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Centrosome loss activates a protective p53-dependent cell cycle arrest
Bramwell G. Lambrus
Abstract
Centrosome function has been difficult to study due to a lack of specific tools that allow
persistent and reversible centrosome depletion. Here, we combine gene targeting with an auxininducible degradation system to achieve rapid, titratable, and reversible control of Polo-like
kinase 4 (Plk4), a master regulator of centrosome biogenesis. Depletion of Plk4 led to a failure of
centrosome duplication that, surprisingly, produced an irreversible cell cycle arrest within a few
divisions. This arrest was not caused by known mechanisms, such as chromosome segregation
errors, oxidative stress, prolonged mitosis, or DNA damage. This provides evidence for a novel
surveillance pathway, which triggers growth arrest in cells with abnormal centrosome number. A
genome-wide CRISPR/Cas9 knockout screen identified p53 and 53BP1 as two components of
the surveillance pathway. Knockout of either gene allowed continued proliferation in the absence
of centrosome duplication, resulting in a population of cells lacking centrosomes. These cells
exhibit increased frequencies of mitotic errors, highlighting the importance of the centrosome
surveillance pathway for protecting genome integrity. In summary, we generate a valuable tool
for the study of centrosome biology, and uncover a novel surveillance mechanism that prevents
cell growth following centrosome duplication failure.
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Centrosome loss activates a protective p53-dependent cell cycle arrest
Bramwell G. Lambrus
Centrosomes are the major microtubule organizing centers of animal cells, and are comprised
of pericentriolar material (PCM), recruited around a pair of microtubule-based structures called
centrioles (1, 2). Centrioles act as the centrosome organizer, and thus their duplication controls
centrosome number. Like DNA, centriole duplication takes place exactly once per cell cycle,
during S-phase (3). This tightly controlled process ensures the generation of two centrosomes
that form the poles of the mitotic spindle, a role proposed to be important for successful bipolar
divisions. Errors in centriole duplication lead to abnormal centrosome number, which often result
in chromosome segregation errors and the production of aneuploid progeny (4), highlighting the
importance of precise centriole duplication for genome stability. Despite the importance of
centrosome copy number control, the duplication process remains poorly understood. This is due
in part to a shortage of tools with which to interrogate centriole assembly.
Polo-like kinase 4 (Plk4) has been identified as a conserved, dose-dependent regulator of
centriole duplication, yet its regulation and substrates remain largely unknown (5, 6). Thus, tools
to manipulate Plk4 function have great potential to inform us of centriole biology. Traditional
approaches such as RNA interference and gene knockout approaches have been used to disrupt
Plk4 function, but these strategies are slow-acting and not readily reversible. An alternative
approach is chemical inhibition of Plk4 kinase activity. However, this has been hampered by the
difficulty of developing specific Plk4 inhibitors (7, 8).
To address the challenge of studying Plk4 and centriole biology, we developed a chemical
genetics approach to rapidly and reversibly control Plk4 protein abundance in cells, exploiting an
auxin-inducible degradation system endogenous to plants (9). In plants, auxin promotes the
binding of the F-box protein osTIR1 to proteins containing an auxin-inducible degron (AID). In
the presence of auxin, osTIR1 recruits AID-containing proteins to the SCF ubiquitin ligase,
where they are ubiquitinated and targeted for proteasomal degradation. Ectopic expression of
osTIR1 in mammalian cells generates an SCFTIR1 complex and enables auxin-inducible
destruction of AID-tagged transgenes (10). We aimed to apply this system to post-translationally
control the abundance of endogenous Plk4 in human cells (Fig. 1A).
We used sequential rounds of gene targeting to knock-in the AID onto the C-terminus of both
endogenous Plk4 alleles in human RPE-1 cells. Each Plk4 allele was tagged at the C-terminus
with an HA or 3x FLAG tag, to facilitate detection. Two Plk4AID-HA/AID-3xFLAG (hereafter referred to
as Plk4AID/AID) clones were obtained, and behaved similarly in all assays, displaying normal
centrosome copy number and cell cycle profiles. Next, osTIR1-9xMyc was stably expressed in
Plk4AID/AID cells, to place the stability of Plk4AID under the control of exogenous auxin (Fig. 1A).
To test the responsiveness of the system, auxin (IAA) was added to Plk4AID/AID cells at different
time points, and Plk4 levels were assessed by immunoprecipitation with a FLAG antibody and
detection by immunoblot. We observed rapid depletion of Plk4 upon addition of IAA, with Plk4
falling below the limit of detection within 10 minutes of treatment (Fig. 1B). We tested the
functional effect of depletion by analyzing centriole duplication 24 hours after induction, and
confirmed that induced Plk4 depletion results in centriole duplication failure (Fig. 1C). Washout
of IAA allowed Plk4 to return to original levels within 3 hours (data not shown). Altogether, we
have generated a fast-acting, inducible tool with which to study centriole and centrosome
biology.
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Surprisingly, when this system was applied to study how cells respond to chronic centrosome
duplication failure, we observed a penetrant cell cycle arrest 48 hours after depletion of Plk4
(Fig. 1D). Analysis of centriole content revealed that centriole copy number decreased
dramatically in the first 48 hours, as cells continue to divide in the absence of centriole
duplication (Fig. 1E). After this time, centriole number remained constant, consistent with the
observed growth arrest.
To understand the cause of the growth arrest, we examined how centrosome loss affects cell
division by filming Plk4AID/AID cells co-expressing RFP-tubulin, GFP-H2B, and the centrosome
marker GFP-Cep63 (11). Although we observed a modest increase in chromosome
missegregation errors, the frequency of these errors was too small to account for the growth
arrest (Fig. 1F). Interestingly, the average time in mitosis increased significantly over time in
cells with reduced centrosome number (Fig. 1G). It has previously been reported that prolonged
mitosis duration in RPE1 cells triggers a durable G1-arrest (12). We asked whether this could
account for the cell cycle arrest observed after centrosome duplication failure. By lineage-tracing
cells over time in IAA, we analyzed the mitosis duration of individual cells, as well as the fate of
their daughters (Fig. 1H). We found that the growth arrest could not be explained by prolonged
mitosis duration, as many cells arrest despite completing mitosis well under the tolerated time
window.
Previous work has shown that DNA damage, Hippo pathway activation or excessive
oxidative stress can cause a cell cycle arrest (13). However, centrosome loss did not lead to a
detectable increase in DNA damage (measured by γH2A.X phosphorylation) or Hippo pathway
activation (revealed by LATS2 or YAP phosphorylation) in Plk4AID/AID cells (Fig. 1I). Growth in
low-oxygen conditions also did not affect the growth arrest (data not shown). Taken together, our
results indicate that the G1 arrest following centrosome loss is not due to any of the previously
described mechanisms that control cell cycle progression. Since centrosome loss can promote
mitotic errors, we propose that a “centrosome surveillance pathway” acts to protect genomic
stability by preventing growth in cells with abnormal centrosome numbers.
We reasoned that such a pathway would be mediated by components which, when depleted,
would prevent the growth arrest. To identify components of this centrosome surveillance
pathway, we established a genome-wide CRISPR/Cas9 knock-out screen (14) to look for loss-offunction mutations that allow continued growth following centrosome loss. We stably expressed
Cas9 in Plk4AID/AID cells, then transduced these cells with the a genome-wide single guide RNA
(sgRNA) library (Fig. 2A), which results in site-specific DNA cleavage and frame-shift knockout
mutations by low-fidelity repair. Samples were collected before and 42 days after inhibiting
centrosome duplication.
