
sodent Acvr] gene sequences at an endogenous rodent Acvr! locus so as to be capable of
mediating homologous recombination and integration of the Acvr/ FIEx sequence into the

endogenous rodent Acvr ] locus.

[8084] In some embodiments, a targeting nucleic acid construct comprising a devrf F1Ex
allele is introduced into a rodent embryonic stem (ES) cell to modify the genome of the ES
cell. Both mouse ES cells and rat ES cells have been described in the art. See, e.g., US Pat.
Nos. 7,576,259, 7,659,442, and 7,294,754, and US Publ. No. 2008/0078000 A1 (all of which
are incorporated herein by reference) describe mouse ES cells and the VELOCIMOUSE®
method for making a genetically modified mouse; and US Publ. No. 2014/0235933 A1 and
US Publ. No. 2014/0310828 Al {all of which are incorporated herein by reference} describe

rat ES cells and methods for making a genetically modified rat.

[0085] ES cells having an devr/ FIEx allele integrated 1n the endogenous rodent Acvr? locus
can be selected. ES cells having an devr/ FIEx allele integrated in the genome are then used
as donor ES cells for injection into a pre-morula stage embryo (e.g., 8-cell stage embryo) by
using the VELOCIMOUSE® method (see, e.g., US Pat. Nos. 7,576,259, 7,659,442, and
7,294,754, and US Publ. No. 2008/0078000 A1), or methods described in US Publ. Nos.
2014/0235933 Al and 2014/0310828 Al. The embryo comprising the donor ES cells is
incubated until blastocyst stage and then implanted into a surrogate mother to produce an FO
rodent fully derived from the donor ES cells. Rodent pups bearing the F1Ex allele can be
identified by genotyping of DNA isolated from tail snips using, for example, a loss of allele

assay (Valenzuela ef al., supra).
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[8086] In various embodiments, a genetically modified rodent comprising an Acvr/ FIEx
allele is made by modifying a rodent ES cell to contain the FlEx allele, and modifying the
same ES cell to contain a gene encoding an inducible recombinase (e.g., Cre-ER'?), and using
the ES cell as a donor cell to make a rodent that contains the FIEx allele and the gene
encoding the inducible recombinase. In some embodiments, a genetically modified rodent
comprising an Acvr/ FIEX allele is made by using a rodent ES cell that already comprises a
gene encoding an inducible recombinase (e.g., Cre-ER’?), and modifying such rodent ES cell
to comprise an FlEx allele. In other embodiments, a genetically modified rodent comprising
an Acvrl FIEx allele is made and crossed with a rodent containing a gene encoding an
inducible recombinase (e.g., Cre-ER’?) to obtain an offspring that contains the FIEx allele and

the gene encoding the inducible recombinase.

[0087] Acvr ™ T L GUROSA26)S0r " gdult mice were phenotypically normal;
however, body-wide activation of the R258G-encoding Acvr ] allele resulted in progressive
ossification, evident radiographically as early as 2 weeks after dosing with tamoxifen, in a
manner similar to that seen with the Acvrl R206H Flex mouse described in US Pat. No.

9,510,569, See also FIG. 2.

10088] The rodents provided herein permit a better understanding of the molecular
mechanisms underlying the development of ectopic bone disorders such as FOP. In addition,
such rodents may be used in the screening and development of therapeutic compounds for the

inhibition, prevention, and/or treatment of ectopic bone disorders, including FOP.

[6089] In some embodiments, a candidate therapeutic compound is tested in vivo, by
administering the compound to a rodent disclosed herein, t.e., a rodent carrving an 4evr/ FlEx

allele.

10096] Candidate therapeutic compounds can be, without limitation, small molecule chemical
compounds, antibodies, inhibitory nucleic acids, or any combination thereof. Iu a specific
embodiment, the compound 1s an antibody or antigen-binding fragment thereof, e.g., an anti-
Acvrl antibody or antigen-binding fragment thereof. In some embodiments, the compound

comprises an antagonist of one or more of activin receptor 1, activin receptor type 2ZA, and

25



WO 2019/241350 PCT/US2019/036719

activin receptor type 2B. Any such antagonist may comprise an antibody. In some
embodiments, the compound comprises an antibody against activin A. An antagonist or
antibody against activin receptor 1, against activin receptor type 2A, against activin receptor
type 2B, or against activin A may be any antagonist or antibody described or exemplified in

U.S. Publ. No. 2018/0111983, which is incorporated by reference herein.

