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Abstract

Proteus syndrome is a mosaic, progressive overgrowth disorder caused by a somatic activating variant c.49G > A p.(E17K) in
AKT1. The presentation in affected individuals is variable, with a diversity of tissues demonstrating abnormalities. Common
manifestations include skin and bony overgrowth, vascular malformations (VMs), cysts and benign tumors. We used two
methods to create mouse models that had endogenously-regulated mosaic expression of the Proteus syndrome variant.
Variant allele fractions (VAFs) ranged from 0% to 50% across numerous tissues in 44 Proteus syndrome mice. Mice were
phenotypically heterogeneous with lesions rarely observed before 12 months of age. VMs were the most frequent finding
with a total of 69 found in 29 of 44 Proteus syndrome mice. Twenty-eight cysts and ectasia, frequently biliary, were seen in
22 of 44 Proteus syndrome mice. Varying levels of mammary hyperplasia were seen in 10 of 16 female Proteus syndrome
mice with other localized regions of hyperplasia and stromal expansion noted in several additional animals. Interestingly,
27 of 31 Proteus syndrome animals had non-zero blood VAF that is in contrast to the human disorder where it is rarely seen
in peripheral blood. Identification of variant-positive cells by green fluorescent protein (GFP) staining in chimeric Proteus
syndrome mice showed that in some lesions, hyperplastic cells were predominantly GFP/Akt1E17K-positive and showed
increased pAKT signal compared to GFP-negative cells. However, hyperplastic mammary epithelium was a mixture of
GFP/Akt1E17K-positive and negative cells with some GFP/Akt1E17K-negative cells also having increased pAKT signal
suggesting that the variant-positive cells can induce lesion formation in a non-cell autonomous manner.

http://www.oxfordjournals.org/
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Introduction
Proteus syndrome (OMIM #176920) is a rare disorder of dispro-
portionate, asymmetric overgrowth that can affect virtually any
organ or tissue. It is caused by a heterozygous, mosaic c.49G > A,
p.(E17K) mutation in the serine threonine kinase AKT1 (1), a
key node in the phosphoinositide 3-kinase (PI3K)/AKT signaling
network. The disease has remarkable phenotypic heterogeneity
and can be severe, with a near 25% mortality by 22 years of
age (2). Some patients have few overgrowths while others have
nearly all systems affected. The mechanism of the overgrowth
is also heterogeneous and can comprise hyperplasia, expansion
of the extracellular matrix (ECM), ectasia or combinations of
these processes (3). Common manifestations include skeletal
overgrowth, epidermal and cerebriform connective tissue nevi
(CCTN), dysregulation of adipose tissue and vascular malfor-
mations (VMs) (4,5). Other findings include visceral overgrowth,
cysts and benign tumors such as ovarian cystadenomas and
parotid adenomas. Many other manifestations have been seen
less frequently in affected individuals (6). A key aspect of the
disorder is its progressive nature—which is best exemplified by
the CCTN. This lesion typically appears in one or a few areas of
the foot and then spreads to encompass the entire sole of the
foot (and sometimes the toes) in many patients (7) over a 10–
15 year period. It has never been clear as to whether this increase
or spreading is due to nascent, mutation-positive cells that later
manifest the trait (primarily ECM-mediated) or whether a subset
of mutant cells induces a pathologic level of AKT signaling in
mutation-negative cells. The rarity, severity, progressive nature
and variability make the disorder challenging to study in the
human.

Studies using mutagenized or myristoylated AKT have
advanced our understanding of the effect of constitutive
activation of AKT in defined, in vitro, systems. Activated forms
of AKT have also been used in animal studies to address its
role in the development of several tissues. Some examples
include epidermis (8–10), cartilage (11), endothelial cells (12,13)
and mammary tissue (14,15). Interpreting these studies is
challenging because of the restricted lineage/tissue expression
of activated AKT1 and because of their use of artificial
promoters. While these studies are valuable for understanding
specific aspects of AKT function, they do not address the broad
question of how mosaicism throughout the animal causes the
overgrowth of Proteus syndrome. Specifically, this is a question
as to whether the progressive or spreading nature of this or other
mosaic disorders are cell-autonomous (the pathology limited to
mutation-positive cells) or non-cell-autonomous (the pathology
is induced in mutation-negative cells as well) (16). Therefore, we
set out to create a new mouse model that had endogenously-
regulated, mosaic expression of the Akt1 c.49G > A, p.(E17K)
variant that could generate randomly distributed variant-
positive cells modeling the human trait.

Results
Generation of a mouse model for Proteus syndrome

To model Proteus syndrome, we engineered mice that would
allow organism-wide, random, mosaic expression of the Akt1
c.49G > A p.(E17K) variant under the control of its endogenous
regulatory elements. Since we did not know how many variant
cells a mouse could tolerate, or would be needed to produce
a variant phenotype, we pursued two strategies with differing
attributes to generate Proteus syndrome mice. The first relied on
a conditional Proteus syndrome allele, Akt1flx, that remains inac-

tive due to the presence of a floxed βGeo cassette that contained
a transcription termination signal and was inserted upstream
of the Proteus syndrome variant in Akt1 (Fig. 1A and Supple-
mentary Material, Fig. S1A). This allele will only be expressed
when CRE is present to mediate recombination of the βGeo
cassette. To test that this Akt1flx allele would be activated by our
system, ES cells were transfected with Cre to remove the βGeo
cassette and RNA was isolated. cDNA sequencing of the trans-
fected Akt1�neo3 ES cells showed expression of both Akt1WT

and Akt1E17K alleles, whereas the untransfected Akt1–18 ES cells
had only Akt1WT transcripts (Supplementary Material, Material,
Fig. S1C).