Deep sequencing of sgRNAs revealed a dramatic enrichment for guides targeting p53 and
53BP1 in the selected population (Fig. 2B). We used 3-5 individual sgRNAs to validate these top
candidates and showed by clonogenic assay that independent knockout of p53 and 53BP1
allowed cells to proliferate despite centrosome loss (Fig. 2C-D). Strikingly, continued growth in
the absence of p53 or 53BP1 resulted in a >90% acentrosomal cell population (Fig. 2E, data not
shown). To examine the nature of mitosis in cells lacking centrosomes, we co-expressed RFPtubulin, GFP-H2B, and GFP-Cep63 in p53-depleted Plk4AID/AID cells and filmed chronically
treated cells. While cytokinesis failure occurs only rarely in untreated cells, acentrosomal cells
failed cytokinesis in 20% of mitoses, and chromosome missegregation increased from 15% to
40% (Fig. 2F). These results illustrate the importance of a centrosome surveillance pathway in
preventing progression into a genomically unstable acentrosomal state.
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The accurate transmission of genetic material is fundamental for cell and organismal
viability. Therefore, processes involved in replicating and transmitting the genome, such as DNA
replication and spindle assembly, require robust quality control mechanisms. By generating a
chemical genetic system that enables interrogation of centrosome biology, we have uncovered a
novel quality control pathway for monitoring centrosome status in cells. This p53- and 53BP1dependent surveillance pathway prevents growth in the presence of abnormal centrosome
number, protecting cells from entering unstable acentrosomal mitoses. Future work will focus on
identifying the mechanism by which centrosome loss triggers p53 and 53BP1 signaling in the
centrosome surveillance pathway. As abnormal centrosome copy number is prevalent in cancer
cells, we hope that understanding the fundamental pathways that protect against the development
of aberrant centrosome status and genome instability will allow us to better design therapeutic
strategies for the prevention and treatment of the disease.
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Centrosome amplification promotes spontaneous tumorigenesis in mammals
Michelle S. Levine
Abstract
Centrosomes are organelles that are responsible for organizing the bipolar spindle in
mitosis. Centrosome copy number is usually tightly controlled so that each cell contains
exactly two centrosomes upon entering mitosis. However, in cancers, cells often contain
extra centrosomes (known as centrosome amplification)—a feature that is strongly
correlated with high tumor grade and poor prognosis. These extra centrosomes have been
proposed to promote chromosome segregation errors that drive aneuploidy and
malignancy. However, the causative link between centrosome amplification and
tumorigenesis has been previously unstudied due to the lack of tools to manipulate
centrosome number alone. Here, we exploit our knowledge of the master regulator of
centrosome biogenesis, Plk4, to create a mouse model in which levels of this protein can
be modestly overexpressed to drive centrosome amplification. With this model, we can
drive robust centrosome amplification and aneuploidy in diverse tissue types. Using a
mouse model of intestinal neoplasia, we observe that centrosome amplification causes an
increase in tumor initiation. Most importantly, we find for the first time that centrosome
amplification is sufficient to promote spontaneous tumorigenesis in an animal model.
This work provides an answer to a long-standing question in the field of centrosome
biology and supports the targeting of cells with extra centrosomes in cancer therapy.
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Centrosome amplification promotes spontaneous tumorigenesis in mammals
Each time a cell divides it must make a complete copy of its entire genome and then
segregate this genome such that both daughter cells receive all the genetic information
required for further growth and development. Key to faithful cell division is the presence of
exactly two centrosomes during mitosis to build the bipolar spindle apparatus that segregates the
chromosomes. Cells begin the cycle with a single centrosome that duplicates only once to ensure
cells have two copies of this organelle when they divide (1). This faithful control of centrosome
number is deregulated in a wide array of tumor types, resulting in the acquisition of extra copies
of centrosomes (referred to as centrosome amplification) (2). Centrosome amplification causes
mitotic errors in cultured cells that result in chromosome missegregation and chromosomal
rearrangements that are frequently observed in human tumors (3, 4).
Although centrosome amplification is recognized as a hallmark of genomically unstable
cancer (2), the experimental tools to test whether supernumerary centrosomes drive
tumorigenesis have been lacking. Furthermore, previous studies have been unable to separate a
role of centrosome amplification from established oncogene or tumor suppressor pathways (5, 6).
Thus, despite a large body of circumstantial evidence linking extra centrosomes to the
development of cancer, it remains untested whether supernumerary centrosomes actively drive
tumorigenesis or whether they are simply a byproduct of cellular transformation.
To address this long-standing question, I exploited our improved knowledge of the
control of centrosome biogenesis to generate an animal model in which extra centrosomes can be
inducibly generated in vivo. Our experimental model builds on evidence from our lab and others
that Polo-like kinase 4 (Plk4) regulates centrosome copy number (7-9). Thus, I generated a
mouse model in which Plk4 levels can be modestly elevated to drive centrosome amplification in
the absence of additional genetic defects (Figure 1A). Plk4 expression was under tight
doxycycline control and consequently, this transgenic mouse is hereafter referred to as Plk4Dox.
To provide an initial characterization of our model, I derived mouse embryonic
fibroblasts (MEFs) and exposed them to doxycycline in vitro. This led to a very modest elevation
in Plk4 levels (1.5 fold), but a robust increase in centrosome copy number, with ~70% of cells
displaying centrosome amplification by three days after doxycycline addition (Figure 1B and 1C).
As expected, these supernumerary centrosomes promoted chromosome missegregation leading to
aneuploidy (Figure 1D).
To characterize the extent of Plk4 overexpression and centrosome amplification in vivo,
mice were sacrificed after 1 month of doxycycline treatment. Plk4 mRNA levels were increased
in all tissues examined, with the exception of the brain where overexpression was not expected,
due to the locus at which Plk4 is expressed (Figure 1E). Increased levels of Plk4 drove persistent
centrosome amplification across multiple tissue types, validating this model as a tool to test the
long-term effects of centrosome amplification in vivo (Figure 1F).
To examine the link between extra centrosomes and mitotic errors in vivo, we examined
the levels of aneuploidy in different tissue types. In the spleen, total chromosome numbers were
quantified from mice treated with doxycycline for 1 month or 8 months. Centrosome
amplification increased the number of aneuploid cells over time in the spleen (Figure 1G). I used
whole genome sequencing of single cells to identify the karyotypes of adult skin cells. In control
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animals, all cells sequenced were diploid. However, in mice with centrosome amplification, up
to one-third of epidermal cells sequenced were aneuploid (Figure 1H). Therefore, centrosome
amplification promotes chromosome missegregation and aneuploidy in vivo.
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Figure 1. Modest Plk4 overexpression drives centrosome amplification and aneuploidy in vitro and in vivo. (A)
Schematic of the mouse model created for doxycycline-inducible overexpression of Plk4. (B) Quantification of Plk4
levels at the centrosome in Plk4Dox mouse embryonic fibroblasts (MEFs). N=3, >150 centrosomes per experiment.
(C) Quantification of the level of centrosome amplification in Plk4 Dox MEFs. N=3, >150 centrosomes per
experiment. (D) Quantification of percent of cells containing <2 or >2 copies of chromosomes 15 or 16, as
determined by FISH. N=3, >150 cells per experiment. (E) Graph showing Plk4 mRNA expression levels relative to
controls in different tissues, as determined by qPCR analysis. N=3, performed in triplicate. (F) Quantification of
centrosome amplification in control and Plk4Dox mice. N=3, >150 cells per experiment. (G) Graph showing
quantification of severely aneuploid cells (4N ± >2 chromosomes) of splenocytes from 1-month or 8-month old
control and Plk4Dox mice. N=3, >120 cells per experiment. (H) Table showing fraction of aneuploid cells determined
by single-cell sequencing of control and Plk4Dox epidermal cells. All data represent the means ±SEM. *P < 0.05, **P
< 0.01, ***P < 0.001; two-tailed Student’s t-test. Scale bars represent 10 µm. !