{8091} Administration of the compound can be performed before, during, or after induction of
the recombinase activity in the rodent to allow the mutant 4devr/ allele to be expressed.
Candidate therapeutic compounds may be dosed via any desired route of administration
including parenteral and non-parenteral routes of administration. Parenteral routes include,
e.g., intravenous, intraarterial, intraportal, intramuscular, subcutaneous, intraperitoneal,
intraspinal, intrathecal, intracerebroventricular, intracranial, intrapleural or other routes of
injection. Non-parenteral routes include, e g, oral, nasal, transdermal, pulmonary, rectal,
buccal, vaginal, ocular. Administration may also be by continuous infusion, local
administration, sustained release from implants (gels, membranes or the like), and/or

intravenous injection.

{8092} Various assays may be performed to determine the pharmacckinetic properties of
administered compounds using samples obtained from rodent animals described.
Pharmacokinetic properties include, but are not limited to, how a non-human animal
processes the compound into various metabolites (or detection of the presence or absence of
one or more metabolites, including, but not limited to, toxic metabolites), half-life, circulating
levels (e.g., serum concentration), anti-compound response (e.g., antibodies), absorption and

distribution, route of administration, routes of excretion and/or clearance of the compound.

{8093} In some embodiments, performing an assay includes determining the differences
between a mutant rodent animal administered a compound and a mutant rodent animal not
administered the compound, and determining whether the compound can inhibit the

development and/or progression of ectopic bone formation in the rodent.

{8094} The present description is further ilustrated by the following examples, which should
not be construed as limiting in any way. The contents of all cited references (including
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literature references, issued patents, and published patent applications as cited throughout this

application} are hereby expressly incorporated by reference.
Fxample 1

[6095] The region bounded by nucleotides 58468399 t0 58468770 in mumudcvr] (ie.,
nucleotides 58468399 to 58468770 of mouse Chromosome 2, GRCm38/mm 10} was replaced
with a nucleic acid composed of nucleotides 157770252 to 157770625 of hsaACVRI (i e,
nucleotides 157770252 to 157770625 of human Chromosome 2, GRCh38/hg38), in a manner
such that the introduced sequence, which includes AsaACVRI exon ENSEQO001009617, was

R258GIEIE: . .
JHEPSAFE o eys. In addition, by altering

transcribed as part of the resulting modified Acvr
codon choice, the nucleotide sequence of human exon ENSEO0001009617 was altered to
reduce sequence identity between the mouse and human exon, without altering protein
coding. This introduced human sequence is referred to hereafter as hsa e7+. Therefore, prior
to inversion of the FlEx element (altered exon ENSMUSEG0001232449 and associated
upstream and downstream intronic sequences—see below), the resulting locus,

R2S8GJFIEX

Acvr ¥ , should function as wild type.

[6096] The R258G variation was modeled by altering exon ENSMUSEO0001232449 in the
corresponding position, through altering the codon defined by nucleotides 58468530 to
58468532 from AGG (coding for arginine) to GGG (coding for glycine). The resulting
altered exon, along with flanking intronic sequences, were placed 37 to hsa_e7+ and in the
antisense strand of mmudcvr!. In addition, nucleotides S8468771-58468815 of mmmudcvr]
were deleted in order to create a small deletion that would accommodate LOA probes
{Gomez-Rodriguez, §. et al. (2008} Nucieic Acids Res. 36:e117; Valenzuela, B. et al. (2003)
High-throughput engineering of the mouse genome coupled with high-resolution expression
analysis, Nat. Biotech. 21:052-659). This introduced mutated mouse sequence is hereafter

referred to as mmu_e7R258G+.

[6097] In order to enable Cre~-dependent inversion of the mmu_ e7R258G+ and simultaneous

deletion of hsa e7+, a combination of FlEx like Lox arrays were used such that:
e > o
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a) hsa e7+ was preceded by a LoxP site, and followed by a Lox2372 site. In this

respect, hsa_e7+ was contained with the 5’ LoxP-Lox2372 FlEx-like array.

b} mmu_e7R258G+ was followed by the 3" LoxP-Lox2372 FiEx-like array, but
this array was engineered such that it was in a mirror image configuration to
the 5’ LoxP-Lox2372 FiEx-like array. This enabled permanent inversion of

mimu_e7R2Z58G+ into the sense strand by Cre.