To make mosaic animals, Akt1WT/flx mice were crossed to
129-t (ROSA)26Sortm1(cre/ERT)Nat/J mice, which are homozygous for
the ubiquitously-expressed, tamoxifen-inducible CreER fusion
protein (Fig. 1B). Because some patients with Proteus syndrome
have affected tissues that are derived from multiple germ layers,
we hypothesized that their somatic mutation occurred before
gastrulation. Therefore, we chose embryonic day 5.5 (E5.5) to
deliver a single dose of tamoxifen to pregnant females. We
used three concentrations of tamoxifen (1.7, 4 and 8 μg/g body
weight) to activate varying numbers of Akt1E17K-positive cells
in the embryos. Tail snip genotyping determined that 28 of 59
pups born from this cross carried the Akt1flx allele. Activation of
the conditional allele in these animals resulted in true mosaics
in that the only difference between mutant, Akt1WT/E17K, cells
and wild-type, Akt1WT/flx, cells was the expression of the Akt1
c.49G > A p.(E17K) variant.

The second method used to generate mice that would model
Proteus syndrome was to make chimeras. We accomplished
this by injecting wild-type host C57BL/6 J blastocysts with
Akt1�neo3 ES cells in which the Akt1E17K allele had already
been activated by Cre-mediated excision of the βGeo gene
(Fig. 1C). These animals were chimeras and not mosaics in
that the variant-positive Akt1WT/E17K, and variant-negative,
Akt1WT/WT, cells came from different, albeit highly similar, strains
of mice. For clarity, we refer to mice that were generated by
partial Akt1E17K gene activation by tamoxifen as mosaic Proteus
syndrome mice and those generated by blastocyst injection
of recombined Akt1E17K ES cells as chimeric Proteus syndrome
mice.

To reduce the chance that the entire chimeric embryo would
develop from the activated ES cells that was predicted to be
lethal (17), only one to three cells were used for blastocyst
injection. Because the HG3 129x B6 hybrid ES cell line expresses
ubiquitin C-driven green fluorescent protein (GFP) and produces
the agouti coat color, chimeras were identified by expression
of GFP in their skin and patches of agouti fur. Both of these
markers differentiate ES-derived cells from those of the host
C57Bl6/J blastocyst, which has no GFP expression and produces
black coats. Of the 319 pups born using this method, 45 had GFP
expression; however, 15 of them died within 2 days of birth and
were not studied further.

We next set out to evaluate the phenotype and variant distri-
bution of Proteus syndrome mice by performing a natural history
study, hypothesizing that the phenotype would develop primar-
ily postnatally, as is the case in humans. Tissues were collected
at necropsy from 24 mosaic and 20 chimeric animals when any
observed growths approached 2 cm, pain or distress could not be
medically managed, they reached at least 20 months of age, or to
address specific questions that arose during the study (Table 1).
The remaining Proteus syndrome animals were not included
in the analyses because they did not meet euthanasia criteria
and were still alive (7), they died unexpectedly and the tissue

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 1. Strategy for making mosaic Proteus syndrome mice. (A) Diagrams of the wild type (top), conditional (middle) and p.(E17K)-expressing (bottom) Akt1 alleles.

Exons are represented by the thick boxes; introns are shown by thin lines. The Akt1flx allele contains the 5 Kb floxed βgeo cassette inserted 124 bp upstream of the

start of exon 3. Orange boxes represent LoxP sites. Splicing patterns are indicated by the dotted lines. The p.(E17K) variant is indicated by the pink line in exon 3 and

the poly A signal that terminates transcription in the βgeo cassette is indicated by the white asterisk. After CRE-mediated recombination of Akt1flx , one LoxP site

remains in intron 2 in the Akt1E17K allele as depicted in the bottom drawing. Green arrows mark the location of primers used for identifying Akt1flx . Purple arrows

mark the location of primers used to identify Akt1WT and Akt1E17K, which can be distinguished by their size difference. Note, because of the βgeo cassette, Akt1flx

does not amplify with primers denoted by the purple arrows using conditions to amplify the other alleles. (B) Diagram of the mosaic strategy. Pregnant females from

timed matings between RosaCreERT-expressing and Akt1WT/flx animals were dosed with tamoxifen at E5.5 to activate CRE and the Akt1 conditional allele. Offspring are

mosaic for Akt1E17K. (C) Diagram of the chimeric strategy. Akt1WT/flx embryonic stem (ES) cells were transfected with Cre to activate the conditional allele. One to three

Akt1WT/E17K ES cells were injected into blastocysts, which were then transferred to pseudo-pregnant mothers for gestation, resulting in animals that were chimeric for

Akt1E17K.

was too degraded for full analyses (5), or they were sacrificed to
examine their skeletons with only limited soft tissue collected
(2). The variant allele fraction (VAF) in each tissue was measured
(Fig. 2 and Supplementary Material, Tables S1 and S2). Since the
mutation occurs in the heterozygous state and variant-positive
cells also contain a wild-type allele, if all cells were heterozygous
(i.e. the animal was not mosaic and had a constitutional or
germline variant) the VAF level would be 50%. The VAFs ranged
from 0% to 50% across all tissues assayed from Proteus syndrome
animals.

Tissues from 23 littermates of the chimeras that were sacri-
ficed as potential control animals were also assayed for Akt1E17K

to ensure that they did not harbor low levels of the variant in
any tissue. One animal, A-10, did have four tissues, testis, heart,
pancreas and spleen with detectable Akt1E17K levels of 10%, 4%,
0.9% and 0.2%, respectively and was therefore evaluated as a
chimeric Proteus syndrome mouse. Variant-positive tissues from
A-10 immunostained for GFP showed that developing sperm,
endothelial and hematopoietic cells were responsible for the
positive VAF (Supplementary Material, Fig. S2). As these cell

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 2. VAF of tissues collected from Proteus syndrome animals. The VAFs of all tissues except blood from the tamoxifen mosaics (A) and chimeras (B) are indicated

by the blue dots. Red dots represent the VAF in blood DNA. The horizontal line in each column marks the average VAF across all tissues tested for each mouse and

represents the overall average VAF for that animal. The tamoxifen dose per gram of body weight used to induce CRE activation is shown below the graph in (A).

types are known to arise in the yolk sac and then migrate
into the embryo during development (18–20), we postulate that
the ES cell from which they were derived contributed primarily
to extraembryonic tissue rather than the embryo proper. With
the exception of mouse A-10, all tissues tested in the chimeric
animals had measurable levels of Akt1E17K.