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To establish whether centrosome amplification could affect the initiation and/or
progression of tumors, I used a well-established mouse model of intestinal neoplasia (10). The
power of this model is that tumor initiation and progression can be distinguished and quantified
by measuring total polyp number and size, respectively. Using this model, I established that extra
centrosomes promote increased initiation, but not progression, of intestinal tumors (Figure 2A
and 2B).
To determine the long-term consequence of centrosome amplification, I aged a cohort of
control and Plk4Dox mice in a survival study. Strikingly, mice with centrosome amplification
developed spontaneous tumors starting at about 9 months of age (Figure 2C). Animals with
supernumerary centrosome developed spontaneous lymphomas, squamous cell carcinomas, and a
sarcoma. These tumors contained robust centrosome amplification (Figure 2D).
Low-coverage whole genome sequencing revealed that the tumors that develop in mice
with centrosome amplification are highly aneuploid (Figure 2E). This supports the hypothesis
that centrosome amplification drives chromosome missegregation and aneuploidy to promote
tumorigenesis. Consistent with this proposal, lymphomas and squamous cell carcinomas
exhibited recurrent aneuploidies, suggesting that particular karyotypes offer a selective
advantage during tumor evolution.
Here, I have employed Plk4 overexpression as a tool to drive the production of extra
centrosomes. Although there is currently no strong evidence to support roles of Plk4 outside of
centrosome biogenesis, I cannot rule out additional functions of this kinase. To address this, I
transiently dosed mice for one month with doxycycline. While Plk4 levels return to baseline after
one month, extra centrosomes persist in these mice over one year later (Figure 2F). This is
consistent with the fact that extra centrosomes acts as templates for the subsequent duplication
cycles and are stably propagated in the absence of continued increases in Plk4 levels.
Importantly, animals that were transiently-dosed with doxycycline developed a similar spectrum
of tumors as the chronically-treated mice—lymphomas, sarcomas and squamous cell carcinomas
(Figure 2G). These data strongly suggest that extra centrosomes, and not increased levels of Plk4
per se, drive tumor formation in this model.
Centrosome number is normally tightly controlled in cells to maintain genomic integrity.
Cancer cells often contain too many centrosomes, but the contribution of these extra centrosomes
to tumorigenesis has remained controversial. We show that centrosome amplification is
sufficient to promote tumorigenesis by promoting chromosome segregation errors. This provides
the first direct causative link between centrosome amplification and tumorigenesis.
Tumors that develop in mice with extra centrosomes recapitulate the hallmark karyotype
diversity that is frequently observed in human cancers. This suggests that our animal model may
closely reflect the phenotypes of genetically unstable human tumors. Finally, our model offers an
experimental platform to test the therapeutic targeting cells with extra centrosomes in cancer.
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Figure 2. Centrosome amplification is sufficient to drive spontaneous tumorigenesis.
(A and B) Graphs plotting total number of tumors (A) and average tumor size (B) in control (APCmin/+) and
experimental (APCmin/+; Plk4Dox) mice treated with doxycycline from 1 week of age and sacrificed at 12 weeks old.
Representative images of polyps in control and experimental mice (right). (C) Kaplan-Meier survival curve
showing tumor-free survival of Plk4Dox (red line) and C57BL/6J control (blue line) mice chronically treated with
doxycycline from 1-2 months of age. (D) Quantification of centrosome amplification in centrosome amplificationdriven lymphomas (lymph.) and squamous cell carcinomas (SCC) as compared with p53-/--driven lymphomas. (E)
GISTIC analysis of all lymphomas and squamous cell carcinomas from mice with centrosome amplification. Red
bars represent gains of the respective chromosomes and length of bar represents the statistical significance of the
recurrent gain of that chromosome. (F) Graph showing quantification of cells with centrosome amplification in
mice transiently dosed with doxycycline. (G) Kaplan-Meier survival curve showing overall survival of mice
overexpressing Plk4 for one month (red line) compared with controls (blue line). A dip in the curve represents a
mouse that died in the study, and black shapes indicate mice that died of a tumor(s). All data represent the means
±SEM. *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed Student’s t-test. Scale bars represent 10 µm. !!
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Mechanical encoding during active touch
and self-motion
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Touch perception depends on integrating
signals from multiple types of peripheral
mechanoreceptors. Merkel-cell associated
afferents are thought to play a major role in
form perception by encoding surface
features of touched objects. However,
Merkel afferent activity has not been
directly measured during active touch.
Merkel and unidentified slowly adapting
afferents in the whisker system of behaving
mice respond robustly during active touch
and, surprisingly, respond during selfmotion. Touch responses were dominated by
sensitivity to bending moment (torque) at
the base of the whisker and its rate of
change. Self-motion responses encoded
whisk phase, the position within a whisk
cycle, not absolute whisker angle. These
phase-tuned responses arose from stresses
reflecting whisker inertia and activity of
specific muscles. Thus, Merkel afferents
send to the brain multiplexed information
about surface features and whisker position,
suggesting that touch and proprioception
converge at the earliest neural level.
Touch perception originates in
mechanosensory endings in the skin. Distinct
types
of
mechanosensory
neurons,
distinguished by the structure of their nerve
endings, have been described in many
mammalian systems, including the primate
finger tip1 and mouse hairy skin2. Merkel cellassociated primary afferents are thought to be
important for the perception of spatial form of
touched objects and are concentrated in areas
with high sensitivity, such as human fingertips

and rodent whiskers. Whereas we humans use
our hands to explore the tactile world, mice and
rats typically sweep their whiskers to sense
their physical surroundings. Mouse whiskers
serve as a powerful model for us to understand
how the brain encodes and integrates
sensorimotor information because of wellmapped circuits, control of touch input, and
genetic accessibility. It is also relatively
straightforward to mechanically model the
whisker compared to the human hand. For
these reasons, we developed a preparation to
study how Merkel afferents encode mechanics
during active whisking.
We recorded extracellularly from
primary afferent neurons with single whisker
receptive fields. Merkel afferents were
identified using an optogenetic tagging
technique in the TrkCCreER mouse line
expressing channelrhodopsin specifically in
Merkel afferents3. We captured high speed
video of this whisker and recorded afferent
responses as the mouse whisked against a thin
pole. We then aimed to correlate contact forces
with resultant spiking and determine which
mechanical features best explain the spiking
activity of identified Merkel afferents.
When the whisker contacts an object, it
bends and causes changes in whisker curvature
measured in the video. We input this curvature
and post hoc measurements of the whisker into
established models of whisker mechanics4. The
whisker model accurately estimates force (𝐹⃑ )
exerted by the stationary pole and torque, or
moment (M0), exerted at the base of the whisker
for each independent video frame (Figure 1A).
M0 is expected to cause spiking in
mechanosensory afferents with endings in the
whisker follicle5,6. Here, we found that Merkel
and unidentified afferents responded primarily
during one direction of contact, either
protraction (pushing forward) or retraction
(pulling back). M0 is positive during protraction
and negative

Figure 1. Mechanical modeling predicts
spiking in SA and Merkel afferents. (A) Video
frame of whisker showing normal force (𝐹⃑ ) and
⃑⃑⃑ 0) exerted by pole contact.
bending moment (𝑀
(B) Moment was inputted to a simple
viscoelastic model. Total stress (σtotal) resulted
from the sum of stress on a spring (σspring) and
a dashpot (σdashpot). (C) The viscoelastic model
predicted spikes for slowly adapting (SA,
black) and Merkel (blue) units as well as a
generalized additive model (GAM, mean ±
95% CI). (D) Moment (top), modeled stresses
(middle), and spiking (grey ticks, actual spike
times; black, predicted spike rate) during an
example whisker touch. Modified from
Severson et al. 2017.
during retraction. We applied a generalized
additive model (GAM) to determine which
combination of mechanical variables best
explain spiking. Briefly, M0 and its rate of
change, M0’, predicted spiking the best.