[6098] When the resulting allele, 4cvr i/ ®¥5 M s exposed to Cre, the hsa_e7+ will be
deleted and the mmu_e7R258G+ will be inverted into the sense strand. As a result,

RI58G] - § . - .
Aevr P59 will be expressed in place of devr i,

R238G]FIEx/ R258GFIEX] : :
[6099] Homozygous Aeyy J/7PSOIIETRISGIFIN wice were born at an expected Mendalian
ratip suggesting that splicing was normal in this mouse and wild type Acvrl was being

expressed.
Example 2

D [RISSGIFIES .
Indhicing FOP in Acvr 125 1aice

R258G JFIF
JIRPSCHIER alfele,

[8108] To enable time-controlled vet whole body inversion of the 4evr
Acvr PP i ce were mated with GHROSA26)Sor™ ™2 mice to generate

Acyr [IRESERES . G (ROSA26)Sor™ ™ These were maintained in heterozygosity on a
mixed -CS7TBL/6NTac-12986/8vEvTac background. All experiments were performed in
accordance with the Institutional Animal Care and Use Committee of Regeneren. Both male
and female mice were used between 8 and 11 weeks of age, however mice were aged and sex
matched between groups. No age or sex related phenotypes were noted. The model was
inittated by inversion of the R258G-encoding exon into the sense strand, which was
accomplished by treating Aeve 15 VE GHROSA26)Sor™ ™% mice with 40 mg/kg of
tamoxifen (Sigma) in oil intraperitoneally (i.p.) daily for 5 days (to activate CreER ™). To
assess heterotopic bone formation, mice were anesthetized by isofluorane and whole body-

scanned, with a field of view at 60mm x120mm, using i# vivo uCT (Quantum FX|
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PerkinElmer, Hopkinton, MA, USA). The X-ray source was set to a current of 160 pA,

voltage of 90 kVp, with a voxel size at 120 or 240um.

16101] Aoy 1775 GUROSA26)Sor™ ™ ™ adult mice were phenotypically normal;
however, body-wide activation of the R258G mutant Acvr/ allele resulted in progressive
ossification, evident radiographically as early as 2 weeks after dosing with tamoxifen, in a
manner similar to that seen with the Acvr /R206HFIex mouse described in US Pat. No.

9,510,569, See also FIG. 2.

Antibody dosing of mice

ref RT2

C
; Rosa

[R258C]FIEx/+

8102} For treatment studies, Acvr/ mice were separated to ensure
age and sex matching across groups, treatments were initiated on the same day as tamoxifen
administration. Mice were injected subcutaneously (s.¢.} with 25 mg/kg of either a
neutralizing antibody generated against human Activin A (U.S. Patent Application
2015/0037339} or an isotype control antibody weekly for 6 weeks. Heterotopic bone

formation was monitored weekly by in viveo uCT imaging.

[0103] As shown in FIG. 3, mice receiving an isotype control antibody developed HO at 4
weeks, and mice receiving an Activin A blocking antibody had no detectable HO formation

above uCT background after 4 weeks.

{6104] In summary, conditional-on knock-in alleles of ACVRI® or ACVRI®* faithfully
model Fibrodysplasia Ossificans Progressiva (FOP) in rodents such as mice; and an Activin A

neutralizing antibody blocks the development of heterotopic ossification such rodent model.
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Further Embodiments

1. A genetically modified rodent, whose genome comprises a modified rodent Acvri
gene within an endogenous rodent Acvr/ locus, wherein the modified rodent Acvr/

gene comprises

a) a substantially human ACVR/ exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites {SRRS'"), wherein the substantially

human ACVR1 exon 7 encodes the same amino acids as a human ACVR/{ exon 7; and

b} an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS';

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent Acvr ] exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and allow an altered Acvr/ allele comprising the altered rodent Acvr/

exon 7 to be expressed.

2. The genetically modified rodent of item 1, wherein the substantially human ACVR/
exon 7 differs from the human ACVRI exon 7 by at feast one nucleotide and has a
reduced sequence identity with the altered rodent Acvr! exon 7 as compared to the
sequence identity between the human ACVRI exon 7 and the altered rodent devr/

exon 7.

3. The genetically modified rodent of item 1, wherein the gene encoding the recombinase
is in the genome of the genetically modified rodent, and the activity of the

recombinase is inducible.

4. The genetically modified rodent according to any one of items 1-3, wherein the

recombinase is Cre.

30
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The genetically modified rodent of item 4, wherein the Cre is fused to a ligand binding
domain of an estrogen receptor {ER) such that the activity of the Cre is induced by

ligand binding to the ER.