In the mosaic mice, 16 of 24 animals had non-zero VAF in
all tissues tested. One mouse from a tamoxifen-injected dam,
CF1–27, had no detectable Akt1E17K in any tissue assayed. To
determine whether there was an error in the original genotyping
of the tail DNA from CF1–27, two additional tissues were tested
for the presence of the conditional Akt1 allele. All three DNAs
were positive for Akt1flx, indicating that the failure to detect

Akt1E17K was likely due to a lack of tamoxifen activation of CRE
in the embryo. Since mosaicism could not be confirmed in this
mouse, it was not included in the phenotype analysis.

To assess the effectiveness of each method to model Proteus
syndrome and to estimate the overall variant level in each
animal, the average (mean) VAF was calculated across all tissues
assayed for each mouse (Fig. 2 and Supplementary Material,
Tables S1 and S2). In mosaic animals, the average VAF in off-
spring of mice given 1.7 μg/g of tamoxifen ranged from 0% to 13%,
with 0 of 8 mosaics having an average VAF > 20%. In offspring of
mice given 4 μg/g tamoxifen, the average VAF ranged from 0.63%
to 30% with two of eight having an average VAF > 20%, and in
offspring of mice given 8 μg/g tamoxifen, the average VAF was

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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12–34% with four of eight having an average VAF > 20%. In the
chimeric mice, the average VAF was 0.55–40% with 17 of the 21
chimeras having an average VAF > 20%. The increased number
of mice with average VAF > 20% in the chimeras (P = 0.0004) sug-
gested that with the parameters used in this study, the chimeric
method was more likely to generate animals with higher overall
variant levels.

In contrast to patients with Proteus syndrome where the Akt1
p.(E17K) mutation is rarely present in peripheral blood, 12 of
15 mosaics and 15 of 16 chimeras, had non-zero VAFs in blood
DNA of 0.67–47% (Fig. 2 and Supplementary Material, Tables
S1 and S2). The VAFs in blood showed a moderate correlation
(R2 = 0.6) to the overall (non-blood) VAF burden of each animal
(Supplementary Material, Fig. S3).

Proteus syndrome mice model overgrowth seen in
patients with Proteus syndrome

The phenotypes in the Proteus syndrome mice were heteroge-
neous. Of the 44 Proteus syndrome mice (28 male; 16 female)
that were phenotyped, 21 developed lesions or distress that
required them to be euthanized (Table 1). Of these 21, only 2, E-
2 and M-11, required sacrifice before 1 year of age. Four animals
died unexpectedly and were necropsied before their tissues were
autolyzed. Fifteen mice were sacrificed because they reached
at least 20 months of age. Finally, four were sacrificed at 13–
14 months to determine if lesions could be identified before
having an observable overgrowth. Thirty-two control animals (19
male; 13 female) were also phenotyped (Table 2). Eleven were
littermates of chimeras that had no detectable Akt1E17K in any
tissue assayed, 12 were littermates of mosaic animals that were
positive for Cre and Akt1WT/WT, 7 were Cre-negative and Akt1WT/flx

and 2 were Cre-negative and Akt1WT/WT. Ten of the 32 control
animals were sacrificed because of distress or the development
of lesions, with the remaining animals euthanized because of
their advanced age or they were cage mates of Proteus syndrome
animals that required sacrifice.

The most frequent abnormality found in mosaic or chimeric
Proteus syndrome mice were VMs. Twenty-nine of 44 Proteus
syndrome mice had at least one VM per animal compared with
only 4 of 32 controls (P < 0.0001) (Tables 1 and 2). VMs are also
a frequent finding in humans with Proteus syndrome (5,21).
In a recent study, superficial VMs were found in 68% of the
cohort with 26% of them also having a visceral VM (22). The
number of VMs per Proteus syndrome mouse ranged from 1 to
10 with 26 visible grossly and 43 additional VMs found by micro-
scopic examination (Supplementary Material, Table S3). Thirty-
four VMs were in lymph nodes, 13 in adipose tissue, 11 in spleen
and 11 distributed among other locations. The four control mice
with VMs had a total of five VMs with only one visible on gross
examination (Supplementary Material, Table S3). Grossly visible
VMs at necropsy appeared as dark, blood-filled, often multi-
lobulated cystic masses, a few of which reached 1–3 cm in size
(Supplementary Materials, Fig. S4 and Table S3). These VMs were
characterized as venous-capillary mixed-type malformations, as
noted by the absence of a muscularis, with ectatic channels and
often containing a lymphatic component and no atypia. Numer-
ous, variably-sized, thin-walled ectatic vessels, often separated
by increased stroma were seen in these lesions. Lymph, blood
and thrombin were commonly identified. VMs in adipose tissue
were comprised of multiple thin-walled vessels, few of which
were visible by gross examination. These VMs were remarkably
similar to those seen in patients with Proteus syndrome as

shown in Figure 3. In many cases, the cells lining these vascular
channels stained with antibodies to CD31 and LYVE-1 suggesting
endothelial lined spaces that demonstrate a mixed phenotypic
expression of both vascular and lymphatic cell-surface markers
(Supplementary Material, Figure S5).