Interestingly, sensitivity to these two variables
seemed to interact in a more or less linear
fashion. It is straightforward to understand why

M0 is related to spiking: bending at the base
causes a deformation, or strain, on the follicle
and results in stress on mechanosensory
neurons. However, why M0’ is important was,
at first, less clear. We adopted a theoretical
framework that models the whisker follicle as
a viscoelastic medium. In this Kelvin-Voigt
model, M0 causes strain in elastic spring
element and a viscous dashpot element placed
in parallel (Figure 1B). Elastic stress in the
spring is proportional to strain (i.e. M0).
Viscous stress in the damper is proportional to
the rate of change of strain (i.e. M0’). As an
example, resistance in a fluid-filled syringe
gets stronger the faster you push it. In this
parallel arrangement, stresses in the spring and
dashpot sum linearly to give total stress (Figure
1B,D). Our predicted spike rate scales linearly
with the total mechanical stress (Figure 1D).
The mechanical model predicted spikes as well
as the GAM (Figure 1C, r = 0.66 vs. 0.69,
respectively) with fewer free parameters (5 for
mechanical model). The great performance of
this simple model suggests that Merkel and
unidentified afferent spiking is related to M0
via sensitivity to mechanical stress.
Merkel afferents are described as
slowly adapting, due to their ability to sustain
spiking during a sustained stimulus. Our
framework predicts that elastic coupling of
whiskers to Merkel endings in the follicle is
necessary for their slowly adapting
characteristics. In contrast, rapidly adapting
afferents spike during the dynamic portion of a
stimulus, but cease spiking during a sustained
stimulus. Viscoelasticity is thought to underlie
the rapid adaptation of the Pacinian corpuscle
in mammals7. The Pacinian’s unique ability to
encode high frequency vibrations is attributed
to specialized glial sheaths that encapsulate the
nerve ending in several layers of viscous tissue,
like layers of an onion. By virtue of these
examples, mechanical filtering is a plausible
general mechanism by which primary afferents
encode a diverse array of features during touch.

Many of the same afferents (n = 13/33
total, n = 5/14 Merkel afferents) with touch
responses also spiked during self-motion, in the
absence of touch. Which mechanical variables
explain these self-motion responses? We
tracked the whisker position by measuring
whisker angle (θ) near the base. From θ, we
calculated kinematics, such as its derivatives,
velocity (ω) and acceleration (α), and
quantities in the frequency domain, such as
amplitude and phase (ϕ). Amplitude describes
the half-width of a whisker cycle, in degrees,
and phase represents the position within a
whisk cycle, measured in radians. In previous
studies, phase coding was observed in whisker
afferents5,8, brainstem circuits9,10, and whisker
primary somatosensory cortex11. Phase coding
in cortex depends on afferent input, as phase
modulation disappears after infraorbital nerve
cut12. The mechanism underlying primary
afferent encoding of phase is unknown.
One prominent hypothesis is that phase
coding is due to inertia13. Moment is exerted at
the axis of rotation proportional to the object’s
moment of inertia, I, and angular acceleration,
α (Figure 2A). This is a version of Newton’s
second law, 𝐹 = 𝑚 · 𝑎, but applied to a
rotational plane. Assuming that spike rates
increase monotonically with M0, this
hypothesis makes two predictions: (1) spike
rates scale with increasing acceleration and (2)
spike rates scale with changes in I.
We devised an experiment to test this
hypothesis directly (Figure 2A). The intact
whisker has a particular moment of inertia,
depending on its radius and length. If a segment
of the whisker is removed by cutting, its
moment of inertia will be reduced. We
recorded SA afferent spiking during whisking
in air while the whisker was intact and after
progressive cutting of distal segments of the
whisker. With the whisker intact, several units
appeared to have strong acceleration tuning,

⃑⃑⃑ ) is
Figure 2. (A) Inertial moment (𝑀
proportional to moment of inertia (I) and
angular acceleration (𝛼⃑). (B) Example unit
tuning curves for whisk phase (left) and
acceleration (right, ± SEM) for each cutting
condition and control handling (“sham”,
colors, as in A). (C) Example phase tuning for
fully cut condition (black, normalized) with
overlaid with average normalized EMG traces
for intrinsic protractor (IP, red) or extrinsic
retractor (ER, orange). Pearson’s r values
compare phase tuning and best EMG traces.
(D) Population histogram of preferred phases
for all intact whisker recordings (n = 28).
Colored traces illustrate average normalized
acceleration (+α, -α) and EMG traces (IP, ER)
given phase. Modified from Severson et al.
2017.

preferring either positive or negative
acceleration (Figure 2B). Spike rates increased
with greater acceleration in the preferred
direction. Acceleration tuning was unaffected
after “sham” handling the whisker with forceps
to simulate the cutting procedure. After cutting
and decreasing the whisker’s moment of inertia
near zero, acceleration tuning was abolished
for several units (n = 6/13 units). Furthermore,
preferred phase in these units aligned with the
peak of either negative acceleration (ϕ = -π/4)
or positive acceleration (ϕ = -3π/4), and phase
tuning was abolished as well (Figure 2B). Selfmotion responses that persisted (n = 7/13 units)
after cutting were correlated with whisker
velocity rather than acceleration.
The phasic activation of whisking
muscles is correlated with velocity14, so we
speculate that self-motion responses after
cutting can be explained by torque exerted
internally by activation of specific muscles.
Mouse whiskers are actuated by two groups of
fast twitch muscles15: one intrinsic protractor
(IP) and two extrinsic retractors (ER).
Electromyogram (EMG) recordings in either or
both of these muscle groups closely resembled
phase tuning in recordings in which the
whisker was fully cut (Figure 2C).
The inertia hypothesis was partially
correct. The first prediction was generally true
because we observed acceleration tuning in a
large portion of units (Figure 2D). Whisker
cutting reduced spike rates in several units.
Therefore, based on the results of these
experiments and our mechanical framework,
we propose that stresses related to inertial
moment and activation of whisking muscles
contribute to self-motion responses in primary
afferents. Mechanical input to primary
afferents likely underlies phase tuning
observed in the whisker system. Phase coding
may serve as an important proprioceptive
signal during whisker exploration.
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Mechanical encoding during active touch
and self-motion
Kyle S. Severson, B.S.
The Solomon H. Snyder Department of
Neuroscience, Brain Science Institute, and The
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Touch perception depends on integrating
signals from multiple types of peripheral
mechanoreceptors. Merkel-cell associated
afferents are thought to play a major role in
form perception by encoding surface
features of touched objects. However,
Merkel afferent activity has not been
directly measured during active touch.
Merkel and unidentified slowly adapting
afferents in the whisker system of behaving
mice respond robustly during active touch
and, surprisingly, respond during selfmotion. Touch responses were dominated by
sensitivity to bending moment (torque) at
the base of the whisker and its rate of
change. Self-motion responses encoded
whisk phase, the position within a whisk
cycle, not absolute whisker angle. These
phase-tuned responses arose from stresses
reflecting whisker inertia and activity of
specific muscles. Thus, Merkel afferents
send to the brain multiplexed information
about surface features and whisker position,
suggesting that touch and proprioception
converge at the earliest neural level.
Touch perception originates in
mechanosensory endings in the skin. Distinct
types
of
mechanosensory
neurons,
distinguished by the structure of their nerve
endings, have been described in many
mammalian systems, including the primate
finger tip1 and mouse hairy skin2. Merkel cellassociated primary afferents are thought to be
important for the perception of spatial form of
touched objects and are concentrated in areas
with high sensitivity, such as human fingertips

and rodent whiskers. Whereas we humans use
our hands to explore the tactile world, mice and
rats typically sweep their whiskers to sense
their physical surroundings. Mouse whiskers
serve as a powerful model for us to understand
how the brain encodes and integrates
sensorimotor information because of wellmapped circuits, control of touch input, and
genetic accessibility. It is also relatively
straightforward to mechanically model the
whisker compared to the human hand. For
these reasons, we developed a preparation to
study how Merkel afferents encode mechanics
during active whisking.