The genetically modified rodent of item 5, wherein the ligand binding domain of the

ER comprises T2 mutations.
The genetically modified rodent of item S or 6, wherein the ligand is tamoxifen.

The genetically modified rodent of any one of items 1-7, wherein the genetically

modified rodent is homozygous for the modified Acve/ gene.

A mutant rodent derived from the genetically modified rodent of any of items 1-8,
wherein the mutant rodent has a genome comprising an altered Acvr/ allele which
comprises the altered exon 7 in sense orientation, and wherein the altered Acvrl allele

is expressed in the mutant rodent resulting in ectopic bone formation.
The rodent according to any of the preceding items, selected from a mouse or a rat.

A nucleic acid, comprising a modified rodent dovr/ gene, wherein the modified rodent

Acvri gene comprises

a) a substantially human ACVR7 exon 7 in sense orientation flanked by a first pair
of site-specific recorbinase recognition sites (SRRS"), wherein the substantially

human ACVR1 exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b} an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent Acvr/ exon 7 into sense orientation, delete the substantially human

ACVRI exon 7.
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14.

15.

16.
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18.

9.

20.
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The nucleic acid of item 11, wherein the substantially human ACVR/ exon 7 differs
from the human ACVRI exon 7 by at least one nucleotide and has a reduced sequence
identity with the altered rodent Acvr{ exon 7 as compared to the sequence identity

between the human ACVR/ exon 7 and the aitered rodent 4evr/ exon 7.
The nucleic acid of item 11, wherein the activity of the recombinase is inducible.
The nucleic acid of any one of items 11-13, wherein the recombinase 1s Cre.

The nucleic acid of item 14, wherein the Cre is fused to a ligand binding domain of an
estrogen receptor {ER) such that the activity of Cre 1s induced by ligand binding to the

ER.

The nucleic acid of item 15, wherein the ligand binding domain of the ER comprises

T2 mutations.

The nucleic acid of item 15 or 16, wherein the ligand is tamoxifen.

The nucleic acid of any one of itemns 11-17, wherein the rodent is a mouse or a rat.
A rodent genome comprising the nucleic acid of item 11 or 12.

The rodent genome of item 19, further comprising a gene encoding the recombinase

that recognizes the SRRS' and inverts the altered exon.
The rodent genome of item 20, wherein the activity of the recombinase is inducible.
The rodent genome of item 21, wherein the recombinase is Cre.

The rodent genome of item 22, wherein the Cre is fused to a ligand binding domain of
an estrogen receptor (ER) such that the activity of the Cre is induced by ligand binding

to the ER.

The rodent genome of item 23, wherein the ligand binding domain of the ER

comprises T2 mutations.

[
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25.

26.

30.

31
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The rodent genome of item 23 or 24, wherein the ligand is tamoxifen.

The rodent genome of any one of items 19-25, whergin the rodent genome is

homozygous for for the modified Acvr/ gene.
The rodent genome of any one of items 19-26, wherein the rodent is a mouse or a rat.

An isolated rodent tissue or cell comprising the rodent genome of any one of items 19-

27.
The isolated rodent tissue or cell of itemn 28, wherein the rodent is a mouse or a rat.

The isolated rodent tissue or cell of ttem 28 or 29, wherein the rodent cell is an

embryonic stem cell.

A nucleic acid construct for targeted modification of an 4cvr{ gene in a rodent

genome, comprising:

a) a substantially hurman 4CVR exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites (SRRE"), wherein the substantially

human ACVR/] exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b) an altered rodent Acvrl exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS",

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent 4cvr/ exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and aliow an altered Acvr/ aliele comprising the altered rodent Acvr/

exon 7 to be expressed.

The nucleic acid construct of ttem 31, wherein the substantially human ACVRI exon 7
differs from the human ACVRI exon 7 by at least one nucleotide and has a reduced
sequence identity with the altered rodent Acvrl exon 7 as compared to the sequence

identity between the human ACJR? exon 7 and the altered rodent 4cvr/ exon 7.

33
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36.

38,

39.

The nucleic acid construct of item 31, wherein the first and second pairs of SRRS are

Lox2372 and LoxP or vice versa.
The nucleic acid construct of item 31, wherein the recombinase is Cre.

The nucleic acid construct of item 34, wherein the Cre is fused to an estrogen receptor

(ER) such that the activity of the Cre ts induced by ligand binding to the ER.
The nucleic acid construct of item 35, wherein the ER comprises T2 mutations.
The nucleic acid construct of item 35, wherein the ligand is tamoxifen.

