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Background: K63-linked polyubiquitination of proteins have nonproteolytic functions and

regulate the activity of many signal transduction pathways. USP7, a HIF1a deubiquitinase,

undergoes K63-linked polyubiquitination under hypoxia. K63-polyubiquitinated USP7

serves as a scaffold to anchor HIF1a, CREBBP, the mediator complex, and the super elon-

gation complex to enhance HIF1a-induced gene transcription. However, the physiological

role of K63-polyubiquitinated USP7 remains unknown.

Methods: Using a Usp7K444R point mutation knock-in mouse strain, we performed immu-

nohistochemistry and standard molecular biological methods to examine the organ defects

of liver and kidney in this knock-in mouse strain. Mechanistic studies were performed by

using deubiquitination, immunoprecipitation, and quantitative immunoprecipitations

(qChIP) assays.

Results: We observed multiple organ defects, including decreased liver and muscle weight,

decreased tibia/fibula length, liver glycogen storage defect, and polycystic kidneys. The

underlying mechanisms include the regulation of protein stability and/or modulation of

transcriptional activation of several key factors, leading to decreased protein levels of Prr5l,

Hnf4a, Cebpa, and Hnf1b. Repression of these crucial factors leads to the organ defects

described above.

Conclusions: K63-polyubiquitinated Usp7 plays an essential role in the development of

multiple organs and illustrates the importance of the process of K63-linked poly-

ubiquitination in regulating critical protein functions.
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At a glance commentary

Scientific background on the subject

K63-linked polyubiquitination of proteins have non-

proteolytic functions and regulate the activity of many

signal transduction pathways. USP7, a HIF1a deubiqui-

tinase, undergoes K63-linked polyubiquitination under

hypoxia, serving as a scaffold to anchor HIF1a-associated

transcription complex to enhance gene transcription.

However, the physiological role of K63-polyubiquitinated

USP7 in organ development remains unknown.

What this study adds to the field

Multiple organ defects, including decreased liver and

muscle weight, decreased tibia/fibula length, liver

glycogen storage defect, and polycystic kidneys are

observed in Usp7K444R point mutation knock-in mice.

Therefore, K63-polyubiquitinated Usp7 plays an essen-

tial role in organ development and illustrates the

importance of K63-linked polyubiquitination in regu-

lating critical protein functions.
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Lysine-63 (K63)-linked polyubiquitination of proteins has non-

proteolytic functions, including protein trafficking, NF-kB

activation, DNA damage repair, kinase and phosphatase

activation, chromatin dynamics [1e11]. Among these exam-

ples, activation of the NF-kB pathway has been shown to

require K63-linked polyubiquitination [4e6]. Other signal

transduction molecules, including AKT1, IRF1, RIG-1, Toll-like

receptor, T-cell receptor, NOD-like receptor, have also been

shown to undergo K63 polyubiquitination to carry out their

functions [7e10]. One of the functions of K63-linked poly-

ubiquitin chains is to serve as a scaffold to facilitate the as-

sembly of a protein complex [11].

Deubiquitinases are known to exhibit multiple functions

[12e15]. One of the best characterized deubiquitinases, USP7

(HAUSP), is a USP-type deubiquitinase that deubiquitinates

different substrates, including TP53, MDM2, REST, PTEN,

HIF1a and other proteins, to increase their stability [16e25]. In

terms of biological functions, USP7 stabilizesMDM2 and other

substrates to mediate their oncogenic functions [21].

Numerous results have indicated that USP7 plays a crucial

role in tumorigenesis [16e18,21,22,24,25]. Regarding devel-

opment, Usp7-null mice are embryonic lethal [26]. Neuronal

Usp7-null mice demonstrate neonatal lethality and brain hy-

poplasia [27]. However, the specific functions of USP7 in organ

formation are very difficult to assess since even neuron-

specific Usp7-knockout mouse strains exhibit early lethality,

and the effects of Usp7 on organ formation in the later stage

of mouse development cannot be elucidated [26,27]. Gener-

ating a hypomorphic Usp7 mutant mouse strain may be

another way to evaluate the function of Usp7 in a living ani-

mal. We previously demonstrated that mutation of the K63

polyubiquitination site (K443) of USP7 significantly decreases
the ability of USP7 to stabilize HIF1a under hypoxia due to its

impaired deubiquitinase activity [25]. In addition, this USP7

point mutant is also impaired in its ability to serve as a

scaffold to anchor HIF1a, CREBBP, the mediator complex, and

the super elongation complex to enhance hypoxia-induced

gene transcription [25]. Therefore, the Usp7K444R knock-in

mutant mouse strain may serve as a Usp7 hypomorphic

strain that can allow us to assess the physiological functions

of Usp7 in mice.