We recorded extracellularly from
primary afferent neurons with single whisker
receptive fields. Merkel afferents were
identified using an optogenetic tagging
technique in the TrkCCreER mouse line
expressing channelrhodopsin specifically in
Merkel afferents3. We captured high speed
video of this whisker and recorded afferent
responses as the mouse whisked against a thin
pole. We then aimed to correlate contact forces
with resultant spiking and determine which
mechanical features best explain the spiking
activity of identified Merkel afferents.
When the whisker contacts an object, it
bends and causes changes in whisker curvature
measured in the video. We input this curvature
and post hoc measurements of the whisker into
established models of whisker mechanics4. The
whisker model accurately estimates force (𝐹⃑ )
exerted by the stationary pole and torque, or
moment (M0), exerted at the base of the whisker
for each independent video frame (Figure 1A).
M0 is expected to cause spiking in
mechanosensory afferents with endings in the
whisker follicle5,6. Here, we found that Merkel
and unidentified afferents responded primarily
during one direction of contact, either
protraction (pushing forward) or retraction
(pulling back). M0 is positive during protraction
and negative

Figure 1. Mechanical modeling predicts
spiking in SA and Merkel afferents. (A) Video
frame of whisker showing normal force (𝐹⃑ ) and
⃑⃑⃑ 0) exerted by pole contact.
bending moment (𝑀
(B) Moment was inputted to a simple
viscoelastic model. Total stress (σtotal) resulted
from the sum of stress on a spring (σspring) and
a dashpot (σdashpot). (C) The viscoelastic model
predicted spikes for slowly adapting (SA,
black) and Merkel (blue) units as well as a
generalized additive model (GAM, mean ±
95% CI). (D) Moment (top), modeled stresses
(middle), and spiking (grey ticks, actual spike
times; black, predicted spike rate) during an
example whisker touch. Modified from
Severson et al. 2017.
during retraction. We applied a generalized
additive model (GAM) to determine which
combination of mechanical variables best
explain spiking. Briefly, M0 and its rate of
change, M0’, predicted spiking the best.
Interestingly, sensitivity to these two variables
seemed to interact in a more or less linear
fashion. It is straightforward to understand why

M0 is related to spiking: bending at the base
causes a deformation, or strain, on the follicle
and results in stress on mechanosensory
neurons. However, why M0’ is important was,
at first, less clear. We adopted a theoretical
framework that models the whisker follicle as
a viscoelastic medium. In this Kelvin-Voigt
model, M0 causes strain in elastic spring
element and a viscous dashpot element placed
in parallel (Figure 1B). Elastic stress in the
spring is proportional to strain (i.e. M0).
Viscous stress in the damper is proportional to
the rate of change of strain (i.e. M0’). As an
example, resistance in a fluid-filled syringe
gets stronger the faster you push it. In this
parallel arrangement, stresses in the spring and
dashpot sum linearly to give total stress (Figure
1B,D). Our predicted spike rate scales linearly
with the total mechanical stress (Figure 1D).
The mechanical model predicted spikes as well
as the GAM (Figure 1C, r = 0.66 vs. 0.69,
respectively) with fewer free parameters (5 for
mechanical model). The great performance of
this simple model suggests that Merkel and
unidentified afferent spiking is related to M0
via sensitivity to mechanical stress.
Merkel afferents are described as
slowly adapting, due to their ability to sustain
spiking during a sustained stimulus. Our
framework predicts that elastic coupling of
whiskers to Merkel endings in the follicle is
necessary for their slowly adapting
characteristics. In contrast, rapidly adapting
afferents spike during the dynamic portion of a
stimulus, but cease spiking during a sustained
stimulus. Viscoelasticity is thought to underlie
the rapid adaptation of the Pacinian corpuscle
in mammals7. The Pacinian’s unique ability to
encode high frequency vibrations is attributed
to specialized glial sheaths that encapsulate the
nerve ending in several layers of viscous tissue,
like layers of an onion. By virtue of these
examples, mechanical filtering is a plausible
general mechanism by which primary afferents
encode a diverse array of features during touch.

Many of the same afferents (n = 13/33
total, n = 5/14 Merkel afferents) with touch
responses also spiked during self-motion, in the
absence of touch. Which mechanical variables
explain these self-motion responses? We
tracked the whisker position by measuring
whisker angle (θ) near the base. From θ, we
calculated kinematics, such as its derivatives,
velocity (ω) and acceleration (α), and
quantities in the frequency domain, such as
amplitude and phase (ϕ). Amplitude describes
the half-width of a whisker cycle, in degrees,
and phase represents the position within a
whisk cycle, measured in radians. In previous
studies, phase coding was observed in whisker
afferents5,8, brainstem circuits9,10, and whisker
primary somatosensory cortex11. Phase coding
in cortex depends on afferent input, as phase
modulation disappears after infraorbital nerve
cut12. The mechanism underlying primary
afferent encoding of phase is unknown.
One prominent hypothesis is that phase
coding is due to inertia13. Moment is exerted at
the axis of rotation proportional to the object’s
moment of inertia, I, and angular acceleration,
α (Figure 2A). This is a version of Newton’s
second law, 𝐹 = 𝑚 · 𝑎, but applied to a
rotational plane. Assuming that spike rates
increase monotonically with M0, this
hypothesis makes two predictions: (1) spike
rates scale with increasing acceleration and (2)
spike rates scale with changes in I.
We devised an experiment to test this
hypothesis directly (Figure 2A). The intact
whisker has a particular moment of inertia,
depending on its radius and length. If a segment
of the whisker is removed by cutting, its
moment of inertia will be reduced. We
recorded SA afferent spiking during whisking
in air while the whisker was intact and after
progressive cutting of distal segments of the
whisker. With the whisker intact, several units
appeared to have strong acceleration tuning,

⃑⃑⃑ ) is
Figure 2. (A) Inertial moment (𝑀
proportional to moment of inertia (I) and
angular acceleration (𝛼⃑). (B) Example unit
tuning curves for whisk phase (left) and
acceleration (right, ± SEM) for each cutting
condition and control handling (“sham”,
colors, as in A). (C) Example phase tuning for
fully cut condition (black, normalized) with
overlaid with average normalized EMG traces
for intrinsic protractor (IP, red) or extrinsic
retractor (ER, orange). Pearson’s r values
compare phase tuning and best EMG traces.
(D) Population histogram of preferred phases
for all intact whisker recordings (n = 28).
Colored traces illustrate average normalized
acceleration (+α, -α) and EMG traces (IP, ER)
given phase. Modified from Severson et al.
2017.

preferring either positive or negative
acceleration (Figure 2B). Spike rates increased
with greater acceleration in the preferred
direction. Acceleration tuning was unaffected
after “sham” handling the whisker with forceps
to simulate the cutting procedure. After cutting
and decreasing the whisker’s moment of inertia
near zero, acceleration tuning was abolished
for several units (n = 6/13 units). Furthermore,
preferred phase in these units aligned with the
peak of either negative acceleration (ϕ = -π/4)
or positive acceleration (ϕ = -3π/4), and phase
tuning was abolished as well (Figure 2B). Selfmotion responses that persisted (n = 7/13 units)
after cutting were correlated with whisker
velocity rather than acceleration.
The phasic activation of whisking
muscles is correlated with velocity14, so we
speculate that self-motion responses after
cutting can be explained by torque exerted
internally by activation of specific muscles.
Mouse whiskers are actuated by two groups of
fast twitch muscles15: one intrinsic protractor
(IP) and two extrinsic retractors (ER).
Electromyogram (EMG) recordings in either or
both of these muscle groups closely resembled
phase tuning in recordings in which the
whisker was fully cut (Figure 2C).