The nucleic acid construct according to any one of item 31-37, wherein the rodent ts

selected from a mouse or a rat.

A method of making a genetically modified rodent, comprising modifving a rodent
Bdg S s ) Y
genome to comprise a modified rodent Acvr/ gene within an endogenous rodent Acvr/

locus, wherein the modified rodent Acvr/ gene comprises

a) a substantially human 4CVR/ exon 7 in sense orientation {lanked by a first pair
of site-specific recombinase recognition sites (SRRS'), wherein the substantially

human ACVR/ exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b) an altered rodent Acvr/ exon 7 encoding R258( in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
altered rodent Acvr/ exon 7 into sense orientation, delete the substantially human
ACVR{ exon 7, and aliow an altered Acvr! allele comprising the altered rodent 4evr/

exon 7 to be expressed.

The method of item 39, wherein the rodent genome is modified by a process

comprising;



WO 2019/241350 PCT/US2019/036719

42,

43.

44,

45.

a) introducing a nucleic acid construct into a rodent embrvonic stem (ES) cell,

wherein the nucleic acid construct comprises:

the substantially human ACVR/ exon 7 in sense orientation flanked by the first pair of
SRRS' and

the altered rodent Acvr/ exon 7 encoding R258G in antisense orientation, flanked by

the second pair of SRRS';

wherein the nucleic acid construct targets the endogenous rodent Aevr/ locus resulting

i the modified rodent Aevr/ gene within the endogenous rodent Acvr/ locus;

b) obtaining a genetically modified rodent ES cell whose genome comprises the

modified rodent Acvr/ gene; and

c) making a genetically modified rodent by using the genetically modified rodent

ES cell from b).

The method of item 39 or 40, wherein the genetically modified rodent is homozygous

for the modified Acvr/ gene.

The method of item 40 or 41, wherein the rodent ES cell further comprises a gens

encoding the recombinase.

The method of any one of items 39-42, wherein the activity of the recombinase is

inducible.
The method according to any one of iterns 39-43, wherein the recombinase 1s Cre.

The method of item 44, wherein the Cre is fused to a ligand binding domain of an
estrogen receptor {ER) such that the activity of the Cre is induced by ligand binding to

the ER.

The method of item 45, wherein the ligand binding domain of the ER comprises T2

mutations.



WO 2019/241350 PCT/US2019/036719

47.

48.

49.

51

The method of item 45 or 40, wherein the ligand is tamoxifen.

The method of any one of items 43-47, further comprising inducing the activity of the
recombinase in a cell or tissue of the rodent, wherein the recombinase inverts the
altered exon 7, deleting the substantially human exon 7, thereby allowing an altered

Acvrl aliele comprising the altered exon 7 to be expressed in the cell or tissue.

The method according to any one of items 40-48, wherein the rodent is selected from a

mouse or g rat.

A method of breeding, comprising breeding a first rodent whose genome comprises a
modified rodent Acvr/ gene with a second mouse, resulting in a progeny rodent whose
genome comprises the modified rodent 4ovrd gene, wherein the modified rodent

Acvrl gene comprises:

a) a substantially human ACVR/ exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites (SRRS"), wherein the substantially

human ACVR1 exon 7 encodes the same amino acids as a human ACVR/{ exon 7; and

by an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
altered rodent Acvrl exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and allow an altered Acvr/ allele comprising the altered rodent Acvr/

exon 7 to be expressed.

The method of item 50, wherein the first rodent 18 homozygous for the modified

rodent Acvrl gene.

The method of item 50 or 51, wherein the second rodent comprises an inducible

recombinase.
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60.

The method of item 52, wherein the inducible recombinanse is an inducible Cre

recombinase.

The method of item 53, wherein the inducible Cre recombinase comprises a

tamoxifen-inducible Cre-ER ' recombinase.

The method of any one of items 52-54, further comprising inducing the inducible
recombinase in a cell or tissue in the progeny rodent, such that the induced
recombinase inverts the altered rodent Acvr/ exon 7 into sense orientation and delete
the substantially human ACVR/ exon 7 in the cell or tissue, thereby producing an

altered Acvrl allele comprising the altered rodent 4evrf exon 7.
The method of any one of items 50-55, wherein the rodent is a mouse or a rat.
A progeny rodent produced according to the method of any one of items 50-56.

