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ABSTRACT
The ERK1/2 (also known as MAPK3 and MAPK1, respectively)
signaling pathway is critical in organismal development and tissue
morphogenesis. Deregulation of this pathway leads to congenital
abnormalities with severe developmental dysmorphisms. The core
ERK1/2 cascade relies on scaffold proteins, such as Shoc2 to guide
and fine-tune its signals. Mutations in SHOC2 lead to the
development of the pathology termed Noonan-like Syndrome with
Loose Anagen Hair (NSLAH). However, the mechanisms underlying
the functions of Shoc2 and its contributions to disease progression
remain unclear. Here, we show that ERK1/2 pathway activation
triggers the interaction of Shoc2 with the ubiquitin-specific protease
USP7. We reveal that, in the Shoc2 module, USP7 functions as a
molecular ‘switch’ that controls the E3 ligase HUWE1 and the
HUWE1-induced regulatory feedback loop. We also demonstrate that
disruption of Shoc2-USP7 binding leads to aberrant activation of the
Shoc2-ERK1/2 axis. Importantly, our studies reveal a possible role for
USP7 in the pathogenic mechanisms underlying NSLAH, thereby
extending our understanding of how ubiquitin-specific proteases
regulate intracellular signaling.
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INTRODUCTION
Noonan-like syndrome with loose anagen hair (NSLAH; OMIM,
607721) is one of the developmental disorders characterized by
dysregulation of the extracellular signal-regulated kinases 1 and 2
(ERK1/2, also known as MAPK3 and MAPK1, respectively)
signaling pathway (Tidyman and Rauen, 2016). Cumulatively
called RASopathies, these developmental diseases present with a
spectrum of overlapping symptoms (Tidyman and Rauen, 2016).
NSLAH is caused by hereditary mutations in the SHOC2 gene that
codes for a positive regulator of the ERK1/2 pathway, the scaffold
protein Shoc2. Patients harboring mutations in the SHOC2 gene
present with a number of congenital defects, including facial
dysmorphia (e.g. ocular hypertelorism), cleft palate, cardiac
abnormalities and short stature (Baldassarre et al., 2014; Choi
et al., 2015; Cordeddu et al., 2009; Couser et al., 2018; Gargano
et al., 2014; Lo et al., 2015).
Studies over the past decade have uncovered the critical role of

the Shoc2 scaffold in the transmission of signals through the core
ERK1/2 cascade (Jang et al., 2021). These studies convincingly

demonstrated that this seemingly auxiliary component of the
ERK1/2 signaling network is an indispensable regulator of the
ERK1/2 pathway, as its loss was shown to have a profound effect on
the development of several organisms, including Caenorhabitis.
elegans (Sieburth et al., 1998), zebrafish (Jang et al., 2019b) and
mice (Yi et al., 2010). The molecular mechanisms by which this
non-enzymatic scaffold coordinates transmission of ERK1/2 signals
rely on its ability to build intricate multiprotein machinery (Jang
et al., 2021). Shoc2 tethers m-RAS, RAF-1 and the catalytic subunit
of protein phosphatase 1c (PP1c, also known as PPP1CA) to
accelerate ERK1/2 signals (Rodriguez-Viciana et al., 2006; Young
et al., 2013). Shoc2 also recruits a number of proteins of the
ubiquitin machinery to fine-tune signals transmitted via the module.

Our earlier studies demonstrated that activation of the ERK1/2
pathway triggers Shoc2 and RAF-1 ubiquitylation by the E3 ligase
HUWE1 (Jang et al., 2014). This HUWE1-mediated ubiquitylation
is used as a negative-feedback mechanism that modulates the ability
of the scaffold to accelerate the signaling activity of the ERK1/2
pathway (Jang et al., 2014). In turn, the (AAA+) ATPases PSMC5
and VCP/p97 modulate the HUWE1-modified Shoc2 and RAF-1
ubiquitylation by remodeling the scaffold complex in a spatially
controlled manner (Jang et al., 2019a). An additional E3 ligase,
FBXW7, has also been implicated in the ubiquitylation of Shoc2
(Xie and Sun, 2019). However, unlike HUWE1, the E3 ligase
FBXW7 appears to be involved in balancing ERK1/2 and MTOR
signals for cell proliferation and autophagy (Xie et al., 2019).
Although proteins of the ubiquitin machinery have been shown to
differentially interact with wild-type or mutant Shoc2 (Jang et al.,
2015), a complete picture of the Shoc2 interactome is lacking. There
is also no clear understanding of whether changes in Shoc2
interactions with the proteins of ubiquitin machinery can explain the
pathogenesis of NSLAH.

Protein ubiquitylation is one of the best-studied post-translational
modifications (Kwon and Ciechanover, 2017). Its important role
in a variety of cellular functions via the regulation of protein
stability and activity has been established by vast numbers of
studies. Consequently, the accurate trimming of ubiquitin marks
by de-ubiquitylating enzymes (DUBs) is also an essential process
for many cellular functions (Basar et al., 2021). Moreover,
cooperativity between these two counterbalancing activities,
ubiquitylation and de-ubiquitylation, appears to be critical for the
control of cellular signaling yet is not fully understood. In this study,
we hypothesize that the transient nature of Shoc2 ubiquitylation
suggests a de-ubiquitylating enzyme is intimately involved in the
modulation of HUWE1-induced Shoc2/RAF-1 ubiquitylation, and
is potentially involved in the pathophysiology of NSLAH.

Here, we identified the de-ubiquitylating enzyme USP7 as a
novel component of the Shoc2 signaling complex. USP7, frequently
referred to as herpes virus-associated ubiquitin-specific protease
(HAUSP), is a member of the ubiquitin-specific protease (USP)
subgroup of DUBs. USP7 is known for its role in controlling the
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function and stability of proteins, such as p53, MDM2 and Myc
(Nicklas et al., 2019; Sheng et al., 2006). It is also known for its
propensity to form stable complexes with many of its partners, of
which a surprisingly large number are E3 ligases (Kim and Sixma,
2017). The USP7-E3 interaction was shown to protect E3 ligases
from auto-ubiquitylation leading to predominant E3 ligase activity
(Ma et al., 2014; Nathan et al., 2008). USP7 hence works as a
‘switch’ that can shift its activity from the E3 ligase to the target,
thus allowing for degradation of the E3 ligase and the protection of
the target (Kim and Sixma, 2017).
We found that USP7 interacts with Shoc2 and HUWE1 in

response to EGF-induced activation of the ERK1/2 pathway. In the
Shoc2 complex, USP7 regulates the HUWE1-mediated negative
feedback loop that modulates the amplitude of Shoc2-ERK1/2
signals. The present study dissects the Shoc2-USP7-HUWE1
interactions on a biochemical level and provides evidence that, by
binding to the Shoc2 scaffold, USP7 forms a USP7-Shoc2-HUWE1
molecular switch and creates a rapid response within the pathway.
USP7 knockdown, loss of its activity, or its inability to recognize
the Shoc2 scaffold, disrupt signal transmission via the Shoc2-
ERK1/2 signaling axis. Importantly, our findings demonstrate
differential binding of Shoc2 NSLAH variants to USP7, and
implicate the USP7 de-ubiquitylase broadly in the pathogenesis of
NSLAH RASopathy.

RESULTS
Shoc2 mutations associated with developmental
pathologies show aberrant ubiquitylation
NSLAH is associated with distinct missense mutations in the
SHOC2 gene. The most commonly identified NSLAH pathogenic
variant is the Shoc2 (S2G) substitution (Cordeddu et al., 2009).
Other reported NSLAH variants include M173I (Hannig et al.,
2014) and QH269/270HY (Hannig et al., 2014; Motta et al., 2019).
Our queries of the publicly available Database of Genomic
Variation and Phenotype in Humans using Ensembl Resources
(DECIPHER, Firth et al., 2009) identified a case with heterozygous
chromosomal microdeletions (see Fig. 1A and Table S1 for
genomic coordinates) and six cases with a heterozygous missense
mutation in Shoc2 (Fig. 1A). Subsequent analysis revealed three
new Shoc2 mutations (E89D, C238Y and L473I) that were not
reported as NSLAH-causing mutations. Therefore, we obtained
available detailed clinical information on the affected individuals in
a genotype-to-phenotype approach (Tables S1, S2). All of these
individuals exhibited a striking overlap with the clinical phenotypes
observed in NSLAH patients: notably, craniofacial dysmorphisms,
optic atrophy, cardiovascular abnormalities, alterations in limbic
and nervous systems, cleft palate and developmental delays. The
most prevalent phenotypes, such as heart defects, intellectual
disability, short stature, hair loss and skin tags indicated possible
pathogenicity of these Shoc2 variants.
Next, we examined whether the newly identified Shoc2 variants

(E89D, C238Y and L473I) could support ERK1/2 signals when
expressed in the Shoc2 CRISPR knockout HeLa cells (Fig. 1B;
Fig. S1A,B). Data in Fig. 1B,C show that Shoc2 pathogenic variants
Shoc2E89D, Shoc2QH269/270HY and Shoc2L473I were not able to fully
rescue ERK1/2 phosphorylation. Our earlier studies also found
that Shoc2-ERK1/2 signals are fine-tuned by non-proteolytic
ubiquitylation of Shoc2 (Jang et al., 2014, 2019a) and
demonstrated differences in the levels of ubiquitylation of wild-
type Shoc2 and the Shoc2 (S2G) NSLAHmutant (Jang et al., 2015).
Thus, we tested the levels of ubiquitylation for each Shoc2 variant
in Shoc2 knockout cells and found that Shoc2 variants L473I,

QH269/270HY and S2G had elevated levels of ubiquitylation
(Fig. 1D,E). Interestingly, the protein half-life of the Shoc2
mutants was comparable to that of wild-type Shoc2 (Fig. S1C).