As in the human disorder where a wide variety of cysts have
been identified (6) both mosaic and chimeric Proteus syndrome
mice also developed cysts or ductule ectasia. Several studies in
our patient cohort have identified ovarian cysts (44%), ovarian
and paraovarian cystadenomas (38%), testicular enlargement
with cysts (22%), epididymal cysts (35%) and testicular or parat-
esticular cystadenomas (32%) [K.M. Keppler-Noreuil, personal
communication]. Cysts, also described as bullae in the lung, are
common in humans with Proteus syndrome, with 17 of 51 (33%)
patients in our cohort having lung involvement [K.M. Keppler-
Noreuil, personal communication]. Hepatic cysts occurred in 4 of
34 (12%) individuals with Proteus syndrome, compared with 1%
in adults in the general population. Cerebral and white matter
cysts were described in 4 of 20 individuals in our cohort with
brain imaging (23). Porencehalic, subarachnoid and periventric-
ular cysts have also been reported in individuals with Proteus
syndrome (6). In our mouse cohort, 22 of 44 Proteus syndrome
mice developed a total of 28 cystic lesions or dilations whereas
only 6 of 32 control animals developed a total of 8 cysts or
ectatic ducts (P = 0.0077) (Tables 1 and 2). These cysts and ectasia
were exclusive of three additional types of cysts, ovarian, uterine
and kidney, which were found to occur at similar rates in the
Proteus syndrome and control groups (ovarian—7/16 in Proteus
syndrome versus 6/13 in control; uterine—13/16 in Proteus syn-
drome versus 12/13 in control; kidney—6/44 in Proteus syndrome
versus 6/32 in control). Therefore, the impact of the Proteus
syndrome variant on the development of these three types of
cysts could not be assessed, and they were not further evaluated.
Nearly all of the remaining cysts or ectatic ducts were simple,
fluid-filled dilations with an epithelial lining. One exception to
this was a cyst that formed in the ankle of mosaic mouse CF2–15
that was lined with synovial tissue. Biliary cysts were the most
frequent with nine Proteus syndrome mice having grossly visible
biliary cysts (Fig. 4). Microscopic examination showed smaller
biliary cysts in 2 other Proteus syndrome mice, and 5 instances
of biliary hyperplasia with ductule ectasia bringing the total of
biliary findings to 16 in the Proteus syndrome animals. This is
in contrast to the control animals where only two were found
to have grossly visible cysts; two others had microscopically-
detected biliary hyperplasia with ductule ectasia (P = 0.0333).
Other, less common cysts or ductal ectasia are listed in Tables 1
and 2 and examples are shown in Figure 4.

In addition to cyst formation, other types of proliferative
changes were observed. Mammary changes were noted in 10 of
16 female Proteus syndrome mice (Table 1 and Supplementary
Material, Table S4). Findings included alveolar hyperplasia, duc-
tal ectasia and expansion of the supporting stroma with tissue
appearing similar to what would be expected if these animals
were retired breeders, instead of being aged nulliparous animals
(Fig. 5A–C and E). The secretions in many of the mammary ducts
appeared more fatty and proteinaceous than the homogenous
eosinophilic fluid that was present in the ducts of females with-
out mammary changes, which is also what would be predicted if
these animals were nursing mothers. In addition, four chimeras
had unusual polypoid projections into mammary ducts that
appeared to be inversions of disorganized fatty and stromal
tissue (Fig. 5F and G). Four of 12 female nulliparous control ani-
mals had some mammary changes as compared to other aged
wild-type females that had never been bred (Fig. 5D, Table 2 and

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 3. Examples of VMs in mice and patients with Proteus syndrome. (A and B) VMs found in the abdominal connective tissue of chimera E-2 (A) and a patient

with Proteus syndrome (B). (C and D) VMs found in the spleen of mosaic DF1–18 (C) and a patient with Proteus syndrome (D). All showed variably-sized thin-walled

ectatic vessels separated by increased stroma. (E and F) VMs found in adipose tissue of chimera A-9 (E) and a patient with Proteus syndrome (F) that were comprised

of numerous, small, thin-walled, ectatic channels.

Supplementary Material, Table S4). While the difference between
the number of mice with mammary changes in each group was
not statistically significant, the extent of abnormalities in the
Proteus syndrome mice was greater than in the control group,
suggesting that overgrowth of breast tissue is a consequence
of AKT1 activation. This is consistent with numerous examples
of benign breast overgrowth seen in humans with Proteus syn-
drome (3,24,25).

Seven additional instances of hyperplasia were noted in 5
of 44 Proteus syndrome animals whereas only 1 was noted in
the control group of 32 animals (Tables 1 and 2). Chimera E-2
had an area of epidermal hyperplasia similar to what is seen
in epidermal nevi that are often found in humans with Proteus

syndrome (Fig. 6A and B). Other areas of hyperplasia included
pancreatic epithelial and islet cells, splenic lymphoid cells, kid-
ney endothelial cells surrounding a VM and testicular epithe-
lial and interstitial cell hyperplasia. Finally, in addition to the
increased stroma seen in some VMs and mammary lesions, an
expansion of stromal tissue was seen in three isolated instances
in the Proteus syndrome mice and one in a control animal. In the
peritoneal wall of chimera E-2, and in the middle ear of chimera
A-9, which in addition to stromal expansion also had cholesterol
clefts, osseous metaplasia, connective tissue mineralization and
cysts, the increased stroma appeared to be a combination of
increased number of fibroblasts and increase in the amount
of ECM present (Fig. 6C–F). However, the stromal expansion in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 4. Examples of cysts and ductal ectasia seen in Proteus syndrome mice. (A) A large biliary cyst seen in chimera E-3. (B) A cyst found in the spinal cord of mosaic

animal CF1–28. (C) Biliary ductule ectasia seen in mosaic animal DF1–8. (D) A synovial cyst found in the ankle of mosaic animal CF2–15. (E) A pancreatic cyst seen in

mosaic animal DF1–13. (F) A parathyroid cyst seen in chimera A-5.

the dermis of the ear in chimera E-4 was predominantly due to
an accumulation of ECM (Fig. 6G and H) that is characteristic of
the CCTN seen in patients with Proteus syndrome. The num-
ber of mice with isolated instances of hyperplasia or stromal
expansion was not statistically different between the Proteus
syndrome and control animals, however, given the extensive list
of less frequently associated manifestations in the human dis-
order, we speculate that these uncommon proliferative changes

in the Proteus syndrome mice are due to the presence of the
Akt1E17K-positive cells.