A method of testing a candidate therapeutic compound for treating ectopic bone

formation, comprising:
providing a genetically modified rodent according to any one of items 1-8 and 10;

inducing the activity of the recombinase in the rodent to allow an altered 4cvr/ allele

comprising the altered rodent Acvr? exon 7 to be expressed;
administering the candidate compound to the rodent; and

determining whether the candidate compound inhibits the development of ectopic

bone formation in the rodent.

The method of item 58, wherein the candidaie compound is administered to the rodent

before, during, or after the induction of the recombinase activity.

The method of item 58, wherein the candidate compound is a small molecule chemical

compound.

37
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61.

64,

65.

66.

67.

The method of item 58, wherein the candidate compound is a nucleic acid.

The method of item 58, wherein the candidate compound is an antibody or antigen-

binding fragment thercof.

The method of item 62, wherein the antibody or antigen-binding fragment thereof is

an antibody or antigen-binding fragment thereof against activin receptor 1.

The method of item 62, wherein the antibody or antigen-binding fragment thereof is

an antibody or antigen-binding fragment thereof against activin receptor type ZA.

The method of item 62, wherein the antibody or antigen-binding fragment thereof is

an antibody ot antigen-binding fragment thereof against activin receptor type 2B.

The method of item 62, wherein the antibody or antigen-binding fragment thereof s

an antibody or antigen-binding fragment thereof against activin A.

The method according to any one of items 58-60, wherein the rodent is a mouse or a

rat.
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WHAT IS CLAIMED IS:

o]

A genetically modified rodent, whose genome comprises a modified rodent Acvr /
gene within an endogenous rodent Acvr! locus, wherein the modified rodent Acvr/

gene comprises

a. a substantially human ACVR/ exon 7 in sense orientation flanked by a first pair

of site-specific recombinase recognition sites (SRR S'), wherein the substantially

human ACVR] exon 7 encodes the same amino acids as a human ACVR7 exon 7; and

b. an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRY' that are different from the first pair of SRRS,

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent Acvr ! exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and allow an aliered Acvr/ allele comprising the altered rodent devrd

exon 7 to be expressed.

The genetically modified rodent of claim 1, wherein the substantially human ACVR/
exon 7 differs from the human ACVRI exon 7 by at least one nucleotide and has a
reduced sequence identity with the altered rodent Acvr/ exon 7 as compared to the
sequence identity between the human ACVR/! exon 7 and the altered rodent devr/

exon 7.

The genetically modified rodent of claim 1, wherein the gene encoding the
recombinase is in the genome of the genetically modified rodent, and the activity of

the recombinase is inducible.

The genetically modified rodent according to any one of claims 1-3, wherein the

recombinase ts Cre.
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The genetically modified rodent of claim 4, wherein the Cre is fused to a ligand
binding domain of an estrogen receptor (ER) such that the activity of the Cre is

induced by ligand binding to the ER.

The genetically modified rodent of claim 5, wherein the ligand binding domain of the

ER comprises T2 mutations.
The genetically modified rodent of claim 5 or 6, wherein the ligand is tamoxifen.

The genetically modified rodent of any one of claims 1-7, wherein the genetically

modified rodent is homozygous for the modified Acve/ gene.

A mutant rodent derived from the genetically modified rodent of any of claims 1-8,
wherein the mutant rodent has a genome comprising an altered Acvr/ allele which
comprises the altered exon 7 in sense orientation, and wherein the altered Acvr/ allele

is expressed in the mutant rodent resulting in ectopic bone formation.
The rodent according to any of the preceding claims, selected from a mouse or a rat.

A nucleic acid, comprising a modified rodent dovr/ gene, wherein the modified rodent

Acvri gene comprises

a. a substantially human ACVR? exon 7 in sense orientation flanked by a first pair
of site-specific recorbinase recognition sites (SRRS"), wherein the substantially

human ACVR1 exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b. an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent Acvr/ exon 7 into sense orientation, delete the substantially human

ACVRI exon 7.

40
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The nucleic acid of claim 11, wherein the substantially human 4CVR/ exon 7 differs
from the human ACVRI exon 7 by at least one nucleotide and has a reduced sequence
identity with the altered rodent Acvr{ exon 7 as compared to the sequence identity

between the human ACVR/ exon 7 and the aitered rodent 4evr/ exon 7.
The nucleic acid of claim 11, wherein the activity of the recombinase is inducible.
The nucleic acid of any one of claims 11-13, wherein the recombinase is Cre.