To physiologically assess the Shoc2 variants that presented with
increased levels of ubiquitylation, we used the zebrafish vertebrate
model. Zebrafish have emerged as an excellent model for
interrogating developmental mutations (Jindal et al., 2015, 2017).
The Danio rerio genome encodes a single Shoc2 ortholog that
is highly homologous to human Shoc2 at the amino acid level,
sharing 88.5% identity (Jeoung et al., 2013). The loss of Shoc2 in
zebrafish leads to a profound deficiency of circulating blood cells,
likely due to defects in both primitive and definitive waves of
hematopoiesis and underdeveloped vascularization (Jang et al.,
2019a). Thus, we evaluated the pathogenicity of the Shoc2 variants
with increased levels of ubiquitylation and 100% conserved in at
least nine Shoc2 orthologs, including Danio rerio (Jeoung et al.,
2013), by comparing the ability of wild-type Shoc2 and
Shoc2 harboring S2G, L437I and QH269/270YH substitutions to
rescue defects in erythropoiesis of zebrafish embryos depleted of
Shoc2.

As we demonstrated previously, embryos injected with shoc2
morpholino (MO) almost completely lacked o-Dianisidine staining
detecting hemoglobin of erythropoietic cells in the ducts of Cuvier,
over the yolk sac and tail compared to the embryos injected
with control morpholino (cMO) (Jang et al., 2019b) (Fig. 2A-C).
Yet, embryos injected with wild-type shoc2 zebrafish mRNA
rescued the shoc2MO-induced defects in erythrocyte circulation. In
contrast, embryos injected with shoc2 mRNA harboring Shoc2S2G,
Shoc2L437I or Shoc2QH269/270YH mutations did not rescue early
erythropoiesis to the level of wild-type Shoc2. The examination of
differences in the rescue was highly significant (χ2 analysis),
supporting our observations in Fig. 2A,B. Noteworthy, ectopic
expression of the NLSAH S2G, QH269/270HY and the L473I Shoc2
variants also resulted in poor survival of injected embryos compared
to wild-type mRNA injections. These observations indicate that
similarly to Shoc2S2G and Shoc2QH269/270HY, the Shoc2L437I variant
is likely to be NSLAH causative, with developmental defects
similar to those observed in patients carrying Shoc2S2G and
Shoc2QH269/270HY mutations. Together, data in Figs 1, 2 indicate
that L473I, QH269/270HY and S2G substitutions possibly affect
mechanisms that regulate the non-proteolytic ubiquitylation of
Shoc2 thereby affecting Shoc2 function.

USP7 interacts with and de-ubiquitylates Shoc2
None of the NSLAH-associated Shoc2 variants with increased
protein ubiquitylation were in the HUWE1-binding domain of
Shoc2 (Jang et al., 2014), suggesting that Shoc2-HUWE1
interaction is not affected. Thus, we set out to identify a peptidase
that regulates the deubiquitylation of Shoc2. A member of the USP
subgroup of deubiquitylating enzymes, USP7, also referred to as
HAUSP, has been previously functionally linked to HUWE1
(Besche et al., 2009; Khoronenkova and Dianov, 2013; Sowa et al.,
2009). To evaluate whether a deficiency in USP7 leads to the
excessive ubiquitylation of the Shoc2 mutants, we examined
whether USP7 could be associated with the Shoc2 scaffolding
complex. First, we examined the interaction of glutathione
S-transferase (GST)-fused Shoc2 (GST-Shoc2) with Flag-tagged
USP7 (FLAG-USP7) or Myc-tagged USP46 (Myc-USP46) that
belongs to the same subgroup of DUBs as USP7 (Li et al., 2013).
Co-immunoprecipitation experiments using exogenously expressed
proteins showed that only USP7 specifically interacts with Shoc2 in
HEK-293 cells (Fig. 3A). Interaction of endogenous Shoc2-USP7
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was readily detected in 293FT and Cos1 cells, which further
supported Shoc2-USP7 interaction (Fig. 3B).
To establish whether a USP7-Shoc2 interaction is mediated by

HUWE1, we examined the binding of recombinant Shoc2 and
USP7 purified from Escherichia coli. The Shoc2 pulldown analysis
showed that Shoc2 binds USP7 in the absence of HUWE1,

indicating a direct Shoc2-USP7 interaction (Fig. 3C). This finding
was also validated by immunoprecipitation experiments using
293FT cells that were depleted of HUWE1 via siRNA (Fig. 3D).
The loss of HUWE1 did not affect the amount of USP7 in the Shoc2
precipitates, indicating that the E3 ligase HUWE1 is not required for
Shoc2-USP7 binding.

Fig. 1. Shoc2 variants identified in patients with NSLAH-related phenotypes. (A) Schematic of the SHOC2 genomic locus in which deletion or mutations in
seven subjects with NSLAH phenotypes were identified (see Table S1). Red line and asterisks indicate the position of the SHOC2 gene. (B) The Shoc2 NSLAH
variants differentially regulate ERK1/2 phosphorylation. HeLa Shoc2 CRISPR knockout cells transiently transfected with the Shoc2 NSLAH mutants were serum
starved for 16 h and then stimulated with EGF (0.2 ng/ml) for 7 and 15 min. Cell lysates were analyzed using anti-pERK1/2, -GAPDH and -Shoc2 antibodies.
(C) Bar graph showing the mean amount of pERK1/2 in cells expressing Shoc2 mutants normalized to the total amount of GAPDH in arbitrary units compared to
cells expressing wild-type (WT) Shoc2-tRFP at 7 min±s.e. (n=4) [P=0.036 (269/270HY), P=0.0003 (S2G), NS (not significant) (L437I and E89D), Kruskal–Wallis
test]. The results in each panel are representative of four independent experiments. (D) Ubiquitylation of Shoc2 variants identified in patients with NSLAH-related
phenotypes. CRISPR/Cas9 Shoc2 knockout HeLa cells were transfected with the indicated Shoc2-tRFP mutants. Shoc2 was then precipitated from denatured
cell lysates using an anti-Shoc2 antibody. Immunoblots (IB) were analyzed with anti-Shoc2 and anti-ubiquitin (Ub) antibodies. The results in each panel are
representative of at least three independent experiments. (E) Bar graph showing the mean amount of ubiquitin normalized to the total amount of Shoc2 protein
compared to the ubiquitin levels of wild-type Shoc2 in arbitrary units±s.e. (n=7) (Kruskal–Wallis test, P<0.05 is reported). IP, immunoprecipitate.
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Next, we defined a region in USP7 responsible for its recognition
by Shoc2. USP7 contains a catalytic peptidase domain, an
N-terminal meprin and TRAF homology (MATH) or a tumor
necrosis factor receptor-associated factor (TRAF)-like domain,
as well as five ubiquitin-like (UbL) domains in its C-terminal
region (Fig. S2A). Through a series of co-immunoprecipitation
experiments with USP7 truncations, we found that Shoc2 interacts
with two distinct interfaces of USP7, the N-terminal TRAF domain
and the C-terminal UbL regulatory domains (Fig. S2B). In vitro
binding studies using recombinant Shoc2 and USP7 domains
supported that both TRAF-like and UbL domains of USP7 interact
with Shoc2 (Fig. S2C). Together, these data convincingly
demonstrate that USP7 and Shoc2 form a complex, and establish
a premise to investigate the role of USP7 in regulating ubiquitylation
levels of Shoc2 and consequently ERK1/2 signaling on a molecular
level.

USP7 controls Shoc2 ubiquitylation
As the best understood function of de-ubiquitylating peptidases is to
stabilize their target proteins, we next examined whether the protein
levels of Shoc2 or its binding partner RAF-1 are controlled by
USP7. Treatment with USP7 inhibitors P22077 or HBX41108
(Fig. S3A,B,D) did not affect the protein levels of Shoc2, RAF-1 or
HUWE1 in HeLa, 293FT or Cos1 cells, indicating that USP7 is
unlikely to control the turnover of either Shoc2 or its partners

RAF-1 and HUWE1. Similarly, we did not observe a change
in the levels of the E3 ligase HUWE1 or Shoc2 when cells were
siRNA depleted of USP7 (Fig. S3C). Yet, when assessing the
ubiquitylation of Shoc2 in cells depleted of USP7 using denaturing
conditions to prevent the detection of other ubiquitylated proteins
in the complex, we observed a marked increase (Fig. 3E). A similar
increase in Shoc2 ubiquitylation was found in cells treated with
USP7 inhibitors P22077 (Fig. 3F) and HBX41108 (Fig. S4A).
Moreover, ectopic expression of the enzymatically inactive USP7
mutant (USP-C223S), but not wild-type USP7, led to a moderate
increase in Shoc2 ubiquitylation (Fig. S4B). Importantly, the
ubiquitylation level of RAF-1 was also dramatically increased in
cells treated with the USP7 inhibitor P22077 (Fig. S4C). Together,
these observations suggest that USP7 regulates the level of
ubiquitylation on Shoc2 and RAF-1 but not their stability.