Malignancies are an infrequent manifestation of human
Proteus syndrome (benign tumors such as cystadenomas and
meningiomas are common). To date, only three patients have
been reported with a malignant phenotype. One patient had
a mesothelioma of the tunic vaginalis (26), another had a
ductal carcinoma in situ of the breast (25) and a third had a
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Figure 5. Range of mammary overgrowth seen in Proteus syndrome mice. (A) An area in chimera A-9 with multiple areas of alveolar hyperplasia and moderate ductal

ectasia. (B) An area of milder alveolar hyperplasia and ductal ectasia in mosaic animal CF1–28. (C) An area of moderate ductal ectasia and stromal expansion in chimeric

animal H-1. (D) An area in control animal DF1–6 with mild focal hyperplasia and ectasia shown for comparison. (E) An area of stromal expansion in chimera A-9. (F–G)

Higher magnification of polypoid projections seen in chimeric animals H-1 and A-9 marked by arrows in (A) and (C).

papillary thyroid carcinoma (3). In Proteus syndrome mice,
lymphoma was present in 3, while histiocytic sarcoma was
found in 2 additional animals, out of 44 examined. These
neoplasms are common to aged C57BL/6 and 129S4/Sv animals
and were also found in 7 of the 32 control animals in this
study (27–29). Therefore, it is unlikely that expression of Akt1E17K

was the driver of these malignancies in the mosaic animals.
Pituitary tumors were also seen in the cohort. Adenomas of
the pars distalis consisted of a monomorphic population of
cells that compressed adjacent pituitary structures and often
contained angiectasia and hemorrhages. These were distinct
from pituitary adenocarcinomas, which share features with

adenomas, but are characterized by cellular pleomorphism
and atypia, and have definitive infiltration outside of the
pituitary (30). Pituitary adenomas are relatively common in
mice while adenocarcinomas are more rare (28). Three study
animals (2 of 44 Proteus syndrome and 1 of 32 controls) had
tumors consistent with a diagnosis of adenoma, while two
additional Proteus syndrome animals, A-5 and F-5, had tumors
that had begun to invade the surrounding tissue and were
deemed to be adenocarcinomas (Supplementary Material, Fig.
S6). We hypothesize that Akt1E17K contributed to the formation
of pituitary adenocarcinomas, which deserves future study to
confirm.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 6. Hyperplasia and stromal expansion in Proteus syndrome mice. (A) A region of epidermal hyperplasia on the ear of chimera E-2. The upper edge showed

expanded epidermis whereas the lower edge epidermis was normal thickness. (B) A linear epidermal nevus from a patient with Proteus syndrome. Note the similarity

to the epidermal hyperplasia shown in chimera E-2 shown in panel A. (C) Expansion of the stroma lining the peritoneal wall in chimera E-2. (D) Normal thickness of

stroma in an adjacent region of the peritoneal wall of this animal. (E) Overgrowth of multiple tissues in the left middle ear of chimera A-9. Expanded stroma, osseous

metaplasia, cholesterol clefts, and several small cysts and areas of mineralization were seen. (F) Normal right middle ear of that same animal for comparison. (G)

Increased collagen in the dermis at the tip of the ear in chimera E-4. (H) A normal ear from control T2C-81 for comparison.

Because of the heterogenous nature of a mosaic disease,
the overall severity in an individual is challenging to quantify.
To develop a simplified approach, we summed the number of
findings per mouse and used that number as a proxy for pheno-
typic impact of the Akt1E17K variant. Thirty-three of 44 Proteus
syndrome mice had a total of 117 lesions with a range of 1–
14 per animal. For the controls, 10 of 32 mice had a total of

19 lesions with a range of 1–4 per animal. The difference in
number of animals with lesions (regardless of how many lesions
they had) was statistically significant (P = 0.0002). Within the
Proteus syndrome animals, 19 of 21 chimeras had a total of
86 lesions, whereas 14 of 23 mosaics had a total of 31 lesions
(P = 0.0365) suggesting that the chimeric method generated a
more severe phenotype. A comparison of the number of lesions
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versus the average VAF in each animal showed a weak, but
positive correlation (R2 = 0.2) (Supplementary Material, Fig. S7).
As noted above, the overall level of severity was also corre-
lated with the peripheral blood VAF. For the 11 Proteus syn-
drome animals with no detectable lesions, there was a moderate
inverse correlation of the age at necropsy to the average VAF
for each animal (R2 = 0.6) (Supplementary Material, Fig. S8). This
inverse correlation suggests that the Proteus syndrome mouse is
a valid model for the progressive nature of the human disorder.
Mice with lower overall VAF would be expected to have fewer
phenotypic consequences and therefore more likely necropsied
because they reached the end of the study rather than morbidity,
whereas those animals with higher VAF but necropsied at a
younger age for reasons other than the presence of lesions, may
not have had sufficient time to develop any manifestations of
Proteus syndrome.