One of the major factors controlling organ size is the cell

growth rate, which is regulated by the rates of cell cycle

progression and cell proliferation [28]. The mTORC2

complex-regulated signaling has been shown to be a crucial

pathway to regulate cell proliferation [29]. The mTORC2

complex is composed of MTOR, RICTOR, DEPTOR, MAPKAP1,

and PRR5/PRR5L [29e32]. The mTORC2 complex mainly reg-

ulates AKT1 phosphorylation (at the Ser-473 site) to control

cell proliferation and cell size [29e31]. Whether any of the

components within the mTORC2 complex is a substrate of

USP7 remains unknown. The Hippo pathway is a major

regulator of organize size through YAP/TAZ [33]. YAP is a

substrate of USP7 [34], implicating USP7 in organ size control.

YAP can also be regulated by the FGF15-MST1/2 signaling and

MST1/2-YAP pathway plays a role in liver overgrowth and

tumorigenesis [35,36]. Whether the FGF15-MST1/2 signaling

is involved in USP7-regulated cell growth remains to be

determined.

Liver glycogen storage is important for liver function, and

glycogen is synthesized by glycogen synthase 2 (GYS2) [37].

GYS2 expression is regulated by HNF4a and CEBPa [38e40].

Polycystic kidney disease (PKD) is an important human dis-

ease that may be autosomal dominant or recessive [41e43].

PKD is primarily caused by mutations in the PKD1 and PKD2

genes [41e43]. Because Pkd2 and Pkd1 expression is regulated

by Hnf1b, renal-specific inactivation of Hnf1b in mice causes

PKD [44]. Although mutations of GYS2 or PKD1/2 genes may

cause glycogen storage defect or PKD, other non-mutational

mechanisms that regulate the expression or function of

these genes remain to be determined.

In this report, we show that Usp7K444R knock-in mutant

mouse exhibit organ defects including decreased liver and

muscle weight, decreased tibia/ulna length, deficient liver

glycogen storage, and PKD. Various signaling pathways are

affected by the Usp7K444R mutation in these mice. These re-

sults demonstrate the essential role of K63-linked poly-

ubiquitinated Usp7 in carrying out crucial functions during

the formation of certain vital organs.
Materials and methods

Animals and tissue preparation

The homozygous Usp7K444R mutant (corresponding to K443R

mutation in USP7) mouse strain was generated as described

[25]. All organs were obtained after mouse heart perfusion by

saline and fixed by 4% paraformaldehyde solution for 24 h for

H&E and IHC, or immediately homogenized in T-PER™ Tissue

Protein Extract Reagent (Thermo Fisher Scientific Inc., USA) by

tissue homogenizer (HT mini homogenizer, OPS Diagnostics
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LLC, USA) for Western blot analysis. Handling of the animals

has been approved by the Internal Animal Usage Committee

of the Chang Gung Memorial Hospital at Linkou.

Cell culture

The NeHepLxHT (neonatal human normal hepatocyte) cell

line was obtained from ATCC (American type culture collec-

tion), and the embryonic kidney 293T cell line was described

[25]. Culture conditions of the cell lines were described [25].

Screening of Mycoplasma contamination was negative for

these cell lines.

Protein extraction, Western blot analysis, RNA extraction,
and quantitative real-time PCR

M-PER™ mammalian protein extract reagent (Thermo Fisher

Scientific Inc., USA) was used for extraction of protein from all

cells as described [25]. Protein concentration determination

and Western blot analysis were described [25]. The charac-

teristics of the antibodies used were listed (Table S1). RNA

purification, cDNA synthesis and quantitative real-time PCR

(qPCR) analysis were performed as described [25]. The se-

quences of primers used in the real-time PCR experiments

were shown (Table S2).

Deubiquitination assay

For deubiquitination assay, Flag-USP7 wild type and its mu-

tants were respectively overexpressed in 293T cells, immu-

noprecipitated by anti-Flag agarose (Sigma), and eluted by Flag

peptides (100 mg/mL) in the deubiquitination buffer (50 mM

TriseHCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 10 mM DTT, 5%

glycerol). The poly-Ub-Myc-PRR5L were expressed in 293T

cells by transient transfection with Myc-tag-PRR5L and ubiq-

uitin plasmids under MG132 treatment, precipitated by anti-

Myc beads (Sigma). Purified poly-Ub-Myc-PRR5L, Flag-USP7

and its mutants were incubated in a deubiquitination buffer

for 15e30 min at 37 �C and subjected to Western blot analysis.

Immunoprecipitation and qChIP analysis

Immunoprecipitation was performed as described [25]. For

qChIP assays, tissues were homogenized after perfusion with

saline and cross-linked with 1% formaldehyde for 10 min, and

stopped by adding glycine to a final concentration of 0.125 M.