USP7 modulates HUWE1-mediated fine-tuning of the
Shoc2-ERK1/2 signaling axis
Previously, we demonstrated that epidermal growth factor (EGF)-
induced activation of the ERK1/2 pathway stimulates HUWE1-
mediated ubiquitylation of Shoc2 (Jang and Galperin, 2016; Jang
et al., 2019a). Thus, we examined whether USP7 affects the
amplitude of the EGF-induced Shoc2 ubiquitylation (Fig. 4A,B). In
cells treated with the USP7 inhibitor P22077 and then stimulated
with EGF (Fig. 4A, lanes 1-4), the amplitude of Shoc2

Fig. 2. Shoc2 NSLAH-related variants do not fully rescue impaired hematopoiesis of shoc2morphant larvae. (A) The panels show three distinct levels of
hemoglobin detected byo-Dianisidine staining at 52 h post fertilization. Images are shown in lateral and ventral view. (B) The rescue effect of ectopic shoc2mRNA
expression in the shoc2 morphants. The bar graph shows the ratio of various rescue effects following injection with shoc2 MO, shoc2 mRNA and their
combination. Relative intensity of hemoglobin staining was scored in arbitrary units of intensity (a.u.i.) 1 to 3, 1 being the weakest and 3 the strongest. The
percentage by class is significantly different (P<0.0001, χ2 analysis) for Shoc2 MO co-injections with Shoc2 mRNAs for the S2G, 269/270QH and L473I variants
compared with Shoc2 MO co-injections with Shoc2 wild-type (WT) mRNA (χ2 value wild type versus 269/270QH=94.94, d.f.=2, P<0.001; wild type versus
L473I=48.23,94, d.f.=2, P<0.001; wild type versus S2G=64.97, d.f.=2, P<0.001; Shoc2 MO versus Shoc2 MO plus wild type=197.20, d.f.=2, P<0.001).
(C) Embryos injected with shoc2 and control MO, and indicated mRNA, were harvested for immunoblotting (IB) at 52 h post fertilization. The protein levels were
analyzed using specific Shoc2 and actin antibodies. Scale bar: 500 μm.
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ubiquitylation was markedly increased compared to EGF-induced
ubiquitylation of Shoc2 control cells (Fig. 4A, lanes 5-8). The EGF-
induced Shoc2 ubiquitylation closely followed the ERK1/2
phosphorylation curve in the control cells, as well as in cells
treated with the USP7 inhibitor. Importantly, the increased levels of
Shoc2 ubiquitylation seen in cells treated with P22077 coincided
with attenuated ERK1/2 phosphorylation. These findings are

entirely consistent with the previously understood role of Shoc2
ubiquitylation being a part of a negative-feedback mechanism that
fine-tunes EGF-induced ERK1/2 phosphorylation (Jang et al.,
2014, 2019a).

Next, we assessed the activation of the Shoc2-coupled RAF-1
kinase and examined RAF-1(Ser338) phosphorylation in Shoc2
immunoprecipitates (Fig. 4C). P22077 treatment abrogated a 3-fold

Fig. 3. USP7 interacts with Shoc2 and modulates Shoc2 ubiquitylation. (A) The 293FT cells were co-transfected with GST-Shoc2, FLAG-USP7 or Myc-
USP46. GST-Shoc2 was immunoprecipitated (IP) using GST antibody and analyzed by immunoblotting (IB) using anti-MYC, -FLAG or -GST antibodies.
(B) Endogenous Shoc2 was immunoprecipitated from 293FT and Cos1 cells using Shoc2 antibody. Anti-USP7 antibodies were used to detect USP7 in Shoc2
immunoprecipitates and in total cell lysates. (C) Recombinant His-Shoc2 was mixed with GST-USP7 coupled to glutathione Sepharose beads. Complexes were
analyzed using anti-Shoc2 and -USP7 antibodies. (D) Endogenous Shoc2 was immunoprecipitated from 293FT cells transiently transfected with non-targeting
siRNA (siNT) or HUWE1 siRNA (siHUWE1) using anti-Shoc2 antibody. The immunoprecipitates were analyzed with anti-HUWE1, -USP7 and -Shoc2 antibodies.
The results in each panel are representative of three independent experiments. (E) Endogenous Shoc2 was immunoprecipitated from 293FT cells transiently
transfected with non-targeting siRNA (siNT) or USP7 siRNA (siUSP7). The immunoprecipitates were analyzed by immunoblotting using anti-Ub and -Shoc2
antibodies. Cell lysates were analyzed using anti-USP7, -Ub and -Shoc2 antibodies. (F) Endogenous Shoc2 was immunoprecipitated from 293FT cells treated
with USP7 inhibitor P22077. Shoc2 ubiquitylation was detected by immunoblotting using anti-Ub antibody. The immunoprecipitates and cell lysates were
analyzed by immunoblotting using anti-Ub and -Shoc2 antibodies. The results in each panel are representative of three independent experiments.
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increase in Shoc2-bound RAF-1 phosphorylation observed in
control cells (Fig. 4D). The levels of phospho-ERK1/2 were also
noticeably higher in control cells compared to P22077-treated cells
(Fig. 4C, input). These data indicate that in the Shoc2 scaffolding
module, USP7 is likely a part of an inhibitory feedback loop that

regulates the amplitude of Shoc2-ERK1/2 signaling (Jang et al.,
2019a).

Importantly, the experiments shown in Fig. 4C reveal the
unanticipated finding of the strikingly inducible Shoc2-USP7
interaction that reached its maximum 7 min after EGF treatment.

Fig. 4. USP7 modulates Shoc2 ubiquitylation and affects RAF-1/ERK1/2 activation stimulated by EGF. (A) The 293FT cells were serum starved for 16 h,
treated with USP7 inhibitor P22077 (25 µM) for 4 h and then stimulated with EGF (0.2 ng/ml) for 7, 15 and 30 min. Endogenous Shoc2 was immunoprecipitated
(IP) under denaturing conditions using Shoc2 antibodies. Shoc2 ubiquitylation was detected by immunoblotting (IB) using anti-Ub antibody. The
immunoprecipitates and cell lysates were analyzed by immunoblotting with anti-Ub, -Shoc2 and pERK1/2 antibodies. (B) The mean amount of Ub normalized to
the total amount of Shoc2 at 0 min±s.e. from four experiments is presented on the graph. The relative amount of ubiquitylation in each sample was compared to
the Shoc2 ubiquitylation levels in the DMSO-treated cells at 0 min. The P-value for DMSO versus P22077 was calculated using a one-tailed paired Student’s
t-test. The results in each panel are representative of three independent experiments. (C) Endogenous Shoc2 was immunoprecipitated from 293FT cells serum-
starved for 16 h, treated with vehicle (DMSO) or 25 µM of P22077 for 4 h, and then stimulated with EGF (0.2 ng/ml) for 7 and 15 min. Immunoblots were analyzed
with anti-USP7, -RAF-1, -pRAF-1 (Ser338), -pERK1/2, -Shoc2 and GAPDH antibodies. (D) Blots from the multiple experiments were analyzed. Data are
mean±s.e. for pRAF-1 normalized to the value for total RAF-1 and compared to pRAF-1 at 0 min (in arbitrary units). TheP-value for DMSO versus P22077 (7 min)
was calculated using a one-tailed paired Student’s t-test. The results on graph are representative of three independent experiments.
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It was also surprising to find that the peak of Shoc2-bound USP7
was detectable in immunoprecipitates collected before the
ubiquitylation of Shoc2 reached its maximum. HUWE1-induced
Shoc2 ubiquitylation peaked between 15 to 30 min following EGF
treatment (Fig. 4A) (Jang et al., 2019a). Yet, USP7 was found in the
Shoc2 complex before the 15 min time point. Interestingly, we also
found that inhibition of USP7 by P22077 caused a significant
decrease in the levels of USP7 in the Shoc2 immunoprecipitates.
Together, these data indicate that the role of USP7 in the Shoc2
module extends beyond the direct de-ubiquitylation of Shoc2 and/or
RAF-1 protein.