The inertia hypothesis was partially
correct. The first prediction was generally true
because we observed acceleration tuning in a
large portion of units (Figure 2D). Whisker
cutting reduced spike rates in several units.
Therefore, based on the results of these
experiments and our mechanical framework,
we propose that stresses related to inertial
moment and activation of whisking muscles
contribute to self-motion responses in primary
afferents. Mechanical input to primary
afferents likely underlies phase tuning
observed in the whisker system. Phase coding
may serve as an important proprioceptive
signal during whisker exploration.
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mTORC1 Loss Impairs Epidermal Adhesion via TGFAbstract:
The mammalian target of rapamycin complex 1 (mTORC1) is a master regulator of normal
homeostatic, as well as pathological oncogenic signaling; however, its role in epithelial
development has not been studied extensively in vivo. Here, we use neonatal mouse epidermis
as a model system to study the cellular effects and signaling feedback sequelae of mTORC1 lossof-function in epithelial tissue. In mice with epidermal-specific deletion of mTORC1
components Rheb or Rptor, we find that mTORC1 loss-of-function unexpectedly results in a
profound skin barrier defect with epidermal abrasions, suprabasal blistering and early postnatal
lethality, due to a thinned epidermis with decreased desmosomal protein and RNA expression
impaired stratification and incomplete biochemical differentiation. Mechanistically, impaired
desmosomal cellular adhesion and biochemical differentiation in the setting of mTORC1 loss-offunction is caused by constitutive activation of Rho kinase (ROCK) signaling with a resulting
increase in actin cytoskeletal tension. Furthermore, inhibition or silencing of ROCK1 is
sufficient to rescue keratinocyte adhesion and biochemical differentiation in vitro. mTORC1
loss-of-function also results in marked feedback up-regulation of upstream TGFthereby triggering an increase in ROCK activity and its downstream effects on desmosomal gene
expression. These findings highlight a previously undescribed role for mTORC1 in the
regulation of epidermal barrier function, actin cytoskeletal dynamics, desmosomal gene
regulation and cell adhesion and underscore the complexity of signaling feedback after mTORC1
inhibition.

Introduction:
The mTOR signaling pathway plays a critical role in integrating nutrient and growth
factor inputs to regulate cell proliferation, growth and metabolism. mTORC1 activation requires
the small Ras-related GTPase, Rheb (1), as well as an adaptor protein, Raptor (2). Despite its
well-characterized role in cellular processes that facilitate tumorigenesis, mTORC1 inhibitors
have been ineffective for the treatment of most solid cancers (3), potentially due to relief of
mTORC1-induced feedback inhibition of upstream growth factor receptor signaling (4-9).
Furthermore, the in vivo effects of mTORC1 inhibition have not been well-studied in epithelia
and tumors and need to be fully characterized before we can devise strategies to circumvent
tumor resistance to mTORC1 inhibition. Among epithelial tissues, the skin is an excellent model
system to study mTOR function since mTORC1 inhibitor treatment in transplant or cancer
patients is associated with impaired wound healing and mild to life-threatening skin toxicity (1012). In the skin, intercellular adhesion--via adherens junctions, desmosomes and tight junctions-as well as terminal differentiation of keratinocytes, are essential for epidermal barrier formation
(13). Desmosomes are calcium-dependent adhesion molecules that anchor to tension-bearing
keratin intermediate filaments and provide a rigid framework for the cell. As a result, loss of
desmosomal components in humans and mice by genetic or autoimmune mechanisms leads to a
spectrum of epidermal barrier defects (14-18).
The actin cytoskeleton is central to cell-cell adhesion. Adherens junction assembly
requires a fine balance in the activities of two members of the Rho family of small GTPases, Rac
and Rho, and of the downstream effectors of Rho, mDia and Rho kinase (ROCK) (19-22). In
turn, ROCK signaling and the resulting increase in actomyosin contractility likely regulate
desmosomal junction formation at multiple levels (23). While appropriate Rho localization and
actomyosin contractility are required for satisfactory incorporation of desmosomes, sustained
Rho-ROCK activity can hamper this process in vitro (24). In addition, cytoskeletal contractility
may exert complex effects on downstream gene expression through mechanotransduction,
affecting the activity of multiple transcription factors (25). Despite this wealth of in vitro data,
relatively little is known about the in vivo requirement of actomyosin contractility for
desmosomal adhesion and epidermal barrier formation.
mTOR signaling perturbation in the epidermis has been associated with skin
carcinogenesis (26), stem cell senescence (27, 28) and delayed wound healing (29). Here, we
used two separate genetic models to examine the consequences of conditional epidermal
mTORC1 loss-of-function. Unexpectedly, we find that mTORC1 signaling in the epidermis is
required for desmosomal cell-cell adhesion and keratinocyte biochemical differentiation, as
exemplified by epidermal blistering, defective skin barrier function and neonatal lethality of the
cKO mice. Mechanistically, these findings are a direct consequence of heightened cytoskeletal
tension due to increased ROCK activity, resulting in impaired desmosomal gene expression and
adherens junction maturation. Probing further upstream, mTORC1 loss leads to marked feedback
up-regulation of TGFadhesion and biochemical differentiation. These studies reveal a novel in vivo role of mTORC1
function in epithelial biology that has relevance for human disease.
Figure Legends:
Figure 1: Epidermal-specific mTORC1 loss-of-function models have skin barrier defects
and evidence of impaired cell-cell adhesion. (A) Immunoblotting of WT and Rheb cKO P0
(day 0) epidermis for Rheb expression. (B) Immunofluorescence of WT and Rheb cKO E18.5

epidermis for p-S6 as a marker of mTORC1 activity. (C) Rheb cKO pups are smaller at P0, with
thin, shiny skin (top left) and fail to exclude toluidine blue dye at E18.5 (top right), consistent
with an epidermal barrier defect. Grossly visible abrasions (arrow; bottom right) and a prominent
vascular pattern are seen in P0 cKO epidermis. (D) Representative histologic backskin sections
from Rheb cKO P0 pups reveal markedly thinned epidermis with loss of the upper keratinizing
cell layers (right). (E) Immunoblotting of WT and Rptor cKO P0 epidermis for Raptor
expression. (F) Rptor cKO pups have visible epidermal blisters at P0 (right, arrow). (G) Rptor
cKO pups have a thinned epidermis by histology (right half of panel, H&E staining) with visible
suprabasal blistering (denoted by *). (H) Transmission electron microscopy (TEM) of Rheb cKO
P0 epidermis (first row, E) demonstrates diminished granular layer (G) and intercellular gaps
(first row, arrows). Desmosomes (second row, arrowheads) are evident (second row, arrow).
Tonofilaments are collapsed (second and third rows, arrows) and not easily visible (third row,
arrowheads) in cKO cells. Scale bar = 4 µm (top row) and 2 µm (middle/bottom) row. (I)
Desmosomes in Rptor cKO P0 epidermis have diminished keratin attachment by TEM (left;
Scale bar = 500 nm). (J) Desmosomes in Rheb cKO keratinocytes have less dense cytoplasmic
plaques (arrows) and poorly formed midline (arrowhead) (left panels; scale bar = 100 nm). (K)
Dispase dissociation for epithelial fragments (arrows) in Rheb WT and cKO keratinocyte
monolayers (left panel). Scale bar = 1 cm. (L) Immunoblotting for junctional proteins in Rptor
WT vs. cKO P0 epidermis. (M) Immunofluorescence for desmosomes in Rheb WT and cKO
keratinocytes (top panels), with intracellular gaps (arrow). Scale bar=50 µm (top two panels)
and 10 µm (bottom panel). 3rd panel of merged staining is inset from boxed area in top 2 panels.