Fixed cells or tissues were washed twice with Tris-buffered

saline (20 mM Tris, pH 7.5, and 150 mM NaCl) and harvested

in 2 mL PBS buffer with protease inhibitors. DNA fragment

extraction from beads was performed using the Chromatin

Immunoprecipitation (ChIP) assay kit (Merck Millipore, Bill-

erica, MA, USA). For analysis of qChIP products, DNA samples

were quantified by the SYBR Green assay using 1� SYBR Green

Mixture (Kapa Biosystems, Woburn, MA, USA) with specific

primers in a total volume of 20 mL. Data were analyzed by the

CT method and plotted as % input DNA. qChIP values were

calculated by the following formula: % input recovery ¼ [100/

(input fold dilution/bound fold dilution)] � 2(input CT�bound CT).

The sequences of primers used in the qChIP experiments were

shown (Table S3).
Lentivirus shRNA experiments and plasmid constructions

Lentivirus containing short hairpin RNAs (shRNAs) expressed

in a lentiviral vector (pLKO.1-puro) were generated in 293T

cells as previously described [25]. The sequence and clonal

names of plasmid pLKO-scrambled or other pLKO plasmids

knocking down USP7 and the knockdown procedures were

described [25] (Table S4).

The constructions of plasmids (pCl-neo Flag USP7, Myc-

Flag-HNF4a, Myc-Flag-CEBPa, and Myc-Flag-GYS2) were per-

formed by inserting each full-length cDNA into the pCl-neo or

pCMV6 plasmid (Table S5). In the reconstitution experiments,

we used QuikChange II Site-directed mutagenesis kit (Agilent)

to generate K443R mutation of USP7 in the pCl-neo Flag USP7

plasmid and transiently transfected pCl-neo vector, pCl-neo

Flag USP7 (USP7WT) or pCl-neo Flag USP7K443R expression

vector inside USP7-knockdowned NeHepLxHT cells by using

PolyJet™ In Vitro DNA Transfection Reagent.

Immunohistochemistry (IHC) and scoring

Four mm thick sections of all tissue were cut from the paraffin-

embedded specimens for H&E and IHC staining. The samples

were fixed in 4% paraformaldehyde solution for 24 h. The

endogenous peroxidase activity was eliminated with 3%

hydrogen peroxide and then incubated with 1% bovine serum

albumin and 5% normal goat serum for the blocking step.

After reactingwith a biotinylated secondary antibody for 1.5 h,

antigeneantibody reactions were visualized using streptavi-

dinehorseradish peroxidase conjugate (DAKO LSAB kit;

DAKO, Los Angeles, CA, USA), with 3-amino-9-ethylcarbazole

as the chromogen. All slides were counterstained with he-

matoxylin. The antibodies used in IHC were listed (Table S1).

Mouse biochemistry profile, X-ray and CT scan of bones/
muscles, and measurement of muscle weight

The biochemistry profile of different mouse strains, including

wild-type, Usp7WT/K444R, and Usp7K444R/K444R (three mice per

group), were analyzed by TMC (Taiwan Mouse Clinic,

Academia Sinica, Taiwan) and serum creatinine level was

analyzed by a Creatinine Colorimetric/Fluorometric Assay Kit

(cat. K625, Biovision, Milpitas, CA, USA). X-ray and CT

(Computed Tomography) scan were authorized and per-

formed by Center for Advanced Molecular Imaging and

Translation, Chang Gung Medical Foundation, to measure the

skeleton of tibia and fibula, and the muscles of hind limb,

forearm, and Pectoralis. The muscle weight of hind limb,

forearm, and Pectoralis were freshly dissected and immedi-

ately weighed on a balance with a readability of 0.1 mg.

Relative muscle wet weight ratio represented the muscle wet

weight normalized to the body weight of each mouse.

Statistical analysis

The independent Student's t-test was used to compare the

continuous variables. The KaplaneMeier estimate was used

for survival analysis, and the log-rank test was used to

compare the difference. The level of statistical significance

was set at 0.05 for all tests.

https://doi.org/10.1016/j.bj.2022.02.002
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Results