USP7-Shoc2-HUWE1 complex
USP7 is known for its unique capacity to cooperate and control
the activity of several E3 ubiquitin ligases (Kim and Sixma,
2017). Moreover, the E3 ligase HUWE1, similar to other

HECT-domain E3 ligases, has been shown to undergo
polyubiquitylation (Bernassola et al., 2008). With this notion in
mind, we reasoned that in the Shoc2 complex the de-ubiquitylating
enzyme USP7 is possibly a part of the HUWE1-mediated feedback
loop. Thus, we started by testing whether USP7 modulates
ubiquitylation of the Shoc2-bound HUWE1. First, Shoc2
complexes were immunoprecipitated from cells treated with
P22077 and stimulated with EGF in the non-denaturing
environment (Fig. 5A). Shoc2 immunoprecipitates were then
denatured and used to analyze the ubiquitylation of the Shoc2-
bound HUWE1 (Fig. 5A). We found that Shoc2 effectively
precipitated endogenous E3 ligase HUWE1 and that the Shoc2-
HUWE1 interaction was not affected by the activation of the
ERK1/2 pathway (Fig. 5A, non-denaturing conditions). Inhibition
of USP7 catalytic activity also did not affect Shoc2-HUWE1
binding, supporting the notion that the Shoc2-HUWE1 interaction

Fig. 5. USP7 regulates ubiquitylation ofShoc2-boundHUWE1. (A) The 293FT cells were serum-starved for 16 h, treatedwith 25 µMof P22077 for 4 h and then
stimulated with EGF (0.2 ng/ml) for 7 and 15 min. Endogenous Shoc2 was precipitated under non-denaturing conditions. Half of the immunoprecipitates (IP) were
analyzed with anti-Shoc2 and anti-HUWE1 antibodies. The rest of the Shoc2 immunoprecipitates were then denatured and subjected to immunoprecipitation
using anti-HUWE1 antibody. HUWE1 ubiquitylation was detected with anti-ubiquitin (Ub) antibody. Immunoblots (IB) were analyzed with anti-Shoc2, HUWE1,
-Ub, GAPDH and -pERK1/2 antibodies. (B) Bar graph showing the relative mean amount of Ub normalized to the total amount of HUWE1 and compared to control
Ub at 0 min in arbitrary units±s.e. (n=6) [P<0.001 (7 min) was calculated using a two-tailed paired Student’s t-test]. The results are representative of six
independent experiments. (C) Schematic depicting USP7 removal of HUWE1 ubiquitylation when bound to Shoc2.
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is constitutive (upper panel in Fig. 5A, P22077). We then used
denatured Shoc2 immunoprecipitates to analyze HUWE1
ubiquitylation (Fig. 5A, denaturing conditions). Not only was the
Shoc2-bound HUWE1 transiently ubiquitylated in response to EGF
treatment, but HUWE1 ubiquitylation reached its peak 7 min after
EGF stimulation. Importantly, P22077 treatment resulted in a
striking increase in the amplitude of ubiquitylation of the Shoc2-
bound HUWE1 (Fig. 5B). We also found that USP7 likely modifies
ubiquitylation within the HECT domain of HUWE1 (Fig. S5).
Critically, an increase in HUWE1 ubiquitylation coincided with
attenuated ERK1/2 phosphorylation (Fig. 5A, input). Together,
these data suggest that USP7 activity is directed toward the Shoc2-
bound HUWE1 (Fig. 5C).
To confirm that USP7 targets the E3 ligase HUWE1 in the

Shoc2 complex, we defined the USP7 protein binding site within
Shoc2. Computational analysis using the eukaryotic linear motif

(ELM) resource (www.elm.eu.org) predicted three USP7 UbL2-
binding motifs (probability of 3.742e-03) and one binding motif
within the TRAF-like motif of USP7 (probability of 1.239e-02).
The predicted TRAF-binding sequence included the pattern
[PA][^P][^FYWILA]S[^P] that was within the unstructured
N-terminus of Shoc2 (aa28-32, AKASG). All UbL2-3-binding
motifs include a KxxxK pattern: KEREK (aa22-26), KVLSK
(aa379-383) and KLNMK (aa383-387) (Fig. 6A). The essential
lysine amino residues were then mutated to alanines, and the
binding of Shoc2 and USP7 was examined either in Shoc2 CRISPR
knockout HeLa cells (Fig. 6B) or by using purified recombinant
His-tagged Shoc2 and USP7 (Fig. 6C). Although Shoc2K22A/K326A

and Shoc2K379A/K383A mutants somewhat retained their ability to
bind USP7, the substitutions of K383 and K387 residues for alanine
practically abolished the Shoc2-USP7 interaction. These results thus
suggest that both binding motifs contribute to the Shoc2-USP7

Fig. 6. Dissecting the Shoc2 and USP7 protein interaction. (A) Schematic representation of putative USP7 binding sites within Shoc2. (B) HeLa Shoc2
CRISPR knockout cells were transfected with wild-type (WT) Shoc2-tRFP or mutants. Cells 48 h post transfection were serum-starved for 16 h and then
stimulated with EGF (0.2 ng/ml) for 7 min. Shoc2 was precipitated from non-denatured cell lysates and Shoc2 complexes were analyzed with anti-Shoc2,
-HUWE1, -USP7 and -VCP antibodies. Shoc2 was also precipitated from denatured cell lysates using anti-Shoc2 antibodies and its ubiquitylation was detected
with anti-ubiquitin (Ub) antibody. Cell lysates were analyzed with anti-Shoc2, -HUWE1, -USP7, -VCP and - GAPDH antibodies. The results in each panel are
representative of four independent experiments. (C) Recombinant wild-type and mutated His-Shoc2 proteins were mixed with GST-USP7 coupled to glutathione
Sepharose beads. Complexes were analyzed using anti-Shoc2 and -USP7 antibodies. The results in each panel are representative of three independent
experiments. IB, immunoblot; IP, immunoprecipitated; LRR, leucine-rich repeat.
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interaction. In addition, we found that the ubiquitylation of the
Shoc2K383A/K387A mutant was dramatically reduced when the
ubiquitylation of the Shoc2K22A/K26A mutant was significantly
increased, even though Shoc2-HUWE1 binding was not affected
(Fig. 6B). These unexpected findings point toward the possible
involvement of additional molecules, and further studies will be
required to fully understand the complex molecular underpinnings
of these observations. Finally, the loss of ubiquitylation by both the
Shoc2K379A/K383A and Shoc2K383A/K387A mutants completely or
partially abolished the binding of Shoc2 with valosin-containing
protein (VCP), which is in agreement with our earlier findings
showing that VCP recognizes only the ubiquitylated species of
Shoc2 (Jang et al., 2019a).
When ERK1/2 pathway dynamics were studied in an EGF-

dependent time course in cells expressing Shoc2K383A/K387A and
Shoc2K22A/K26A mutants, ERK1/2 phosphorylation was dramatically
altered at early time points in cells expressing either Shoc2K383A/K387A

or Shoc2K22A/K26A mutants compared to wild-type Shoc2. However,
little difference was observed between either mutant versus wild-type
Shoc2 30 min after EGF treatment (Fig. S6), indicating the effect of
the Shoc2-USP7 interaction on a rapid and Shoc2-dependent phase
of ERK1/2 activation (Boned Del Rio et al., 2019). These data
demonstrate that the loss of USP7 binding modulates Shoc2-guided
ERK1/2 phosphorylation.
To investigate the question of whether in the Shoc2 complex

USP7 modulates the ubiquitylation of HUWE1 further, we

performed sequential immunoprecipitations using HeLa Shoc2
CRISPR knockout cells transiently expressing either wild-type
Shoc2 or the Shoc2 mutants K383A/K387A and K22A/K26A (Fig. 7;
Fig. S7). First, the Shoc2 complexes were precipitated from the
cells stimulated with EGF (0, 7 and 15 min) under non-denaturing
conditions (Fig. 7; Fig. S7, non-denaturing IP). The Shoc2
precipitates were then denatured and used to analyze the
ubiquitylation of the Shoc2-bound HUWE1 (Fig. 7, denaturing
IP). Ubiquitylation of the Shoc2-bound HUWE1 reached its
maximum 7 min after EGF treatment. Yet, in the cells expressing
the Shoc2K383A/K387A (Fig. 7) or Shoc2K22A/K26A (Fig. S7) mutants,
the ubiquitylation levels of the Shoc2-bound HUWE1 were
dramatically altered. These data highlight the intricate nature of
Shoc2-USP7 binding and further support our hypothesis that in the
Shoc2 complex USP7 exerts its activity toward the E3 ligase
HUWE1.

To better understand the role of USP7-mediated HUWE1
ubiquitylation, we assessed the ubiquitin chain linkages of USP7-
modified HUWE1 using antibodies recognizing either the K48 or
K63 chains (Fig. S8). Western blot characterization of the resulting
ubiquitin products showed that although the K63-ubiquitylated
chains are modified on the HECT domain of HUWE1 they do not
change when the activity of USP7 is inhibited (Fig. S8A,B).
However, ubiquitin K48 chains are significantly increased in cells
treated with the USP7 inhibitor P22077, indicating that the
specificity of ubiquitin branching is controlled by USP7.