Figure 2: Impaired desmosomal cell adhesion with epidermal mTORC1 loss-of-function is
associated with increased cytoskeletal tension and Rho kinase (ROCK) activity and is
rescued by ROCK inhibition or depletion. (A) Immunofluorescence in Rheb and Rptor WT
and cKO keratinocytes for desmosomal, focal adhesion (vinculin) and adherens junction markers
(E-cadherin, phalloidin staining for actin filaments). 2nd panel of vinculin staining is inset from
boxed area in 1st panel. Scale bar = 50 µm (1st panel), 25 µm (2nd panel) 10 µm (3rd panel) and
50 µm (4th panel). (B) Immunoblotting of Rptor WT and cKO P0 epidermal lysates for ROCK
activation. (C) Immunoblotting of Rheb WT and cKO keratinocyte lysates for ROCK activation.
(D) Immunoblotting of WT and inducible Rptor cKO cell lysates with or without ROCK
inhibition using Y27632 (2, 20 µM) or fasudil (5, 50 µM) for desmosomal components and
ROCK activity markers. (E) Immunofluorescence for adherens junction components (top panels;
left) and DSP1/2 (middle panels; left) in Rheb cKO keratinocytes following Y27632 (10 µM)
treatment. TEM (bottom panels; left) of Rheb cKO desmosomes with or without Y27632
treatment. Scale bar = 50 µm (top two panels; left) and 500 nm (bottom panels; left).
Quantification of DSP1/2 immunofluorescence (middle panel; right) and E-cadherin (top panel;
right) (r=3; n> 33 cell borders each) in Rheb cKO keratinocytes ± Y27632 (p-value by MannWhitney test (DSP) or Student’s T-test (E-cadherin)). Quantification of desmosomal length on
TEM for Rheb cKO keratinocytes ± Y27632 (bottom panel; right) (bar represents mean length in
nm; n=11 and 12; p-values by Student’s T-test). (F) Dispase dissociation (left panel) for Rheb
WT or cKO keratinocytes ± Y27632 (20 µM). Scale bar = 1 cm. Quantification of dispase assay
experiments (right panel) (r=4; p-values by one-way ANOVA). (G) Immunoblotting of Rheb
WT or cKO keratinocytes ± Y27632 (20 µM) for biochemical differentiation markers. (H)
Immunoblotting of Rheb cKO cells ± ROCK1 siRNA (50nm) for ROCK1 and markers of ROCK
activity, desmosomal and biochemical differentiation markers. Error bars represent SEM
throughout.
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Central nervous system (CNS) angiogenesis and blood-brain barrier (BBB) development and
maintenance are controlled by canonical Wnt signaling. Specifically, Wnt7a and Wnt7b are required
for normal vascular development in the forebrain and spinal cord. Two cell-surface proteins – orphan
receptor Gpr124, and more recently, GPI-anchored Reck (reversion-inducing cysteine-rich protein
with kazal motifs) – have emerged as specific co-activators of the Wnt7a/7b signaling axis. Whether
this novel function of Reck plays a role in mammalian vascular development and how these two coactivators might cooperate to drive angiogenesis remain unclear. Here we report that Reck promotes
CNS angiogenesis by activating the canonical Wnt pathway in mice. We identify the critical domains
of both Reck and Gpr124 that are required for Wnt activity, and demonstrate that these regions are
important for direct binding and complex formation. Importantly, weakening this interaction by
targeted mutagenesis reduces Reck-Gpr124 stimulation of Wnt7a signaling in cell culture and
impairs CNS angiogenesis. Finally, a soluble Gpr124 probe binds specifically to cells expressing
Frizzled (Fz), Wnt7a or Wnt7b, and Reck; and a soluble Reck probe binds specifically to cells
expressing Fz, Wnt7a or Wnt7b, and Gpr124. Altogether, these experiments reveal an essential role
for Reck and Gpr124 as integral parts of the cell-surface protein complex that transduces Wnt7a- and
Wnt7b-specific signals in mammalian endothelial cells to promote CNS angiogenesis and BBB
formation and maintenance.
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The Reck-Gpr124 complex activates Wnt signaling to promote CNS angiogenesis
Canonical Wnt signaling plays a pivotal role in promoting central nervous system (CNS)
angiogenesis and blood-brain barrier (BBB) formation and maintenance. Specifically, Wnt7a and
Wnt7b are required for vascular development in the forebrain and ventral spinal cord[1,2]. Yet, how
these two ligands – among the 19 mammalian Wnts – are selectively communicated to Frizzled
receptors expressed on endothelial cells remains largely unclear. Here, I report a novel paradigm for
Wnt specificity. I have identified two endothelial cell surface proteins – GPI-anchored Reck and
orphan receptor Gpr124 – as essential receptor co-factors that assemble into a multi-protein complex
with Wnt7a/7b and Frizzled for the development of the mammalian neurovasculature.
In previous work, we (and others) have shown that Gpr124 controls CNS angiogenesis in the
developing mouse by activating the Wnt7a/7b signaling pathway[3-5]. In an attempt to identify novel
genes that may be cooperating with Gpr124, our collaborators Vanhollebeke et al. conducted a
morpholino knockdown screen in zebrafish[5]. Remarkably, knockdown of one candidate gene –
reversion-inducing cysteine-rich protein with Kazal motifs (Reck) – phenocopied the Gpr124 null
zebrafish (i.e. cerebral vascular defects)[5]. Given the phenotypic similarities, I tested whether Reck,
like Gpr124, could stimulate the Wnt7a/7b pathway. Using a reporter cell line for canonical Wnt
signaling (Super Top Flash; STF), I showed that Reck and Gpr124 synergistically activate the
canonical pathway in the presence of Wnt7a or Wnt7b, but not for any of the other 19 Wnts,
including Norrin, an atypical non-Wnt ligand (Figure 1a)[5].
Reck has been extensively characterized as a matrix metalloproteinase (MMP) inhibitor;
however, a connection to canonical Wnt signaling had not been described[6-8]. To determine whether
this novel Wnt function of Reck plays a role in mammalian neurovascular development, I generated
both knockout (ReckΔex2/Δex2) and endothelial cell-specific knockout (data not shown) mice. At
embryonic day 13.5 (E13.5), both mutant animals exhibit hemorrhaging in the forebrain and spinal
cord, and display significantly reduced vascular density accompanied by increased infiltration of
macrophages in these CNS regions, phenotypes that closely match the Gpr124 KO embryos (Figures
1B and 1C). In addition to these defects, I also observed a compromised BBB in Reck mutant mice
(data not shown). If Reck is in fact responsible for activating canonical Wnt signaling to drive these
developmental processes, then artificially stabilizing the downstream signal transducer, β-catenin, in
endothelial cells should rescue these phenotypes. Since exon 3 of the β-catenin gene (Ctnnb1)
harbors glycogen synthase kinase-3 (GSK3) phosphorylation sites, which target β-catenin for its
degradation, I used a conditional β-catenin allele (Ctnnb1flex3) to delete this region. In this genetic
rescue experiment, I showed that Reck knockout animals with stabilized β-catenin in endothelial
cells showed minimal to no hemorrhaging in the forebrain and spinal cord and a near-complete
restoration of the neurovasculature (Figure 1D). I therefore conclude that Reck plays a critical role in
activating canonical Wnt signaling to control CNS angiogenesis and regulate the BBB.
In a comprehensive series of mouse genetic experiments, I was also able to show that Reck
genetically interacts with Gpr124 and Wnt7a/Wnt7b in promoting CNS angiogenesis (data not
shown). The strong genetic evidence, in addition to the specific and synergistic in vitro Wnt7a/7b
activation (Figure 1a), points to a cooperative role between Reck and Gpr124. To refine their
molecular mechanism, I tested domain mutants of both proteins using our in vitro Wnt reporter assay,
and identified the N-terminal domains of both proteins to be of critical importance: Reck CC
domains 1-5 (CC1-5) and Gpr124 Leucine Rich Repeat (LRR) and Immunoglobulin-like (Ig)
domains (data not shown). [Note: The Reck CC domains share no homology to other domains, and
were named ‘CC’ because of the presence of 5x dicysteine motifs].