Evidence for cell-intrinsic and -extrinsic effects of
Akt1E17K

In humans with Proteus syndrome, little is known about which
cells within an affected tissue drive the phenotype as there is
only a weak correlation of bulk tissue VAF and tissue affec-
tion status (1,3). Expression of GFP in cells derived from the
Akt1�neo3 ES cells in the chimeras can be used as a proxy to
identify the Akt1E17K cells and begin to investigate this ques-
tion. Staining of multiple tissues from several chimeras showed
varying patterns and numbers of GFP-positive cells across tis-
sues indicating that most cell types are capable of express-
ing Akt1E17K (data not shown). We assumed that lesional cells
would be Akt1E17K-positive and indeed, the epithelial cells lining
several biliary cysts were predominantly GFP-positive with ele-
vated pAKT staining compared with adjacent GFP-negative cells,
suggesting a correlation of epithelial VAF, AKT signaling and
subsequent cyst development (Fig. 7A). However, in mammary
tissue, hyperplastic epithelia and stromal tissue were comprised
of both GFP-positive and negative cells (Fig. 7B). In some areas,
nearly all of the hyperplastic epithelia were negative for GFP
(Supplementary Material, Fig. S9A and B). These data suggest
that Akt1E17K-positive cells may be signaling neighboring variant-
negative cells to proliferate. Elevated pAKT staining in hyper-
plastic GFP-negative alveolar epithelia in these areas supports
this hypothesis. Even in VMs where the endothelial lining of
ectatic vessels was largely GFP-positive, areas of GFP-negative
endothelia were positive for pAKT (Fig. 7C and Supplementary
Material, Fig. S9C and D). Increased pAKT signal in Akt1E17K-
negative lesional cells suggests that the Proteus syndrome vari-
ant can drive overgrowth in a non-cell autonomous manner.

Discussion
While no animal model can replicate all aspects of a given
disease, creating a system that models the pathophysiology
of the disease under the control of the animal’s endogenous
regulatory and developmental program is important for making
physiologically-relevant discoveries. That Proteus syndrome is
both remarkably heterogeneous and extremely rare is a further
impetus to develop a faithful animal model for this severe and
often fatal disease. To that end, we used two strategies for
the development of a mouse model for Proteus syndrome. The
chimera method used blastocyst injection of Akt1E17K-positive
ES cells. Mosaic mice were created by crossing Akt1WT/flx con-
ditional mice with mice ubiquitously expressing an inducible

Cre allele and activating CRE by a single dose of tamoxifen at
E5.5. While both methods generated Proteus syndrome animals
that manifested several of the characteristic types of overgrowth
seen in the human disease including VMs, cysts, hyperplasia
and stromal expansion, the chimeric method appeared more
successful as measured by the number of animals with VAF
> 20% and the number of animals with lesions. Higher doses
and earlier injection of tamoxifen would likely increase the VAF
in mosaic animals and potentially yield more severely affected
mice, although this might also increase their prenatal lethality.

AKT1 is considered oncogenic and has shown transforming
ability in vitro (31), however, AKT1 variants in tumors are rela-
tively infrequent. It is most frequently associated with breast
cancer where it is expressed in ∼ 3% of tumors. Mosaic mice did
not develop mammary cancer, but they did exhibit hyperplasia
and ductal ectasia that was quite extensive in some. These
changes were similar to those seen in a study using MMTV-
driven expression of Akt1E17K (15). However, the extent of the
hyperplasia appeared greater in several of our Proteus syndrome
mice compared with those with MMTV-driven expression of
Akt1E17K and was more similar to what was seen when HER2
was also overexpressed in the mammary tissue (15). In addition,
some Proteus syndrome animals developed polypoid projections
of disorganized mixed adipose and stromal tissue that invagi-
nated into the mammary ducts, which was not reported in the
MMTV-Akt1E17K study. It is possible that if mice with MMTV-
driven Akt1E17K were allowed to age longer than 1 year, the hyper-
plasia would reach levels seen in some of the Proteus syndrome
animals. Alternatively, in the MMTV transgenic model, Akt1E17K

expression was restricted to cells where the MMTV promoter
was expressed, whereas any cell type in the Proteus syndrome
mice could harbor Akt1E17K and therefore non-MMTV expressing
cells could contribute to the increased hyperplasia seen in the
Proteus syndrome animals.

Previous studies have shown that the VAF in tissues from
patients with Proteus syndrome did not correlate well with the
histopathology of that tissue (1,3). Due to clinical considerations,
human samples used for VAF determination are usually a small
percentage of the organ or tissue being evaluated and therefore
may not accurately represent the overall mutation burden of
that tissue. However, in the single example of an autopsy of
an individual with Proteus syndrome, more tissue could be
collected and assayed and there was still poor correlation of
VAF and histopathological effect (3). We hypothesize that disease
manifestations in Proteus syndrome are due to a constitutive
AKT signaling in a small subset of key cells within a tissue
and conversely, that unless there are enough of these critical
Akt1E17K-positive driver cells, a lesion will not form. This would
explain how an apparently unaffected tissue could have a high
VAF, and a highly affected tissue could have a low VAF. Identi-
fication of Akt1E17K-positive cells tissues from the chimeras was
an important first step in addressing this issue.

The chimera method of modeling Proteus syndrome provided
a window into this relationship as the Akt1 mutational status
of the cells could be distinguished, using GFP expression. Mul-
tiple tissues from several chimeras showed apparently random
patterns of GFP expression that encompassed many cell types
in unaffected tissue. This suggests that the simple presence or
absence of Akt1E17K-positive cells in a particular cell type is not
sufficient for overgrowth to occur, though it does not rule out the
idea that a certain threshold of local concentration of mutant
cells is necessary to begin or maintain a lesion. Whether a single
cell type is sufficient for lesion formation could be tested using
tissue specific Cre alleles that can force Akt1E17K expression in all

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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Figure 7. Identification of Akt1E17K-positive cells and increased AKT signaling in lesional tissue of chimeric Proteus syndrome mice. Hematoxylin and eosin staining

and immunostaining with antibodies to green fluorescent protein (GFP), pAKT, and CD31 are shown. (A) A collapsed biliary cyst from chimera E-3 showed that the

epithelial cells lining the cysts were predominantly GFP (Akt1E17K)-positive. Phospho-AKT staining correlated with the GFP staining in the cyst. (B) Immunostaining

showed hyperplastic mammary alveolar epithelia were comprised of both GFP-positive (blue arrows) and GFP-negative (green arrows) cells. In the higher magnification

images, hyperplastic GFP-negative alveolar epithelia that stained positive with the pAKT antibody can be seen (compare color-matched circles). (C) CD31-positive

endothelial cells lining the ectatic channels of a VM found in a peri-ovarian lymph node in A-9 were largely GFP-positive. Importantly, substantial numbers of

GFP-negative endothelial cells were found that stained positive for pAKT.
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cells of a given type. However, this simplistic view is not likely
to be the case in all types of Proteus syndrome overgrowth. The
evidence of paracrine signaling in the mouse mammary and
vascular tissue suggests that intercellular signals may also play
a role in lesion formation.