Fig. 7. USP7 regulates ubiquitylation of Shoc2-bound HUWE1. HeLa Shoc2 CRISPR knockout cells expressing wild-type Shoc2-tRFP or the Shoc2 mutant
K383/387A were serum starved for 16 h and then stimulated with EGF (0.2 ng/ml) for 7 and 15 min. Endogenous Shoc2 was precipitated under non-denaturing
conditions (top left panel). Half of the Shoc2 immunoprecipitates (IP) were analyzed with anti-HUWE1, -VCP, -Shoc2, -USP7 and RAF-1 antibody. The rest of the
Shoc2 immunoprecipitates were then denatured and subjected to immunoprecipitation using anti-HUWE1 antibody (bottom left panel). Ubiquitylation was
detected with anti-ubiquitin (Ub) antibody. Immunoblots (IB) were analyzed with anti-Shoc2, -Ub and -HUWE1 antibodies. Cell lysates were probed with anti-Ub,
-HUWE1, -VCP, -Shoc2, -USP7, pERK1/2, GAPDH and RAF-1 antibody (right panel). The results in each panel are representative of at least three independent
experiments. WT, wild type.
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USP7 binding by Shoc2 NLSAH mutations is altered
The data in Fig. 1B,C show that Shoc2 pathogenic variants
(Shoc2S2G, Shoc2E89D, Shoc2L437I and Shoc2QH269/270HY) are
differentially ubiquitylated. Therefore, we examined the binding
of the Shoc2 NSLAH-associated variants with USP7. We found
that, in contrast to what was observed for wild-type Shoc2 or for

the Shoc2 variants for which ubiquitylation was not affected
(Shoc2C238Y and Shoc2M173I), the levels of USP7 in the complex
with Shoc2S2G, Shoc2L437I, Shoc2QH269/270HY and Shoc2E89D

variants remained constant and were not induced by EGF
activation (Fig. 8A). Interestingly, all of the Shoc2 pathogenic
variants retained their ability to bind HUWE1. The Shoc2S2G and

Fig. 8. See next page for legend.
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Shoc2L437I variants were thus used to examine whether the
ubiquitylation of Shoc2-bound HUWE1 was also altered. We
again performed sequential immunoprecipitations of HUWE1 from
HeLa Shoc2 CRISPR knockout cells transiently expressing either
wild-type Shoc2 or the Shoc2S2G and Shoc2L437I mutants (Fig. 8B).
First, the Shoc2 complexes were precipitated from cells stimulated
with EGF (0, 7 and 15 min) under non-denaturing conditions.
The Shoc2 precipitates were then denatured and used to analyze
the ubiquitylation of the Shoc2-bound HUWE1 (Fig. 8B, denaturing).
In cells expressing wild-type Shoc2, ubiquitylation of the Shoc2-
bound HUWE1 reached its maximum 7 min after EGF treatment. Yet,
in the cells expressing the Shoc2S2G or Shoc2L437I mutants, the
ubiquitylation levels of the Shoc2-bound HUWE1 were significantly
decreased. Moreover, the dynamics of the ubiquitylation of
HUWE1 bound to the Shoc2L437I and Shoc2QH269/270HY variants
were altered with its maximum prior to ERK1/2 pathway activation
(Fig. 8C). These data lend additional support to the notion that in the
Shoc2 complex USP7 exerts its activity toward the E3 ligase
HUWE1 and suggest that USP7 likely removes inhibitory
ubiquitylation from the HECT domain. Although, molecular
details of this activity are not clear and require additional studies.
Most importantly, together with our in vivo studies, these
experiments provide strong support for the hypothesis that
dysregulated USP7-Shoc2 interaction and Shoc2 ubiquitylation
are the factors contributing to NSLAH pathogenesis.

DISCUSSION
The results presented here highlight a critical role for the de-
ubiquitylating enzyme USP7 in the pathogenesis of NSLAH
syndrome, and illustrate an unexpected complexity of the
mechanisms regulating the Shoc2-ERK1/2 signaling axis. These
findings show that USP7 is an integral partner within the Shoc2
signaling module and explain the role of USP7 in the Shoc2
module. Importantly, they establish that in the Shoc2 complex
USP7 has dual activity: (1) to modulate ubiquitin levels on the E3

ligase HUWE1, possibly through preventing its auto-ubiquitylation;
and (2) to control ubiquitylation of Shoc2 through the de-
ubiquitylation of HUWE1, thereby allowing for a rapid regulatory
feedback loop in which the amplitude of the ERK1/2 signals is
rapidly modulated.

The role of USP7 in the Shoc2 complex
The de-ubiquitylating enzyme USP7 is a highly abundant protein,
with many interacting partners, that is implicated in numerous
cellular processes, such as DNA repair, endosomal protein
trafficking, chromatin dynamics, metabolism and cell survival,
proliferation or apoptosis (Hao et al., 2015; Jagannathan et al., 2014;
Khoronenkova et al., 2012; Liefke et al., 2017; Pozhidaeva and
Bezsonova, 2019). USP7 stabilizes many of its targets (e.g. E3
ligase MDM2, p53, Foxos, ANAX1, etc) (Epping et al., 2011;
Hall et al., 2014; Hao et al., 2015; Saridakis et al., 2005; Sheng
et al., 2006; van der Horst et al., 2006; Wang et al., 2019). It has
been shown that USP7 also can form stable protein complexes
with several other interacting partners that serve as scaffolds
(Ye et al., 2015). These partners localize USP7 to the correct
place (Hao et al., 2015) and/or modulate its activity (Faesen
et al., 2011; van der Knaap et al., 2005). Our study provides
compelling evidence that USP7 interacts with Shoc2 in cells and
in vitro, and in the absence of other components of the Shoc2
complex. Here, we show that USP7 function goes beyond
stabilizing levels of Shoc2 or its known partners RAF-1 and
HUWE1 (Fig. 3; Figs S3, S4). We also find that Shoc2 and USP7
interact in a bipartite manner, with Shoc2 recognizing both the
N-terminal TRAF/MATH domain, as well as the C-terminal UbL
region of USP7 (Fig. S2).

The finding that USP7 binds to Shoc2 in a transient EGF-
dependent manner (Fig. 4) is one of the most intriguing
observations of this study. These data unravel a novel mode of
action for USP7 in the Shoc2 complex and indicate that USP7 de-
ubiquitylation may regulate the activity of the E3 ligase HUWE1 in
the Shoc2 complex. Moreover, the experiments in Figs 5–7
demonstrate that HUWE1 is the primary target of USP7, as
abrogated binding of Shoc2 and USP7, or a decrease in the
enzymatic activity of USP7, alters the levels of ubiquitin modified
on Shoc2-bound HUWE1. These data are consistent with earlier
evidence pointing to an unusual propensity of USP7 to protect
different E3 ligases (e.g. MDM2, UHRF1, TRIM27, etc) from auto-
ubiquitylation, thus allowing for their maximal E3 ligase activity
(Kim and Sixma, 2017).

We also show that failure to recruit USP7 by Shoc2 leads to
changes in the ubiquitin levels of HUWE1 coinciding with
aberrations in the rapid phosphorylation of Shoc2-bound RAF-1
and ERK1/2 (Fig. 4). Collectively, these data establish that Shoc2
incorporates the de-ubiquitylase USP7 to provide an additional layer
of control over the amplitude of the ERK1/2 signals transmitted
through the module. Our biochemical experiments lead to an
updated model of how negative feedback mechanisms control the
amplitude of signals transmitted via the Shoc2-ERK1/2 signaling
axis (Fig. 8D). In this model, EGF-dependent activation of the
ERK1/2 pathway induces binding of USP7 to the Shoc2 complex
(step 1), in which USP7 controls the ability of HUWE1 to modify
the noncatalytic scaffold Shoc2 (step 2). HUWE1-mediated
ubiquitylation of Shoc2 and RAF-1 allows for the dynamic range
of RAF-1 activity to be fine-tuned, thereby actively monitoring the
transmission of ERK1/2 signals (step 3). Future studies will resolve
remaining questions regarding the molecular events triggering the
recruitment of USP7 to the Shoc2 complex, and will determine

Fig. 8. Aberrant USP7 binding and ubiquitylation of Shoc2-boundHUWE1
in cells expressing Shoc2 NSLAH variants. (A) The USP7 binding of the
Shoc2 NSLAH variants. HeLa Shoc2 CRISPR knockout cells expressing the
Shoc2 variants were serum starved for 16 h and then stimulated with EGF
(0.2 ng/ml) for 7 min. Shoc2 was precipitated using anti-Shoc2 antibodies.
Immunoblots (IB) were analyzed with anti-Shoc2, -USP7 and -HUWE1
antibodies. The results in each panel are representative of three independent
experiments. (B) HeLa Shoc2 CRISPR knockout cells expressing wild-type
(WT) Shoc2-tRFP or the Shoc2 S2G or L473I mutants were serum starved for
16 h and then stimulated with EGF (0.2 ng/ml) for 7 and 15 min. Shoc2
complexes were precipitated under non-denaturing conditions (top left panel)
using anti-Shoc2 antibody. Half of the of Shoc2 immunoprecipitates (IP) were
analyzed with anti-HUWE1 and -RFP antibody. The rest of the Shoc2
immunoprecipitates were then denatured and subjected to
immunoprecipitation using anti-HUWE1 antibody (bottom left panel).
Ubiquitylation was detected with anti-ubiquitin (Ub) antibody. Immunoblots
were analyzed with anti-RFP, -Ub and -HUWE1 antibodies. Cell lysates were
probed with anti-HUWE1, -RFP and -GAPDH antibodies. The results in each
panel are representative of at least four independent experiments. (C) Bar
graph showing the relative mean amount of Ub normalized to the total amount
of HUWE1 and compared to control Ub at 0 min in arbitrary units±s.e. (n=6).
(D) Schematic showing the working model depicting what is currently
understood for the mechanisms by which USP7 modulates the Shoc2-
mediated ERK1/2 signals. Activation of the ERK1/2 pathway is followed by
recruitment of USP7 to the Shoc2-HUWE1 complex. In the Shoc2 complex,
USP7 exerts it activity toward HUWE1 and potentiates ubiquitylation of Shoc2
and RAF-1, leading to the adjustments in the amplitude of ERK1/2 signaling.
Disruption in the molecular mechanisms regulating the amplitude of ERK1/2
signals results in abnormal embryonic development.
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whether in the Shoc2 complex USP7 shows similar levels of
cooperativity to what was previously observed for USP7 in the
MAGE-L2-TRIM27 complex or other USP7-E3 ligase pairs (Hao
et al., 2015).