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Having identified the critical domains required for Reck and Gpr124 to activate Wnt7a/7b
signaling, I generated recombinant proteins of these domains fused to alkaline phosphatase (AP).
These AP probes also contained a cartilage oligomeric matrix protein (COMP) domain to allow for
pentamerization and increased avidity of the probes. The Reck(CC1-5) COMP-AP probe bound
robustly to cells transfected with Gpr124, but not to its close homolog, Gpr125, which does not
activate Wnt7a/7b signaling (Figure 1E). Additionally, deletion of the LRR, Ig, LRR+Ig, and HormR
domains of Gpr124 completely abolished the ability of the Reck probe to bind (Figure 1E). To test
direct binding between Reck and Gpr124 in a cell-free system, I generated Fc baits of Gpr124(LRRIg) and Reck(CC1-5), which were both fused to the constant region of human IgG. Upon capturing
baits on Protein-G-coated wells, I showed that the Reck(CC1-5) COMP-AP probe bound specifically
to the Gpr124 Fc bait (Figure 1F). Furthermore, the Reck(CC1-2) and Reck(CC1) COMP-AP probes
were sufficient to promote binding (Figure 1F). To identify the key residues within Reck CC1 that
were facilitating this interaction with Gpr124, I performed alanine scanning mutagenesis in this
region (Figure 1G). Of the 16 COMP-AP mutant probes, seven showed readily detectable expression
levels: Ala Scan-2, -7, -9, -10, -14, -15, and -16. All mutant probes bound to the Gpr124 Fc bait,
except for Reck Ala Scan-9 and -10 (Figure 1H). Single alanine substitution of the five residues
encompassed by these two adjacent block substitutions showed that three of the five – R69A, P71A,
and Y73A – greatly reduced binding (Figure 1H). These three residues are highly conserved across
vertebrates, whereas adjacent residues that are dispensable for binding are not. Importantly, fulllength Reck derivatives with alanine substitutions at this binding site resulted in reduced Wnt7a/7b
activation in vitro (Figure 1I). Furthermore, I used CRISPR-Cas9 to generate mice carrying a Reck
allele with these alanine substitutions, and showed that disrupting this interface in vivo results in
impaired CNS angiogenesis (Figure 1J). Altogether, these data support a model in which ReckGpr124 binding is important for Wnt7a/Wnt7b signaling during CNS angiogenesis.
What remains unclear is how Reck and Gpr124 operate with Wnt7a/7b and Frizzled. To
address this question, I generated Reck(CC1-5)-AP and AP-Gpr124(LRR-Ig) probes, lacking the
COMP pentamerization domain. In this case, the Reck probe could not bind to cells transfected with
Gpr124 (and vice versa), as their interaction is below the detection limit of the assay (Figure 2A).
However, robust binding of the probes could be observed with the additional co-transfection of
Wnt7a, Frizzled4 (Fz4), and Lrp5 (Wnt co-receptor) (Figure 2A). This complex formation was
specific to Wnt7a and Wnt7b, as the probes could not bind in the presence of any of the other 17 Wnt
ligands or Norrin (Figure 2B). These binding specificities precisely mirror the signaling specificity of
Reck and Gpr124 previously defined in our in vitro reporter assay (Figure 1A). To assess Frizzled
specificity, I showed that Reck and Gpr124 probes could bind to seven of ten Frizzleds, with only
Fz3, Fz6, and Fz10 showing no detectable binding (Figure 2C). It is interesting to note that Fz3 and
Fz6 do not activate canonical Wnt signaling, and are proposed to play a non-canonical role in planar
cell polarity (PCP).
In the 20 years since the discovery that Frizzleds constitute the principal receptors for Wnts,
and the contemporaneous appreciation that the mammalian genome encodes for 10 Frizzleds and 19
Wnt ligands, the extent of Wnt-Frizzled specificity and the biological roles that such specificity
might play have largely remained open questions. Here, I present a novel model for Wnt specificity
with important biological function: Reck and Gpr124 are integral parts of the cell surface protein
complex that transduces Wnt7a- and Wnt7b-specific signals in mammalian CNS endothelial cells to
promote angiogenesis and regulate the BBB (Figure 2D). These findings signify the exciting
possibility that receptor co-factors like Reck and Gpr124 exist for the other 17 Wnt ligands, and
identifying these factors will be an important future direction for the field.
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Figure 1. The Reck-Gpr124 complex transduces Wnt7a- and Wnt7b-specific signals to promote CNS angiogenesis. (A) Comparison of 19 Wnt
ligands and Norrin transfected with or without Gpr124 and/or Reck in STF reporter cells. Arrows point to Wnt7a and Wnt7b synergistic responses. (B-D)
E13.5 embryos are shown alongside coronal sections of the medial ganglionic eminence (MGE). GS Lectin and PECAM are endothelial markers. GS
Lectin also stains for macrophages (green punctae). (C) Reck ex2/ ex2 mutant embryos show hemorrhaging in the forebrain (arrow) and distal spinal cord
(arrowhead) with reduced vascular density and increased macrophage infiltration in the MGE. (D) -catenin was artificially stabilized in Reck ex2/ ex2;
Ctnnb1flex3/+; Pdgfb-CreER embryos, which exhibit little or no hemorrhaging in the forebrain and spinal cord and show a near-complete rescue of CNS
vascularization. (E) AP-binding assay using COS-7 cells transfected with Gpr124, Gpr124 deletion mutants, or Gpr125, a close homolog of Gpr124. Live
cells were incubated with the Reck(CC1-5) COMP-AP probe. No Txn, no transfection. (F) Cell-free binding assay using Gpr124(LRR-Ig) or Reck(CC15) (a negative control) Fc baits captured in protein-G-coated wells. Each bait was incubated with three COMP-AP probes: Reck(CC1), Reck(CC1-2), and
Reck(CC1-5). After removing unbound probe, the bound probe was visualized with a colorimetric AP reaction. (G) Amino acid sequence of mouse Reck
CC1, with alanine scanning mutants indicated. Alanine substitution blocks 2, 7, 9, 10, 14, 15, and 16 were produced at detectable levels. (H) Images of the
AP reactions at the final time point of cell-free binding assays with the indicated alanine scanning mutants (top) and single alanine substitutions (bottom).
(I) STF cells were transfected with Wnt7a, Gpr124, and Reck WT or Ala Scan mutant plasmids. (J) Mice carrying an allele with alanine block
substitutions 9+10 were generated using CRISPR/Cas9. E13.5 coronal sections of the lateral ganglionic eminence (LGE) of Reck+/ ex2; Gpr124+/ (control)
and ReckCr/ ex2; Gpr124+/ (CRISPR mutant) animals are shown. The mutant animal displays reduced vascular density and increased macrophage
infiltration in the LGE, compared to control animals. Scale bars, 200 m.
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Figure 2. Reck and Gpr124 assemble in a multi-protein complex with Wnt7a/Wnt7b and Frizzled. (A) AP binding assay using HEK293T cells
transfected with Gpr124, Wnt7a, Fz4, and/or Lrp5 (left) or Reck, Wnt7a, Fz4, and/or Lrp5 (right). Live cells were incubated with Reck(CC1-5)-AP (left)
or AP-Gpr124(LRR-Ig) (right). (B) AP binding assay using HEK293T cells transfected with Gpr124 and Fz4 (left) or Reck and Fz4 (right), along with
each of the 19 Wnts and Norrin. Live cells were incubated with Reck(CC1-5)-AP (left) or AP-Gpr124(LRR-Ig) (right). (C) AP binding assay using
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cells were incubated with Reck(CC1-5)-AP. (D) Model of the multi-protein signaling complex, consisting of Reck, Gpr124, Wnt7a or Wnt7b, Frizzled,
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