The nucleic acid of claim 14, wherein the Cre is fused to a ligand binding domain of
an estrogen receptor {(ER) such that the activity of Cre is induced by ligand binding to

the ER.

The nucleic acid of claim 15, wherein the ligand binding domain of the ER comprises

T2 mutations.

The nucleic acid of claim 15 or 16, wherein the ligand is tamoxifen.

The nucleic acid of any one of claims 11-17, wherein the rodent is a mouse or a rat.
A rodent genome comprising the nucleic acid of claim 11 or 12.

The rodent genome of claim 19, further comprising a gene encoding the recombinase

that recognizes the SRRS' and inverts the altered exon.
The rodent genome of clair 20, wherein the activity of the recombinase is inducible.
The rodent genome of claira 21, wherein the recombinase is Cre.

The rodent genome of clairm 22, wherein the Cre is fused to a ligand binding domain
of an estrogen receptor (ER) such that the activity of the Cre is induced by ligand

binding to the ER.

The rodent genome of claim 23, wherein the ligand binding domain of the ER

comprises T2 mutations.

41
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The rodent genome of claim 23 or 24, wherein the ligand is tamoxifen.

The rodent genome of any one of claims 19-25, wherein the rodent genome is

homozygous for for the modified Acvr/ gene.
The rodent genome of any one of clairms 19-26, wherein the rodent is a mouse or arat.

An isolated rodent tissue or cell comprising the rodent genome of any one of claims

19-27.
The isolated rodent tissue or cell of claim 28, wherein the rodent is a mouse or a rat.

The isolated rodent tissue or cell of claim 28 or 29, wherein the rodent cell is an

embryonic stem cell.

A nucleic acid construct for targeted modification of an 4cvr{ gene in a rodent

genome, comprising:

& a substantially hurnan ACVRI exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites (SRRS"), wherein the substantially

human ACVR/] exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b an altered redent Acvr! exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS",

wherein the first and second SRRS' are oriented so that a recombinase can invert the
mutant rodent 4cvr/ exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and aliow an altered Acvr/ aliele comprising the altered rodent Acvr/

exon 7 to be expressed.

The nucleic acid construct of claim 31, wherein the substantially human ACVR/{ exon
7 differs from the human 4CVR/I exon 7 by at least one nucleotide and has a reduced
sequence identity with the altered rodent Acvrl exon 7 as compared 1o the sequence

identity between the human ACJR? exon 7 and the altered rodent 4cvr/ exon 7.
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36.

38,

39.

The nucleic acid construct of claim 31, wherein the first and second pairs of SRRS are

Lox2372 and LoxP or vice versa.
The nucleic acid construct of claim 31, wherein the recombinase is Cre.

The nucleic acid consiruct of claim 34, wherein the Cre is fused to an esirogen

receptor (ER) such that the activity of the Cre is induced by ligand binding to the ER.
The nucleic acid construct of claim 35, wherein the ER compsises T2 mutations.

The nucleic acid construct of claim 35, wherein the ligand is tamoxifen.

-
7
i

The nucleic acid construct according to any one of claim 31-37, wherein the rodent is

selected from a mouse or a rat.

A method of making a genetically modified rodent, comprising modifying a rodent
genome to comprise a modified rodent Acvr/ gene within an endogenous rodent Acvr/

{ocus, wherein the modified rodent Acvr/ gene comprises

a. a substantially human 4CVR7 exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites (SRRS'), wherein the substantially

human ACVR/ exon 7 encodes the same amino acids as a human ACVR/ exon 7; and

b. an altered rodent Acvr/ exon 7 encoding R258( in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
altered rodent Acvr/ exon 7 into sense orientation, delete the substantially human
ACVR{ exon 7, and aliow an altered Acvr! allele comprising the altered rodent 4evr/

exon 7 to be expressed.

The method of claim 39, wherein the rodent genome is modified by a process

comprising;
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a. introducing a nucleic acid construct into a rodent embrvonic stem (ES) cell,

wherein the nucleic acid construct comprises:

the substantially human ACVR/ exon 7 in sense orientation flanked by the first pair of
SRRS' and

the altered rodent Acvr/ exon 7 encoding R258G in antisense orientation, flanked by

the second pair of SRRS';

wherein the nucleic acid construct targets the endogenous rodent Aevr/ locus resulting

i the modified rodent Aevr/ gene within the endogenous rodent Acvr/ locus;

b, obtaining a genetically modified rodent ES cell whose genome comprises the

modified rodent Acvr/ gene; and

c. making a genetically modified rodent by using the genetically modified rodent

ES cell from b).