Decreased body weight and liver weight in the Usp7K444R

mutant mice

To test the physiological function of K63-polyubiquitinated

Usp7, the polyubiquitination site (K444) of Usp7 was mutated

to arginine (R) by a traditional knock-in approach, and

confirmed by sequencing (Fig. 1A and B). Compared to wild-

type mice, Usp7K444R mice showed a lower body weight and a

smaller body size (Fig. 1A, C). Dissection of the mice revealed

that the Usp7K444R mice exhibited smaller livers and a lower

liver weight than the wild-type mice (Fig. 1D and E), although

H&E staining did not show morphologic abnormalities

(Fig. 1F). The measurement and H&E staining of other organs,
Fig. 1 Usp7K444R mutant mice had decreased body weight and live

mutant mice and confirmation of the point mutation by size differ

from liver showed the similar size of wild type vs. mutant Usp7. (B

the amino acid 444 position) in the homozygous point mutation m

was observed. Twenty mice were used for each group. (D) Decreas

weight in the Usp7K444R mutant mice. The measurement of liver w

significance between wild-type and Usp7K444R mutant mice (p < 0

histology in the Usp7K444R mutant mice. Three mice were used fo
including heart, lung, stomach, spleen, intestine, bladder, and

testis, did not reveal any difference in weight or histology

between Usp7K444R and wild-type mice (Supplementary Fig. 1).

However, whole-body X-ray and CT scan of the Usp7K444R mice

showed decreased tibia and ulna length compared to that of

the wild-type mice (Supplementary Fig. 2A). Imaging of mus-

clemass revealed decreased hind limb and forearm size in the

Usp7K444R mice, which was confirmed by the measurement of

wet weight (Supplementary Fig. 2B). In the Usp7K444R mice, the

mRNA and protein levels of Usp7K444R were not different from

those of the wild-type mice (Supplementary Fig. 2C), indi-

cating that the observed phenotypes were caused by

Usp7K444R. These results indicate that abolishing the K63-

polyubiquitination of Usp7 causes small body size, lower

liver weight, and abnormal skeletal andmuscle phenotypes in

Usp7K444R mice.
r size. (A) The gross appearance of wild type vs. Usp7K444R

ence using PCR analysis. Western blot analysis using extracts

) Sequencing results confirmed the point mutation (K to R at

ice. (C) Decreased body weight of the Usp7K444R mutant mice

ed liver size in the Usp7K444R mutant mice. (E) Decreased liver

eight at 8-week of age were shown. There is a statistical

.001). Six mice were used for each group. (F) Normal liver

r each group. Scale bars represented 200 mm.
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Blood biochemistry profile of Usp7K444R mutant mice

The blood biochemistry profile of the Usp7K444R mice showed

that LDL-C levels were decreased and HDL-C and serum

creatinine levels were increased in the Usp7K444R mice

compared with those of wild-type mice (Supplementary

Fig. 2D and E). The measurement of liver enzymes also

showed the increased Got levels in the Usp7K444R mice

(Supplementary Fig. 2F). These results indicate that serolog-

ical abnormalities exist in these mice.

Impaired mTorc2/Akt1 pathway in the Usp7K444R mutant
mice

We speculated that the smaller liver size and lower liver

weight in the Usp7K444R mice might be due to defective hepa-

tocyte proliferation. Liver growth and development are known

to be regulated by the mTORC2/AKT1 pathway [29]. We

examined the phosphorylation levels of Mtor and Akt1 by

Western blot analysis and found that, compared with wild-

type, the levels of both p-Mtor (S2448) and p-Akt1 (S473)

were significantly decreased in the Usp7K444R mouse liver,

whereas the levels of p-Akt1 (T308) were unchanged (Fig. 2A

and Supplementary Fig. 3A). The phosphorylation level of

Rps6kb1, a downstream target of mTorc2, was also decreased

(Fig. 2A). The levels of other proteins regulating the Pi3k/Akt1

pathway, including the Pi3ka, Pi3kb, and Pi3kg subunits, Pi3

kinase p85, and Pten, were not changed (Supplementary

Fig. 3A). Since the mTORC2 complex activates AKT1 [29e32],

we examined the levels of Mtor, Rictor, Mapkap1, Mlst8 and

Prr5/Prr5l. We discovered that the protein levels of Prr5l, but

not those of Prr5, Mapkap1, Rictor, or Mlst8, were decreased in

the Usp7K444R mouse liver (Fig. 2B). Knocking down USP7 in a

normal human liver cell line (NeHepLxHT) decreased the

levels of phosphorylated MTOR(S2448) and AKT1(S473) as well

as the level of PRR5L (Supplementary Fig. 3B and C). To test

whether PRR5L is a substrate of USP7, coimmunoprecipitation

experiments showed that USP7 interacted with PRR5L in the

NeHepLxHT cell line (Fig. 2C), indicating that PRR5L is a pu-

tative USP7 substrate. With 293T cells overexpressing Myc-

tagged PRR5L and Flag-tagged USP7, coimmunoprecipitation

experiments using anti-USP7 or anti-Myc-Tag antibodies

showed an interaction between USP7 and PRR5L (Fig. 2D).