The finding of the Akt1E17K variant in the peripheral blood of
Proteus syndrome mice was an unexpected result. In humans
with Proteus syndrome, detectable levels of the AKT1 c.49G > A
variant in peripheral blood have been reported in only 2 individu-
als out of more than 40 evaluated ((1) and Lindhurst et al., unpub-
lished observations). The two patients that did show evidence
of peripheral blood mosaicism for this variant were deceased
at the time of the analysis (the experiment was performed on
their banked blood sample) and thus the result could not be
confirmed by collecting a second sample. We conclude either
that (1) the observed mosaicism was due to sample contamina-
tion and that detectable levels of AKT1 c.49G > A in peripheral
blood is not observed in humans or (2) that detectable levels
of AKT1 c.49G > A in peripheral blood is an uncommon occur-
rence. We hypothesize that the human AKT1 c.49G > A variant is
lethal to hematopoietic cells, or drives hematopoietic stem cell
progenitors to lineage commitment, which would exhaust the
pool of mutant progenitor cells. That a detectable VAF was seen
in 27 of 31 Proteus syndrome mice is remarkably different than
the human observation. We propose two alternative models to
explain this observation. The first is that the role of the AKT-
PI3K pathway in murine hematopoiesis is distinct from that in
humans and that constitutive activation of this pathway in the
mouse does not exhaust the mutant progenitor pool. The second
explanation is that the lineage exhaustion process occurs over
time and the mice in our experiments were not old enough to
demonstrate this. Further work is warranted to address these
hypotheses.

Understanding mosaic disease is challenging because not
only does one have to understand the regulation and mutation
mechanism of the causative gene, but also one has to account for
the heterogenous nature of the presentation in each individual
and the variation in the spatial and temporal expression of the
mutation among patients with Proteus syndrome. The mouse
model manifests several key aspects of the disease and has given
us new insights into how Proteus syndrome overgrowth develops
and will be a valuable tool for future studies and therapeutic
treatments designed to leverage a system that relies on both the
endogenous regulation of Akt1 and precise mutation mechanism
found in the disease.

Materials and Methods
Targeting construct

The targeting vector pBLAkt1MutFL was constructed using stan-
dard molecular biology techniques in a multistep process (Sup-
plementary Material, Fig. S1A). First, a 1.5 Kb fragment containing
Akt1 exon 3 was amplified from the 129Sv bMQ BAC library
clone 278p07 using a primer that introduced a LoxP site at the
5′ end of the fragment, ligated into a pBluescript vector, and
mutagenized to create the c.49G > A p.(E17K) variant. The insert
was then excised from pBluescript and ligated into the plasmid
pSP72-T3-IRES-βGeo downstream of the poly A signal sequence
adding a loxP site and the Akt1 mutagenized sequence 3′ to the
βGeo gene (fusion of the LacZ and neomycin resistance genes).
Prior to ligation of the Akt1 sequence, pSP72-T3-IRES-βGeo was
modified by introducing a splice acceptor site upstream of the
IRES. Next, primers were used to amplify a 1.6 Kb fragment from

278p07 immediately adjacent to the amplified exon 3-containing
fragment used for mutagenesis. For this amplicon, a LoxP site
was introduced at the 3′ end so that ligation of this fragment 5′

to the splice acceptor site in the pSP72 plasmid would result in
a LoxP flanked βGeo cassette. To extend the region of homology
for targeting, 3.3 Kb and 3.2 Kb fragments were amplified and
ligated to the 5′ and 3′ ends of the pSP72 plasmid insert, respec-
tively. The entire insert was excised from pSP72 and ligated
into pBL253 to create the targeting construct, pBLMutAkt1FL. All
coding and junctional regions were sequenced verified in the
final construct. Primers used for amplifying Akt1 are listed in
Supplementary Material, Table S5.

pBLMutAkt1FL was linearized with PmeI and transfected
into HG3 ES cells (passage 7 C57BL/6 J-Tg (UBC-GFP)30Scha/J
X 129SvEvTac) B6/129 hybrid ES cells that expresses GFP from
the ubiquitin C promoter. Electroporation of HG3 cells were
performed by standard methods (32). Long PCR (AccuPrimeTM

Taq DNA Polymerase kit, Thermo Fisher Scientific Inc., Waltham,
MA) was used to screen ES clones for homologous recombination
using primers listed in Supplementary Material, Table S5. One
primer of each pair bound to sequence outside of the targeted
region and the other to sequence in the βGeo cassette. Southern
blot analyses confirmed homologous recombination in seven
ES clones (Supplementary Figure, S1B) and one, Akt1–18, was
chosen for microinjection into C57BL/6 J 8-cell embryos. Five
chimeras had germline transmission of the conditional Akt1
allele (Akt1flx) and were used for generation of mosaic animals
or to establish the B6.129Akt1tmfl/Lind conditional line. A second ES
cell line was created by transfection of a plasmid containing Cre
into Akt1–18 ES cells. Individual colonies were isolated, grown
in the presence of G418 and tested for recombination at the loxP
sites. One colony, Akt1�neo3, was correct and was expanded for
further studies.