Mechanisms underlying a USP7-HUWE1-Shoc2
regulatory loop
The bipartite Shoc2-USP7 recognition raises an obvious question
as to what structural features are recognized via this bipartite
binding and what is the significance of such a recognition pattern.
In the case of USP7 partners GMP-synthetase (GMPS) and
DNMT1 (Cheng et al., 2015; Faesen et al., 2011; Kim et al.,
2016), similar recognition allows GMPS and UVSSA to
allosterically regulate and stabilize the active state of the TRAF/
MATH domain of USP7 by promoting the interaction of the TRAF
domain with UBL4/5, which is needed for the full activation of
USP7 (Kim et al., 2016; Sarasin, 2012; Schwertman et al., 2012,
2013). Thus, taking into account the scaffolding properties of
Shoc2, it is conceivable that Shoc2-USP7 bipartite recognition is a
possible mechanism by which Shoc2 modulates the interaction
between the catalytic and the UbL domains of USP7, thereby either
promoting the ‘on’ state, like GMP synthetase (Faesen et al., 2011)
or sequestering UbL domains from the catalytic domain and
promoting the ‘off’ state.
It is also tempting to speculate that ubiquitin moieties removed

from the HECT domain of HUWE1 byUSP7 (Fig. S5; Pandya et al.,
2010) are de-activating auto-ubiquitylation. In this scenario,
dissociation of USP7 from Shoc2 will then lead to Shoc2 de-
ubiquitylation, possibly eliciting a conformational change in the
scaffold itself, thereby reducing its ability to facilitate USP7
activation. HUWE1-mediated feedback regulating USP7 is also
plausible in this scenario. Future studies exploring the molecular
basis of the direct interaction between USP7, HUWE1 and Shoc2
will resolve these intriguing possibilities and provide important
mechanistic details on active remodeling within the scaffolding
module.
Our data suggest that upon EGF treatment HUWE1 does not

dissociate from the Shoc2 complex as no apparent change in the
levels of the Shoc2-bound HUWE1 was detected. Yet, if HUWE1
remains bound to Shoc2 then our observations of UPS7 removing
K48 ubiquitin chains from the HECT domain of HUWE1 are rather
puzzling (Fig. S8). Additional analysis will be necessary to establish
the role of the K48 ubiquitin linkages.
Importantly, this study provides new evidence that ubiquitin

modifications within the Shoc2 scaffold complex play a critical and
active role in controlling Shoc2-transmitted ERK1/2 signals. The
transient nature of the USP7-Shoc2 interaction and its potential
ability to modulate – increase/decrease the catalytic efficiency of
HUWE1 – provides the means for a rapid and effective response
to external stimuli. Dynamic changes within Shoc2 ubiquitylation
and USP7 binding also indicate that another de-ubiquitylating
enzyme possibly assists in the ‘reactivation’ of the Shoc2 module.

Implications for NSLAH pathology
In addition to identifying a role for USP7 in the transmission of
ERK1/2 signals, we also report the involvement of USP7 in the
mechanisms underlying NSLAH pathology (Figs 1, 2 and 8).
Our analysis of searchable databases revealed several patients
harboring novel Shoc2 variants and presenting with several
developmental and behavioral phenotypes overlapping with
NSLAH (e.g. congenital heart defects, developmental delay/
intellectual disability, distinctive craniofacial dysmorphisms, short

stature, feeding difficulties and fine hair) (Cordeddu et al., 2009;
Hannig et al., 2014; Motta et al., 2019; Tidyman and Rauen, 2016).
Although we cannot exclude that some of the phenotypes observed
in these patients may be attributed to a mutation in other associated
genes (Table S1), our zebrafish experiments firmly support the
pathogenicity of the L473I variant. Even though the Shoc2 variants
analyzed in this study are not within the identified USP7-binding
domains of Shoc2, increased ubiquitylation of the S2G, QH269/
270HY and L473I pathogenic variants, and the aberrant recognition
of USP7, indicate that disruptions in the USP7-initiated feedback
loop of the Shoc2-ERK1/2 axis contribute to the Shoc2-associated
NSLAH pathology. Other proteins likely facilitate the recognition
of Shoc2 andUSP7, and the defects in the dynamics of USP7-Shoc2
binding observed in the S2G, QH and L473I variants are due to the
disrupted USP7-adapter-Shoc2 recognition. Additional studies
providing a plausible mechanism for the observed tissue-specific
developmental defects of all novel Shoc2 gene variants are needed
to clarify how the disease-associated genetic variants alter the
function of Shoc2. These studies will improve our understanding of
the consequences that Shoc2 variants have on development, as well
as the pathogenesis of the disease.

DUBs have been shown to control different aspects of embryonic
development (Basar et al., 2021) and are commonly found to
regulate stem cell maintenance and differentiation by controlling
gene expression (Gu et al., 2019; Pei, 2017). Some DUBs have been
shown to modulate fundamental signaling pathways (e.g. FGF,
WNT and Notch) (Clague et al., 2012; Jin et al., 2016; Ma et al.,
2014; Novellasdemunt et al., 2017). Disruption of one allele of
USP7 results in Hao-Foutain syndrome, a developmental disorder
with seizures, behavioral abnormalities and hypotonia (Hao et al.,
2015). The role of USP7 in the regulation of neuronal differentiation
is attributed to its function in the regulation of retromer-dependent
endosomal recycling of membrane proteins (Hao et al., 2015). It is
also noteworthy that USP7 has been identified as one of the 57 DUB
genes that are required for the early development of zebrafish (Tse
et al., 2009). Similar to the loss of Shoc2, the loss of USP7 resulted
in profound defects in craniofacial cartilages (Jang et al., 2019b).
Thus, it will be interesting to determine whether the Shoc2
mutations affecting Shoc2-USP7 binding cause abnormalities
similar to the USP7-caused Hao-Fountain syndrome. Likewise,
further studies are needed to clarify the pathophysiological
significance of the interaction between Shoc2 and USP7 for the
pathogenesis of Hao-Fountain syndrome.

In summary, these studies are the first to identify USP7 as a part
of the ERK1/2 canonical signaling pathway and to provide insights
into a newmechanismmodulating activation of this cascade. Ours is
also the first report suggesting that this role in controlling post-
translational modification is evolutionarily conserved. Here, we
provide new insights into the signaling mechanisms and emphasize
how vital it is to understand the molecular and cellular basis of
diseases for dissecting disease pathogenesis. The Shoc2 scaffold is a
complex module that regulates various cellular functions (Jang
et al., 2021). Thus, it is reasonable to assume that deregulation of the
mechanisms that control the function of the Shoc2 assembly will
have pathological consequences. Future studies of Shoc2 complexes
will resolve the remaining questions and identify additional proteins
regulating the dynamics within the scaffold complex, as well as the
full extent of the mechanisms by which signals transmitted through
the complex are regulated. Knowing the precise etiology and
pathogenesis of Shoc2-related malformations is also essential for
the development of therapeutic avenues for the minimization or
prevention of various anomalies in other RASopathies.
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MATERIALS AND METHODS
Antibodies and other reagents
Specific proteins were detected using primary antibodies against the
following: M-RAS, RAF-1, GST, GFP, HA, phosphorylated ERK1/2
(pERK1/2), ubiquitin, cyclin D1 and GAPDH (Santa Cruz Biotechnology,
Dallas, TX, USA); Shoc2, USP7 and HUWE1 (Proteintech, Rosemont, IL,
USA); phosphorylated RAF-1 [pRAF-1 (S338)], K-48 or K-63 link
ubiquitin (Cell Signaling Technology, Danvers, MA, USA); VCP
(BioLegend, San Diego, CA, USA); tag red fluorescent protein (Thermo
Fisher Scientific); humanized synthetic sdAbs 99 (hs2dAbs99) against
Shoc2 (previous developed and characterized by Jang et al., 2020); and
peroxidase-conjugated AffiniPure F(ab′)2 fragment goat anti-rabbit IgG and
Mouse IgG (H+L) (Jackson ImmunoResearch). Purified USP7 protein was
purchased from Sino Biological. EGF was purchased from BD Biosciences,
HBX 41108 from Tocris Bioscience, P22077 from Selleckchem (Houston,
TX, USA), cycloheximide and MG132 from Enzo, and N-ethylmaleimide
(NEM) was obtained from Thermo Scientific/Pierce.