After verifying the interaction between these two proteins,

deubiquitination assays by incubating purified USP7 (wild

type vs. K443R mutant) and K48-polyubiquitinated PRR5L

showed that only wild-type USP7 was capable of deubiquiti-

nating K48-polyubiquitinated PRR5L (Fig. 2E). The levels of

K63-polyubiquitinated PRR5L were not detectable (Fig. 2E). In

the NeHepLxHT cell line, after knocking down endogenous

USP7, reconstitution of USP7 with a vector containing wild-

type USP7 restored the PRR5L level, whereas reconstitution

with a vector containing USP7K443R did not restore the PRR5L

level (Fig. 2F), supporting the conclusion that PRR5L is a USP7

substrate. Compared to its expression inwild-type, the level of

Yap1 that regulates cell growth and is regulated by Usp7 was

also decreased in Usp7K444R mouse liver [34], whereas the
mRNA levels of Yap1 were not changed (Supplementary

Fig. 4A and B). The reconstitution experiments showed that

YAP1 was regulated by USP7 in NeHepLxHT cells

(Supplementary Fig. 4C). Since YAP1 has been shown to be

regulated by the FGF15 signaling [35,36], we further tested this

pathway.Western blot analysis showed that Fgf15 levels were

decreased and Mst1/2 levels were increased in Usp7K444R

mouse liver (Supplementary Fig. 4A). The Yap1/p-Yap1 levels

were decreased due to the increased Mst1 levels that caused

the repression of Yap1 (Supplementary Fig. 4A). The recon-

stitution experiments showed that FGF15 and YAP1 levels

were rescued by wild type USP7 in NeHepLxHT cells, whereas

MST1/2 levels were decreased by wild type USP7

(Supplementary Fig. 4C). The levels of K63-polyubiquitnated

Usp7 were decreased in the liver of the Usp7K444R mutant

mice compared with those in the liver of the wild-type mice

(Supplementary Fig. 4D). Finally, immunohistochemistry

staining showed that the levels of p-Akt1 (S473), p-Mtor

(S2448), and Prr5l were decreased in Usp7K444R mouse liver

compared with those in the wild-type liver (Fig. 2G), but there

was no difference in the staining of Prr5, Rictor, or p-Akt1

(T308) (Supplementary Fig. 4E).
Liver glycogen storage defect in the Usp7K444R mutant mice

As one of the major functions of the liver is glycogen storage,

we performed periodic acid-schiff (PAS) staining to compare

the liver glycogen levels between Usp7K444R and wild-typemice.

Glycogen staining was greatly decreased in the livers of the

Usp7K444R mice (Fig. 3A). Glycogen synthase 2 (Gys2) is the rate

limiting enzyme of glycogen synthesis in the liver [37]. To

determine if Gys2 is involved in the glycogen storage defect of

Usp7K444R mice, immunohistochemistry staining and Western

blotting were performed; both methods showed significantly

lower Gys2 protein levels in the liver of the Usp7K444R mice

compared with those in the livers of the wild-type mice (Fig. 3B

and C). We further measured the mRNA levels of Gys2 and

found that its levels were significantly lower in the Usp7K444R

mice (Fig. 3D). To test the ability of Usp7 to regulate Gys2

expression, we knocked down USP7 expression in NeHepLxHT

cells followed by re-expression of either USP7 or USP7K443R. The

results showed that re-expression of wild-type USP7 restored

the GYS2 protein levels, whereas re-expression of USP7K443R did

not (Fig. 3E). As demonstrated previously, USP7K443R greatly

reduces its ability to deubiquitinate and stabilize its substrate

proteins [25]. To determine whether GYS2 is a substrate of

USP7, we performed a protein turnover assay with USP7-

knockdown NeHepLxHT cells re-expressing either USP7 or

USP7K443R and treated them with cycloheximide (CHX) at

different time points to inhibit protein synthesis. If GYS2 pro-

tein stability is regulated by wild-type but not mutant USP7,

then there will be a difference in the half-life of GYS2 protein

between these two conditions. However, there was no differ-

ence in GYS2 protein turnover between the two conditions

(Supplementary Fig. 4F), indicating that USP7 does not regulate

GYS2 protein degradation or half-life. The above results suggest

https://doi.org/10.1016/j.bj.2022.02.002
https://doi.org/10.1016/j.bj.2022.02.002


Fig. 2 Impaired Mtor/Akt1 activity in the Usp7K444R mutant mice. (A) Usp7K444R mutant mice had decreased phosphorylation

levels of Mtor (Ser2448) and Akt1 (Ser473) by Western blot analysis of liver extracts. (B) Decreased Prr5l level in the liver extracts

from the Usp7K444R mutant mice. Labeling of 1 and 2 in (A, B) represented onemouse of each experiment. Six mice were used for

each group in (A, B). (C) Coimmunoprecipitation experiments showed an interaction between USP7 and PRR5L and knocking

down USP7 decreased the PRR5L level and the interaction between USP7 and PRR5L in NeHepLxHT cells. (D)