The method of claim 39 or 40, wherein the genetically modified rodent is homozygous

for the modified Acvr/ gene.

The method of claim 40 or 41, wherein the rodent ES cell further comprises a gene

encoding the recombinase.

The method of any one of claims 39-42, wherein the activity of the recombinase is

inducible.
The method according to any one of claims 39-43, wherein the recorabinase is Cre.

The method of clairs 44, wherein the Cre is fused to a ligand binding domain of an
estrogen receptor {ER) such that the activity of the Cre is induced by ligand binding to

the ER.

The method of claim 45, wherein the ligand binding domain of the ER comprises T2

mutations.
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The method of claim 45 or 46, wherein the ligand is tamoxifen.

The method of any one of claims 43-47, further comprising inducing the activity of the
recombinase in a cell or tissue of the rodent, wherein the recombinase inverts the
altered exon 7, deleting the substantially human exon 7, thereby allowing an altered

Acvrl aliele comprising the altered exon 7 to be expressed in the cell or tissue.

The method according to any one of claims 40-48, wherein the rodent is selected from

a raouse or a rat,

A method of breeding, comprising breeding a first rodent whose genome comprises a
modified rodent Acyr/ gene with a second mouse, resulting in a progeny rodent whose
genome comprises the modified rodent 4ovrd gene, wherein the modified rodent

Acvrl gene comprises:

a. a substantially human ACVR/ exon 7 in sense orientation flanked by a first pair
of site-specific recombinase recognition sites (SRRS"), wherein the substantially

human ACVR1 exon 7 encodes the same amino acids as a human ACVR/{ exon 7; and

b an altered rodent Acvr/ exon 7 encoding R258G in antisense orientation,

flanked by a second pair of SRRS' that are different from the first pair of SRRS";

wherein the first and second SRRS' are oriented so that a recombinase can invert the
altered rodent Acvrl exon 7 into sense orientation, delete the substantially human
ACVRI exon 7, and allow an altered Acvr/ allele comprising the altered rodent Acvr/

exon 7 to be expressed.

The method of claim 50, wherein the first rodent is homozygous for the modified

rodent Acvrl gene.

The method of claim 50 or 51, wherein the second rodent comprises an inducible

recombinase.
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The method of claim 52, wherein the inducible recombinanse is an inducible Cre

recombinase.

The method of claim 53, wherein the inducible Cre recombinase comprises a

tamoxifen-inducible Cre-ER ' recombinase.

The method of any one of claims 52-54, further comprising inducing the inducible
recombinase in a cell or tissue in the progeny rodent, such that the induced
recombinase inverts the altered rodent Acvr/ exon 7 into sense orientation and delete
the substantially human ACVR/ exon 7 in the cell or tissue, thereby producing an
altered Acvrl allele comprising the altered rodent 4evr? exon 7.

The method of any one of claims 50-55, wherein the rodent is a mouse or a rat.

A progeny rodent produced according to the method of any one of claims 50-56.

A method of testing a candidate therapeutic compound for treating ectopic bone

formation, comprising:
providing a genetically modified rodent according to any one of claims 1-8 and 10;

inducing the activity of the recombinase in the rodent to allow an altered 4cvr/ allele

comprising the altered rodent Acvr? exon 7 to be expressed;
administering the candidate compound to the rodent; and

determining whether the candidate compound inhibits the development of ectopic

bone formation in the rodent.

The method of claim 58, wherein the candidate compound is administered to the

rodent before, during, or after the induction of the recombinase activity.

The method of claim 58, wherein the candidate compound is a small molecule

chemical compound.
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67.

The method of claim 58, wherein the candidate compound is a nucleic acid.

The method of claim 58, wherein the candidate compound is an antibody or antigen-

binding fragment thercof.

The method of claim 62, wherein the antibody or antigen-binding fragment thereof is

an antibody or antigen-binding fragment thereof against activin receptor 1.

The method of claim 62, wherein the antibody or antigen-binding fragment thereof is

an antibody or antigen-binding fragment thereof against activin receptor type ZA.

The method of claim 62, wherein the antibody or antigen-binding fragment thereof is

an antibody ot antigen-binding fragment thereof against activin receptor type 2B.

The method of claim 62, wherein the antibody or antigen-binding fragrment thereof is

an antibody or antigen-binding fragment thereof against activin A.

The method according to any one of claims 58-66, wherein the rodent is a mouse or a

rat.
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