Cell culture and DNA transfections
Cos1cells [American Type Culture Collection (ATCC)], 293FT cells
(Invitrogen), HeLa cells (ATCC) and stable cell lines (derivatives of HeLa
cells) were grown in Dulbecco modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) supplemented with sodium
pyruvate, minimal essential medium with nonessential amino acids (MEM-
NEAA), penicillin, streptomycin and L-glutamate (Invitrogen). Transfections
of DNA constructs were performed using polyethyleneimine (Neo
Transduction Laboratories, Lexington, KY, USA) or TransIT-HeLaMonster
(MirusBio LLC) reagent. Expression of proteins was confirmed by western
blotting, as described below.

Expression plasmids
tRFP-tagged Shoc2 (Shoc2-tRFP) has been described previously (Jeoung
et al., 2013). Shoc2-tRFP-tagged mutants were generated as described
previously (Jeoung et al., 2013). A mammalian GST expression vector was
kindly provided by Haining Zhu (University of Kentucky, Lexington, KY,
USA). A His-tag protein expression vector for Shoc2 purification was
kindly provided by Craig Vander Kooi (University of Kentucky, Lexington,
KY, USA). USP7 constructs were kindly provided by Dr Ryan Potts
(St. Jude Children’s Hospital, Memphis, TN, USA). All constructs were
verified by dideoxynucleotide sequencing.

siRNA transfections
To silence protein expression by RNAi, cells were seeded in 12-well plates
(at 50 to 60% confluence with 1 ml of DMEM-FBS per well) at least 20 h
before transfection. siRNA transfections were performed at 24- to 36-h
intervals according to the manufacturer’s recommendations, using
Dharmafect reagent 2 (Thermo Fisher Scientific/Dharmacon). The siRNA
sequence used to target HUWE1 transcripts was as follows: 5′-GAGU-
UUGGAGUUUGUGAAGTT-3′ (Jang et al., 2014). The siRNA sequence
used to target the USP7 transcripts was as follows: 5′-GUAAAGAAGUA-
GACUAUCG-3 (Thompson et al., 2014). The efficiency of the siRNA
knockdown was validated by western blotting.

CRISPR/Cas9-mediated gene deletion
A HeLa cell line lacking Shoc2 was generated by Biocytogen (www.
biocytogen.com). RNA guide sequences (5′-GATAAAGGTATTGCCTC-
TGT TGG3-′ and 5′-GGAATAAAGGTCAAAAGATT AGG-3′) targeting
exon 2 and CRISPR/Cas9 technology was used to insert a puromycin
resistance gene. Clones were isolated, screened genetically and then tested
for Shoc2 expression by immunoblot. Gene disruption was also validated by
PCR analysis.

Immunoprecipitation and western blot analysis
Cells were placed on ice and washed with Ca2+, Mg2+-free PBS, and
the proteins were solubilized in 50 mM Tris (pH 7.5) containing 150 mM
NaCl, 1% Triton X-100, 1 mM Na3VO4, 10 mM NaF, 0.5 mM
phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA),

10 μg/ml leupeptin, and 10 μg/ml aprotinin (Roche, Basel, Switzerland) for
15 min at 4°C. Lysates were then centrifuged at 16,000 g for 15 min to
remove insoluble material. Lysates were incubated with appropriate
antibodies for 2 h, and the immunocomplexes were precipitated using
protein A- or G-Sepharose (GE Healthcare Life Sciences, Chicago, IL,
USA). Immunoprecipitates and aliquots of cell lysates were denatured in
sample buffer at 95°C, resolved by electrophoresis and probed by western
blotting with various antibodies followed by chemiluminescence detection.

Western blotting was performed as described previously (Jeoung et al.,
2013). Proteins transferred from SDS-polyacrylamide gels to nitrocellulose
membranes were visualized using a ChemiDoc analysis system (Bio-Rad,
Hercules, CA, USA). Several exposures were analyzed to determine the
linear range of the chemiluminescence signals. Quantification was
performed using the densitometry analysis mode of Image Lab software
(Bio-Rad).

Denaturing immunoprecipitation for in vivo ubiquitylation assay
Denaturing immunoprecipitation was performed as described previously
(Jang et al., 2015). Briefly, cells were lysed in denaturing buffer [50 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1% SDS, 1 mM Na3VO4,
10 mM NaF, 5 mM NEM and 10 μM MG132] and boiled for 10 min.
Lysates were diluted 1:10 with the same buffer without SDS and incubated
with the appropriate antibody overnight with rotation at 4°C. Protein
G-agarose (GE Healthcare Life Sciences, Chicago, IL, USA) was added
and the agarose beads were washed four times in lysis buffer (without
SDS). Proteins were eluted at 95°C in SDS loading buffer, separated by
SDS-PAGE and transferred to a nitrocellulose membrane.

Interaction of recombinant proteins
GST- and His-tagged proteins were affinity purified from bacterial cells
using standard protocols as described by Jang et al. (2020). Briefly, GST and
GST-USP7 (full-length or truncated mutants) were produced in BL21(DE3)
cells by overnight induction at 16°C with 0.5 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG). Proteins were purified from bacterial lysates
with glutathione sepharose (GE Amersham) and eluted with 10 mM
glutathione. Proteins were stored in PBS containing 10% glycerol. In vitro
binding assays were performed as described by Jang et al. (2020). Briefly,
1.5 μg of purified GST-tagged proteins were bound to glutathione
Sepharose beads (Goldbio) for 1 h in binding buffer. Equal amounts of
full-length USP7 or truncated mutants coupled to glutathione Sepharose
beads were then incubated with recombinant His-Shoc2 at 4°C for 16 h. The
beads were washed four times with cell lysis buffer and eluted with 2×
Laemmli sample buffer.

Zebrafish strains and maintenance
All zebrafish strains were bred, raised and maintained in accordance with
established animal care protocols for zebrafish husbandry. Embryos were
staged as described previously (Kimmel et al., 1995). All animal procedures
were carried out in accordance with guidelines established by the University
of Kentucky Institutional Animal Care and Use Committee.

Morpholino and mRNA injection
All MOs were obtained fromGene Tools (Philomath, OR, USA) and injected
into one- or two-cell-stage zebrafish embryos. The following MOs were used
in this study: standard control MO, 5′-CCTCTTACCTCAGTTACAATT-
TATA-3′, and shoc2 MO: 5′-TACTGCTCATGGCGAAAGCCCCGCA-3′.
Embryos were injected with 8 ng each of MOs. For mRNA rescue
experiments, the zebrafish shoc2 coding sequences (with silent mutation at
MO target sites) for either wild type or mutant were PCR amplified from
zebrafish shoc2 cDNA and cloned into the pCS2+ vector (Promega, WI,
USA). The capped mRNAs were synthesized using the mMessage
mMACHINE SP6 transcription kit (Thermo Fisher Scientific, CA, USA)
according to the manufacturer’s instructions. For mRNA rescue experiments,
100 pg/embryo of wild type was co-injected with 8 ng of shoc2 MO.

Staining methods and evaluation
Whole-embryo staining for erythropoietic cells was performed using
o-Dianisidine histochemistry according to previously described methods
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(Detrich et al., 1995; Iuchi and Yamamoto, 1983). PTU (1-phenyl-2-
thioure)-treated dechorionated embryos were stained for 50 min in the dark
in o-Dianisidine (0.6 mg/ml), 0.01 M sodium acetate, 0.65%H202, and 40%
(v/v) ethanol. After staining, embryos were washed with PBS with 0.1%
Tween-20 (PBS-T) and then postfixed in 4% paraformaldehyde overnight in
4°C. Stained embryos were then washed with PBS-T and stored in 90%
glycerol for imaging.

To evaluate mRNA rescue, test MOs were injected either singly or in
combination with a verified mRNA. Resulting embryos were scored for
intensity of o-Dianisidine at 52 h post fertilization based on the three classes
described previously (Jang et al., 2019b). The evaluators (E.G. and R.N.)
were blinded to the identity of the injected embryos at the time of survey.
Percentages reflect the total embryos in each staining class summed over
three separate experiments. Differences in phenotypical changes were
compared using χ2 tests.

Photography and image analysis
Images of o-Dianisidine staining were imaged with Leica DFC7000T
mounted on a dissecting microscope (Leica M165 FC, Germany) or with a
Leica DFC450 digital camera, and mounted on a dissecting microscope
(Leica S9D, Germany). LASX V2.6 software (Leica, Germany) was used to
calculate the positive signals. All images were compiled in Adobe
Photoshop CS6 Portable (Adobe Systems Incorporated, CA, USA) and
resized.

Human subjects
The publicly available DECIPHER database was queried in February 2020.
The DECIPHER database contained ∼54,861 individuals at the time of
query.We limited our search to those deletions smaller than 5 mb in size and
to single nucleotide variants. For subjects in the DECIPHER database,
patient consent was obtained by the attending geneticist for public and
collaborative group data sharing, giving access to genomic and phenotypic
data, and patient reports. Following database use, the providers were
contacted to fill out a questionnaire.