Coimmunoprecipitation experiments showed an interaction between USP7 and PRR5L where both proteins were overexpressed

in 293T cells followed by antibody pull down using either anti-USP7 or anti-Myc antibodies. (E) Deubiquitination assays showed

a decreased ability of USP7K443R to deubiquitinate K48-polyubiquitinated PRR5L. The levels of K63-polyubiquitinated PRR5L

served as a control. (F) Knocking down USP7 in a NeHepLxHT cell line followed by reconstitution with a wild-type USP7 restored

the PRR5L level, whereas reconstitution with a USP7K443R mutant did not rescue the PRR5L level. (G) Immunohistochemistry

staining showed the decreased levels of Prr5l, p-Mtor (Ser2448) and p-Akt1 (Ser473) in the liver of the Usp7K444R mutant mice. Six

mice were used for each group. Scale bars represented 200 mm.
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that the regulation of Gys2 by Usp7 in Usp7K444R mutant mice

occurs at the transcriptional level.

Regulation of Hnf4a and Cebpa by K63-polyubiquitinated
Usp7

Since Gys2 may be regulated by Usp7 at the transcriptional

level, we tested whether Hnf4a and Cebpa, two major tran-

scription factors regulating Gys2 gene transcription, play a

role in this process [38e40].Western blot analysis showed that
the protein levels of Hnf4a and Cebpa were remarkably lower

in the Usp7K444R mice than in the wild-type mice (Fig. 4A),

whereas immunohistochemistry staining showed no differ-

ence in the protein levels of Hnf1a (Supplementary Fig. 5A).

Furthermore, the mRNA levels of both Hnf4a and Cebpa were

significantly decreased in the Usp7K444R mice (Fig. 4B). This

finding was confirmed in NeHepLxHT cells, in which recon-

stitution of the USP7K443R did not restore the decreased levels

of HNF4a and CEBPa (Fig. 4C). In addition, the half-lives of

HNF4a and CEBPa were significantly longer in USP7-

https://doi.org/10.1016/j.bj.2022.02.002
https://doi.org/10.1016/j.bj.2022.02.002


Fig. 3 Glycogen storage defect in the liver of the Usp7K444R mutant mice. (A) Decreased PAS staining in the liver of the Usp7K444R

mutant mice. (B) Decreased Gys2 staining in the Usp7K444R mutant mice by immunohistochemistry staining. Six mice were used

for wild-type mice and eight mice were used for Usp7K444R mutant mice. Labeling of #1 and #2 represented one mouse of each

experiment. Scale bars represented 200 mm in (A, B). (C) Decreased Gys2 protein level from the liver extracts of the Usp7K444R

mutant mice by Western blot analysis. Labeling of 1 and 2 represented one mouse of each experiment. (D) Decreased Gys2

mRNA levels in the liver of the Usp7K444R mutant mice. Six mice were used for each group. (E) Restoration of the GYS2 protein

level by a wild-type USP7, but not a USP7K443R mutant, in the NeHepLxHT cells undergoing USP7 knockdown.
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knockdown NeHepLxHT cells reconstituted with USP7 than in

those reconstituted with USP7K443R (Supplementary Fig. 5B

and C). These results indicate that both HNF4a and CEBPa

are USP7 substrates. Immunohistochemistry staining also

confirmed the decreased levels of Hnf4a and Cebpa in the

Usp7K444R mice compared with those in the wild-type mice

(Fig. 4D). Finally, immunohistochemistry staining of other

liver development markers potentially regulated by Hnf4a,

including Pecam1, Tjp1, and E-cadherin [41e43], showed that

their protein levels were decreased in the Usp7K444R mutant

livers (Supplementary Fig. 6A), supporting this regulation.

To demonstrate the interaction between USP7 and HNF4a,

co-immunoprecipitation experiments with two different cell

lines showed an interaction between USP7 and HNF4a

(Supplementary Fig. 6B), suggesting that HNF4a is a substrate

of USP7. The USP7K443R mutant could not rescue the protein

levels of HNF4a in the USP7-knockdown NeHepLxHT cells

(Supplementary Fig. 6C). Since USP7 also serves as a scaffold

to anchor the HIF1a transcription complex to regulate the

transcription of certain HIF1a target genes [25], we investi-

gated two and five hypoxia response elements (HREs) in their

promoter regions of Hnf4a and Cebpa genes, respectively

(Fig. 4E and F). We performed a qChIP assay to determine

whether Hif1a directly binds to the promoter region of these
genes. The binding of Hif1a to the HREs located in the Hnf4a

and Cebpa promoters in the Usp7K444R mutant mice was

significantly reduced compared with that in the wild-type

mice (Fig. 4E and F). These results indicate that Hnf4a and

Cebpa may be regulated at both the translational and tran-

scriptional levels by K63-polyubiquitinated Usp7.