Mouse procedures

All procedures were approved by the NHGRI Animal Care and
Use Committee under the protocol G-14-1. Mosaic animals
were created by timed matings of chimeras carrying the Akt1flx

allele or F1 offspring from the B6.129Akt1tmfl/Lind conditional
line to 129-Gt (ROSA)26Sortm1(cre/ERT)Nat/J mice (Jackson Laboratory
stock #004847). A stock solution of 4-hydroxytamoxifen (product
#H7904, Sigma-Aldrich Inc., St. Louis, MO) dissolved in ethanol
at 20–40 mg/ml and then diluted with an equal volume of
Kolliphor® EL (product #C5135, Sigma-Aldrich Inc.) was made
and then further diluted with saline to make a final concen-
tration of 1.7, 4 or 8 μg tamoxifen/g body weight in 100–300 μL.
Pregnant females were dosed at E5.5 by intraperitoneal injection.
Chimeric animals were created by injection of Akt1�neo3 ES
cells into C57BL/6 J blastocysts using 1–3 cells for injection.

Mosaic animals and control littermates were allowed to
age and monitored for signs of overgrowth or abnormalities
as well as discomfort or distress. Animals were euthanized by
CO2 inhalation when distress could not be medically managed,
growths approached 2 cm, or they reached 20–27 months of age,
whichever occurred first. Necropsies were performed to identify
gross changes and collect tissues for microscopic evaluation
and mutation detection. For most organs, one-fifth to one-half
of the organ was frozen for mutation detection with the rest
fixed for histology. For smaller paired organs, e.g. lymph nodes,
ears, ovaries or testes, one was frozen and the other fixed. A
small piece of dorsal and ventral skin, back muscle, peritoneal
wall and omental fat was collected for mutation detection with

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz116#supplementary-data
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adjacent pieces fixed for histology. Muscle was evaluated in
the limbs that were fixed intact. Formalin-fixed tissues were
embedded, sectioned and stained with hematoxylin and eosin
(Histoserv Inc. Germantown, MD). Immunohistochemistry was
performed using standard protocols. Briefly, after rehydration
steps, slides were steamed for 20 min in 1X Hier solution and
then washed with Tris-buffered saline plus 0.05% Tween 20
(TBST). Endogenous enzymes and proteins were blocked for
12 min using Bloxall (Vector Laboratories, Inc., Burlingame, CA)
followed by washing in TBST and incubating in protein block
(product #X0909, Agilent Technologies, Inc., Santa Clara, CA
or product #15019, Cell Signaling Technology, Inc., Danvers,
MA). Primary antibodies were diluted as follows: GFP 1:1000
(product #2555), pAKT(S473) 1:25 (product #3787), CD31 1:200
(product #77699) from Cell Signaling Technology, Inc. and
LYVE-1 1:1000 (product #ab14917, Abcam plc., Cambridge, MA)
and hybridized overnight at 4◦C. After washing, slides were
incubated for 30 min with SignalStain® Boost (product #8114)
washed and developed using the SignalStain® DAB Substrate
kit (product #8509) from Cell Signaling Technology. Slides were
counterstained with hematoxylin, dehydrated and mounted
with CytoSeal 60 mounting medium (Thermo Fisher Scientific
Inc., Waltham, MA).

DNA and RNA isolation, genotyping and sequencing

DNA was isolated from frozen tissue by phenol/chlorofor-
m/isoamyl alcohol extraction followed by ethanol precipitation.
RNA and DNA were isolated from ES cells using the AllPrep
DNA/RNA/miRNA Universal kit (Qiagen Sciences, Inc., German-
town, MD). Genotyping was performed using two separate
PCR reactions. Primers mAkt1N2-MF1 and mAkt1N2-MR16
(Supplementary Material, Table S5) amplify a 193 bp fragment
from the wild-type allele and a 225 bp fragment from the mutant
allele because of the 32 bp LoxP site that remains after Cre
recombination. The Akt1flx allele was identified using primers
SV40-MF1 and mAkt1N2-MR3 and Cre was identified using
primers Cre-MF1 and Cre-MR1. At least two tissues from control
animals that carried a Cre gene were tested to ensure the absence
of the Akt1flx allele. Conversely, for control animals that carried
the Akt1flx allele, at least two tissues were tested to ensure the
absence of Cre. For cDNA, amplification and sequencing was
performed using the OneStep PCR kit (Qiagen Science Inc.)
and BigDyeTerminator cycle sequencing kit (Thermo Fisher
Scientific Inc., Waltham, MA) and separated using an ABI 3130
Genetic Analyzer (Thermo Fisher Scientific Inc.).

VAF detection

The VAF levels for the tamoxifen mosaic animal tissue DNAs
were determined using the genotyping assay for the mutant
and wild-type alleles described above with the following mod-
ifications. A FAM-labeled mAKT1N2-MR16 primer was used for
amplification and the resulting fragments were separated on
the ABI 3130 Genetic Analyzer and processed using GeneMapper
software (Thermo Fisher Scientific, Waltham, MA). The VAF lev-
els were calculated by dividing the area under the mutant peak
by the combined areas of the mutant and wild-type peaks. The
VAF levels in for the chimera tissue DNAs were determined by
droplet digital PCR (ddPCR) using a custom assay for the Akt1
c.49G > A p.(E17K) variant and the QX200 ddPCR system (Bio-Rad
Laboratories, Inc., Hercules, CA). Littermates of chimeric animals
were uses as controls if the VAF determined by the ddPCR custom
assay was zero in all amplifiable tissue. The number of tissues

tested per control animal ranged from 22 to 33. VAF data was
visualized in R (33) using ggplot2 (34) and ggbeeswarm packages
https://CRAN.R-project.org/package=ggbeeswarm.

Statistics

Statistical significance of lesion frequency was calculated by the
Fisher’s exact test using Prism 8 software (GraphPad Software,
Inc., San Diego, CA).

Supplementary Material
Supplementary Material is available at HMG online.
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