Statistical analyses
Results are expressed as mean±s.e.m. The statistical significance of
the differences between groups were determined using either paired
with one- or two-tailed Student’s t-tests or one-way ANOVA (followed
by the Tukey’s test, or Kruskal–Wallis test), as indicated in the
legends. P<0.05 was considered statistically significant. Phenotypical
differences were evaluated using a χ2 test. All statistical analyses were
carried out using GraphPad Prism 8.0 (GraphPad Prism Software Inc.,
Chicago, IL, USA).
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Fig. S1. Full-length Shoc2-tRFP and Shoc2-tRFP NSLAH-associated mutants have similar protein half-life. 

A. Parental and CRISPR/Cas9 Shoc2 KO HeLa cells were serum-starved for 16 hr and then stimulated with EGF (0.2 

ng/ml) for 7 and 15 min. Immunoblots were analyzed with anti-Shoc2, -RAF-1, -pERK1/2, and -GAPDH antibodies. 

The results in each panel are representative of those from three independent experiments. 

B. HeLa Shoc2 CRISPR KO cells transiently transfected with the Shoc2 C238Y mutant were serum-starved for 16 hr 

and then stimulated with EGF (0.2 ng/ml) for 7 and 15min. Cell lysates were analyzed using anti-pERK1/2, -GAPDH 

and -Shoc2 antibodies.  

C. CRISPR/Cas9 Shoc2 KO HeLa cells were transiently transfected with full-length Shoc2-tRFP or Shoc2-tRFP 

mutants. Thirty-six hours post-transfection cells were treated with 30 µM Cycloheximide for indicated times at 37°C. 

The lysates were probed by immuno-blotting (IB) for Shoc2, Cyclin D (half-life 30 min, experimental control) and 

GAPDH (loading control). 
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Fig. S2. Mapping the architecture of the Shoc2-USP7 complex. 

A. Schematic representation of the full-length and truncated FLAG-USP7 constructs.  

B. Co-immunoprecipitation studies reveal the importance of TRAF (aa1-206) and UBL1-5 

(aa564-1102) domains for Shoc2 interaction in cells. The indicated constructs were expressed in 293FT cells for 48 

hrs before cell lysates were immunoprecipitated with anti-Shoc2 and immunoblotted with anti-FLAG (USP7). Cell 

lysates were immunoblotted with anti-FLAG antibody to monitor expression of USP7 and corresponding truncated 

mutants used in IP panel or Shoc2 Abs to monitor expression of Shoc2.  

C. Purified indicated recombinant fragments of USP7 were used in in vitro Shoc2-pulldown assays to determine the 

regions on USP7 that Shoc2 binds. GST or GST-USP7 fragments were incubated with recombinant His-Shoc2 

bound to Sepharose A beads. Bound proteins were detected by anti-GST and Shoc2 immunoblotting. 
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Fig. S3. USP7 does not modify levels of the proteins in the Shoc2 complex. 

A. Cos-1, HeLa or 293FT cells were treated with the vehicle (DMSO) or or 25 of P22077 for 4 hr. Cell lysates were 

analyzed using anti-Ub, -USP7, -RAF-1, -Shoc2 and -GAPDH antibodies.  B. 293FT cells were treated with the vehicle 

(DMSO) or 10 µM of P22077 at the time period indicated or indicated doses of P22077. Cell lysates were analyzed using anti-

HUWE1, -USP7, -Shoc2, and -GAPDH antibodies.  

C. HeLa, HCT116 and 293FT cells were transiently transfected with non-targeting siRNA 

(siNT) or USP7 siRNA (siUSP7). Cell lysates were analyzed using anti-HUWE1, -USP7, -Shoc2 and -GAPDH antibodies.  

D. 293FT cells were treated with the vehicle (DMSO) or 10 µM of HBX41108 at the time period indicated or indicated doses 

of HBX41108. Cell lysates were analyzed using anti-HUWE1, -USP7, -RAF-1, -Shoc2, and -GAPDH antibodies.  
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Fig. S4. USP7 does not modify levels of the proteins in the Shoc2 complex. A. Endogenous Shoc2 was 

immunoprecipitated from 293FT cells treated with USP7 inhibitor P22077 or HBX41108. Shoc2 ubiquitination 

was detected by immunoblotting using anti-ubiquitin (Ub) antibody. The immunoprecipitates and cell lysates were 

analyzed by immunoblotting with using anti-Ub, and -Shoc2 antibodies. The results in each panel are 

representative of those from three independent experiments. 

B. 293FT cells were transfected with WT FLAG-USP7 or FLAG-USP7 with the C223S substitution. Shoc2 was 

immunoprecipitated using anti-Shoc2, and Shoc2 ubiquitination was detected with anti-Ub antibodies. Cell 

lysates were analyzed using anti-Ub, -USP7 and -Shoc2 antibodies. 

C. Endogenous RAF-1 was immunoprecipitated from 293FT, Cos1 or HeLa cells treated with USP7 inhibitor 

P22077. RAF-1 ubiquitination was detected by immunoblotting using anti-ubiquitin (Ub) antibody. The 

immunoprecipitates and cell lysates were analyzed by immunoblotting with using anti-Ub, -RAF-1 and GAPDH 

antibodies. The results in each panel are representative of those from three independent experiments. 
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Fig. S5. USP7 regulates ubiquitination of Shoc2- bound HECT domain of HUWE1.

293FT cells were transiently transfected with GST-tagged HECT domain of HUWE1. 48 hours after 

transfections cells were serum-starved for 16 hr, treated with 25 µM of P22077 for 4 hr and then stimulated 

with EGF (0.2 ng/ml) for 7 and 15min. Endogenous Shoc2 was precipitated under non-denaturing conditions. 

Shoc2 immuno-precipitates were then denatured and subjected for immunoprecipitation using anti-HUWE1 

antibody. HUWE1 ubiquitination was detected with anti-ubiquitin (Ub) antibody. Immunoblots were analyzed 

with anti-Shoc2, - HUWE1, -Ub, and GAPDH antibodies. The results are representative of at least three 

independent experiments. 
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Fig. S6. ERK1/2 pathway activation in cells expressing USP7-binding deficient mutants of Shoc2. 

HeLa cells were transfected with WT Shoc2-tRFP, Shoc2 (K383/387A) (A) or Shoc2 (K22/26A) (B) mutants 

respectively. Cells were serum-starved for 16 hr and then stimulated with EGF (0.2 ng/ml). Immunoblots were analyzed 

with anti -HUWE1, -Shoc2, -RAF-1, -pERK1/2 and -GAPDH antibodies. Bars represent the mean amount of pERK1/2 

normalized to the total amount of GAPDH in arbitrary units ± S.E. (n=3) (p<0.0007 (7 min K383/387A), by Student’s t-

test and p<0.0488 (7 min K22/26A), by Student’s t-test). The results in each panel are representative of those from three 

independent experiments. 
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Fig. S7. USP7 regulates ubiquitination of Shoc2- bound HUWE1.  

HeLa Shoc2 CRISPR KO cells expressing WT Shoc2-tRFP or the Shoc2 mutant K22/26A were serum-starved for 16 hr 

and then stimulated with EGF (0.2 ng/ml) for 7 and 15min. Endogenous Shoc2 was precipitated under non-denaturing 

conditions. 50% of Shoc2 immunoprecipitates were analyzed with anti-HUWE1, -VCP, -Shoc2, -USP7 and RAF-1 

antibody. The rest of Shoc2 immunoprecipitates were then denatured and subjected for immunoprecipitation using anti-

HUWE1 antibody. Ubiquitination was detected with anti-ubiquitin (Ub) antibody. Immunoblots were analyzed with 

anti-Shoc2, -Ub and -HUWE1 antibodies. Cell lysates were probed with anti-Ub, -HUWE1, -VCP, -Shoc2, -USP7, 

pERK1/2, GAPDH and RAF-1 antibody. The results in each panel are representative of those of at least three 

independent experiments. 
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Fig. S8.  USP7 modulated K48 linkages on Shoc2-bound HUWE1 in cells stimulated with  EGF.  

A. 293FT cells were transfected with GST-tagged HECT domain of HUWE1. Endogenous Shoc2 was precipitated 

under non-denaturing conditions from cells treated with P22077 (25µM) for 4 hours. Shoc2 immuno-precipitates 

were analyzed with anti-HUWE1 and Shoc2 antibody. Shoc2 precipitates were then denatured and subjected for 

immunoprecipitation using anti-HUWE1 antibody. Ubiquitination was detected with anti-K48 ubiquitin (K48), -

K63 ubiquitin (K63) or -Ub antibody. Cell lysates were probed with anti-HUWE1, -Shoc2, and -GAPDH 

antibody. The results in each panel are representative of those of at least three independent experiments. 

B. The mean amount of Ub normalized to the total amount of HECT ubiquitination at 0 min ± SE from three 

experiments is presented on the graph. The results in each panel are representative of those from three independent 

experiments.  
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