Polycystic kidney disease in the Usp7K444R mutant mice

When we further examined organ defects, we discovered that

the Usp7K444R mice exhibited polycystic kidneys (Fig. 5A).

Histology confirmed the existence of polycystic kidneys in

these mice (Fig. 5B). The mice developed polycystic kidneys as

early as four weeks of age, and by sevenmonths of age, all the

mice showed polycystic kidneys (Fig. 5C). The appearance of

kidney cysts at different time points is shown (Supplementary

Fig. 7A). Using Western blot and immunohistochemistry

staining, we screened for putative regulators crucial for

polycystic kidney formation and discovered that the protein

levels of Pkd2 and Pkhd1, whose mutation causes polycystic

kidney disease [44e47], were decreased in the Usp7K444R kid-

neys compared with the wild-type kidneys (Fig. 5D and E). In

addition, the protein level of Hnf1b, the upstream regulator of

Pkd2 and Pkhd1 [47], was also decreased in the mutant, as

https://doi.org/10.1016/j.bj.2022.02.002
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Fig. 4 Regulation of Gys2 expression by Hnf4a and Cebpa in mouse liver. (A) Western blot analysis showed decreased Hnf4a

and Cebpa levels in the liver extracts of Usp7K444R mutant mice. Labeling of 1 and 2 represented one mouse of each experiment.

(B) Decreased Hnf4a and Cebpa mRNA levels in the liver of the Usp7K444R mutant mice. Six mice were used for each group. (C)

Restoration of the HNF4a and CEBPa protein levels by a wild-type USP7, but not a USP7K443R mutant, in the NeHepLxHT cells

undergoing USP7 knockdown. (D) Immunohistochemistry staining showed decreased Hnf4a and Cebpa levels in the liver of the

Usp7K444R mutant mice. Scale bars represented 100 mm. (E, F) qChIP assays showed the binding of Hif1a to the HREs located in

the promoters of the Hnf4a and Cebpa genes in the wild-type mice, but not in the Usp7K444R mutant mice. Blue colored symbols

represented wild-type; green colored symbols represented mutant in (E, F). Six mice were used for each group in (A, B, D-F).
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shown by Western blot analysis and immunohistochemistry

staining (Fig. 5D, F). Consistent with these results, the mRNA

levels of Hnf1b, Pkd2, and Pkhd1 were decreased in the

Usp7K444R mice compared with those in the wild-type mice

(Supplementary Fig. 7B). The levels of K63-polyubiquitnated

Usp7 were also decreased in the kidney of the Usp7K444R

mice (Supplementary Fig. 7C). In contrast, immunohisto-

chemistry staining and mRNA analysis of Pkd1 showed no

difference in Pkd1 expression between wild type and mutant

mouse strains (Supplementary Fig. 7D). To ascertain whether

the Hnf1b promoter is regulated by K63-polyubiquitinated
Usp7, HREs were identified in the promoter of the Hnf1b

gene. qChIP assays showed decreased binding of Hif1a to the

HREs of the Hnf1b gene in the Usp7K444R mice compared with

that in the wild-type mice (Fig. 5G), supporting the conclusion

that K63-polyubiquitinated Usp7 serves as a scaffold to

enhance Hif1a-induced gene transcription of Hnf1b, similar to

what was observed in the promoters of the Hnf4a and Cebpa

genes (Fig. 4E and F). Finally, the Usp7K444R mice strain had a

decreased life span compared with the wild-type mice

(Fig. 5H), suggesting that the organ defects observed in this

mouse may influence life span.

https://doi.org/10.1016/j.bj.2022.02.002
https://doi.org/10.1016/j.bj.2022.02.002


Fig. 5 Presentation of the polycystic kidney phenotype and its signaling pathway in the Usp7K444R mutant mice together with a

model to summarize all the signaling pathways causing the organ defect phenotypes observed in the Usp7K444R mutant mice.

(A) Gross anatomy of the Usp7K444R mutant mouse kidneys showed polycystic kidney disease (PKD). (B) Gross appearance of

kidneys and their histology showed the phenotype of polycystic kidneys in the Usp7K444R mutantmice (at the age of 9 weeks and

25 weeks). The two kidneys shownwere from the samemouse, suggesting asymmetric cystogenesis for the mouse at the age of

9 weeks. (C) By 7 months of age, all Usp7K444R mutant mice exhibited polycystic kidneys. (D) Decreased Hnf1b and Pkd2 protein

levels from the kidney extracts in the Usp7K444R mutant mice. Labeling of 1 and 2 represented onemouse of each experiment. (E)

Immunohistochemistry showed decreased Pkd2 and Pkhd1 staining in the kidneys of the Usp7K444R mutant mice. Scale bars

represented 200 mm. (F) Immunohistochemistry showed decreased Hnf1b staining in the kidneys of the Usp7K444R mutant mice.

Six mice were used for each group in (DeF). Scale bars represented 100 mm. (G) qChIP assays showed decreased binding of Hif1a

to the promoter of Hnf1b gene in the Usp7K444R mutant mice compared to that in the wild-type mice. Blue colored symbols

represented wild-type; green colored symbols representedmutant. Nine mice were used for each group. (H) Decreased life span

in the Usp7K444R mutant mice compared to that in the wild-type mice. (I) A model to summarize all the signaling pathways that

regulate liver size, glycogen storage, kidney development through the analysis of the phenotypes of the Usp7K444R mutant mice.
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Discussion

K63-linked polyubiquitination controls the activity of many

important signal transduction pathways [1e11]. However, the

in vivo effects of K63-polyubiquitinated proteins have rarely

been assessed due to the requirement to generate point
mutants of specific proteins by knock-in approach. USP7 is a

deubiquitinase for many important proteins [16e25], and its

in vivo phenotypes have been difficult to analyze due to the

phenotypes of whole body or neuron-specificUsp7-nullmouse

strains not yielding logical results [26,27]. In this report, we

show that a K63 polyubiquitination-defective Usp7 point

mutant mouse strain demonstrates prominent phenotypes,

https://doi.org/10.1016/j.bj.2022.02.002
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including decreased liver and muscle weight, smaller tibia/

fibula length, deficient liver glycogen storage, and polycystic

kidneys. The hypomorphic nature of K63 polyubiquitination-

defective Usp7 mutant mice allows their phenotypes to be

observed and analyzed.

Our previous results showed that K63-linked poly-

ubiquitination of USP7 has two functions: enhancing the

deubiquitinase activity of USP7 and enabling it to serve as a

scaffold to coordinate HIF1a-induced gene transcription [25].

In this report, our results show that the organ defects are

mediated either through the impaired Usp7 deubiquitinase

activity (Prr5l, Hnf4a, Cebpa as Usp7 substrates), or impaired

Usp7 scaffolding ability during Hif1a-induced gene transcrip-

tion (Hnf4a, Cebpa, and Hnf1b genes). Therefore, by observing

the phenotypes of Usp7K444R mice, the mechanistic roles of

K63-polyubiquitinated Usp7 can be deduced, and the biolog-

ical functions of USP7 can be further delineated.

Regarding the decrease in liver weight and size, mTORC2

complex has been shown to regulate cell proliferation [29].

Recent results showed that mTORC2 complex also regulates

cell size and growth through different mechanisms, including

the activation of mTORC1 and c-Myc in B cell growth, regula-

tion of Purkinje cell size, and control of ceramide signaling in

yeast cell size and growth [48e50]. Our results showed that

Prr5l contributes to the phosphorylation of Akt1(S-473) and

regulates cell proliferation, supporting the conclusion that

mTORC2 signaling controls liver growth and size. The

decreased level of Yap1 in mutant mice is another factor that

may contribute to their decreased weight and size [33,34].

Furthermore, the FGF15-MST1/2-YAP1 axis is also involved in

regulating liver size from examining this signaling pathway in

Usp7K444R mutant mice (Supplementary Fig. 4A, C). How USP7

regulates this pathway remains to be determined. In terms of

organ defects, our results suggest that the molecular mecha-

nisms of known human diseases (e.g., glycogen storage defect)

are not mediated by gene mutations alone (e.g., mutation of

GYS2 in glycogen storage disease type 0) [37]. Our results indi-

cate that the Usp7 K444R mutant protein contributed to a disease

similar to glycogen storage disease type 0. Regarding PKD, the

downregulation of Pkd2 and Pkhd1 through K63

polyubiquitination-defective Usp7 that leads to decreased

Hnf1b level also led to the polycystic kidney phenotype,

consistentwith prior observations [33,34]. Mutations that cause

K63 polyubiquitination-defective USP7 may lead to human

polycystic kidney disease. For the variable PKD phenotypes

shown (Fig. 5B), “variable expressivity” has been observed in

chronic kidney disease [51] and may provide the explanation.
Conclusions

Our results suggest possible novel molecular mechanisms (i.e.

K63-linked polyubiquitination of USP7) for these known

human genetic diseases. A summary of all signaling pathways

identified in this report is shown (Fig. 5I). Furthermore, the

important biological functions of K63-linked poly-

ubiquitinated proteins could be more carefully assessed using

an in vivo knock-in approach to express a protein with a point

mutation in its K63 polyubiquitination site.
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