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Combaret, Lydie, Olasunkanmi A. J. Adegoke, Nathalie Be-
dard, Vickie Baracos, Didier Attaix, and Simon S. Wing. USP19 is
a ubiquitin-specific protease regulated in rat skeletal muscle during
catabolic states. Am J Physiol Endocrinol Metab 288: E693–E700,
2005. First published November 23, 2004; doi:10.1152/ajpendo.00281.
2004.—Ubiquitin-dependent proteolysis is activated in skeletal mus-
cle atrophying in response to various catabolic stimuli. Previous
studies have demonstrated activation of ubiquitin conjugation. Be-
cause ubiquitination can also be regulated by deubiquitinating en-
zymes, we used degenerate oligonucleotides derived from conserved
sequences in the ubiquitin-specific protease (UBP) family of deubiq-
uitinating enzymes in RT-PCR with skeletal muscle RNA to amplify
putative deubiquitinating enzymes. We identified USP19, a 150-kDa
deubiquitinating enzyme that is widely expressed in various tissues
including skeletal muscle. Expression of USP19 mRNA increased by
�30–200% in rat skeletal muscle atrophying in response to fasting,
streptozotocin-induced diabetes, dexamethasone treatment, and can-
cer. Increased mRNA levels during fasting returned to normal with
refeeding, but 1 day later than the normalization of rates of proteolysis
and coincided instead with recovery of muscle mass. Indeed, in all
catabolic treatments, USP19 mRNA was inversely correlated with
muscle mass and provided an index of muscle mass that may be useful
in many pathological conditions, using small human muscle biopsies.
The increased expression of this deubiquitinating enzyme under
conditions of increased proteolysis suggests that it may play a role in
regeneration of free ubiquitin either coincident with or after protea-
some-mediated degradation of substrates. USP19 may also be in-
volved in posttranslational processing of polyubiquitin produced de
novo in response to induction of the polyubiquitin genes seen under
these conditions. Deubiquitinating enzymes thus appear involved in
muscle wasting and implicate a widening web of regulation of genes
in the ubiquitin system in this process.

deubiquitinating enzyme; ubiquitin-proteasome-dependent proteoly-
sis; muscle wasting; proteolysis

SKELETAL MUSCLE PLAYS A VITAL ROLE in locomotion and respi-
ration and in the metabolic adaptation to stress by acting as a
reserve of essential and nonessential amino acids. Sustained
loss of skeletal muscle, as occurs in starvation and a number of
wasting disorders, has a negative impact upon rehabilitation or
survival of the organism. A precise knowledge of the mecha-
nisms responsible for the mobilization of muscle proteins is
therefore needed. The loss of skeletal muscle proteins results
from a negative balance between rates of protein synthesis and
protein breakdown. Accelerated protein breakdown in muscle

wasting during catabolic states appears to reflect mainly the
activation of the ubiquitin-proteasome proteolytic pathway
(reviewed in Refs. 1, 22, 28). Therefore, a detailed analysis of
the regulation of this pathway is important.

In this pathway, specific intracellular proteins become ubi-
quitinated and are thereby targeted for degradation (reviewed
in Ref. 13). Covalent attachment of ubiquitin to cellular pro-
teins occurs by formation of an isopeptide bond between the
COOH-terminal glycine residue of ubiquitin and the ε-amino
group of a lysine residue of the target protein. This conjugation
reaction requires ATP hydrolysis and the serial actions of at
least three enzymes: the ubiquitin-activating enzyme (El),
ubiquitin-conjugating enzymes (E2), and ubiquitin-protein li-
gases (E3). E3 enzymes possess substrate binding properties
(reviewed in Ref. 32). Additional ubiquitins are typically
successively ligated also via isopeptide bonds between the
ε-amino group of Lys48 of one ubiquitin to the COOH terminus
of the other to form branched polyubiquitin chains. Polyubiq-
uitinated proteins are then recognized by the 26S proteasome
and degraded in an ATP-dependent manner.

Although protein ubiquitination is a reversible process, at-
tention has been paid primarily to characterizing the enzymes
responsible for conjugation of ubiquitin to proteins. However,
deconjugation of ubiquitin appears also to play important roles
in regulating ubiquitin-dependent pathways (reviewed in Refs.
18, 38). Deubiquitinating enzymes may remove ubiquitin from
substrates, rescuing them from degradation (6, 10, 25, 30).
They may also act concomitantly or after proteasome-mediated
degradation of the substrate to recycle ubiquitin from the
polyubiquitin chain. Indeed, several deubiquitinating enzymes,
UBP6 (24), UCH37 (19), and Rpn11 (36), are actually asso-
ciated with the 26S proteasome. Furthermore, ubiquitin is
synthesized as ubiquitin-ribosomal fusion proteins or as a
linear polyubiquitin fusion arranged in tandem (29). Thus some
deubiquitinating enzymes are involved in the generation of free
ubiquitin from these polyproteins.

Many genes encoding deubiquitinating enzymes have re-
cently been identified from different organisms. These deubiq-
uitinating enzymes fall into two major families, both thiol
proteases: the ubiquitin COOH-terminal hydrolases (UCH),
which seem to mainly play a role in elimination of small
adducts from ubiquitin and in generation of free monomeric
ubiquitin from its precursors, and the ubiquitin-specific pro-
cessing proteases (UBPs/USPs), which are involved in disas-
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sembling the polyubiquitin degradation signal and/or in editing
the ubiquitination state of proteins (reviewed in Refs. 18, 38).
More than 90 putative deubiquitinating enzymes have been
identified by the human genome sequencing project, making
them one of the largest family of enzymes in the ubiquitin
system (8). In addition, there are recent reports describing
novel deubiquitinating enzymes that do not belong to either of
the two major classes. Rpn11, a subunit of the lid of the 19S
cap of the 26S proteasome, has an essential deubiquitinating
activity and appears to be a Zn2� metalloproteinase (36). An
enzyme bearing an otubain motif has also been shown to have
deubiquitinating activity (3). Although deubiquitinating en-
zymes have been implicated in a number of biologically
important processes, including cell growth and differentiation,
development, oncogenesis, neuronal diseases, and genome in-
tegrity (reviewed in Refs. 18, 38), the physiological functions
of most of the enzymes remain unknown.

Previous studies have shown increased levels of ubiquitina-
tion of muscle proteins in several catabolic conditions (9, 23,
34, 39), suggesting a simple model in which increased flux
through the pathway arises from increased formation and
presentation of ubiquitinated proteins to the proteasome. In
support of this, there is increased expression of genes in the
conjugation pathway, such as the polyubiquitin genes and
some ubiquitin conjugating enzymes (reviewed in Ref. 16), as
well as some ubiquitin protein ligases (5, 15, 26, 27, 40).
However, the ubiquitin system contains a large number of
genes, and the regulation of these genes is likely to be complex.
Indeed, a recent analysis using gene arrays has indicated that a
large number of ubiquitin system genes are regulated in atro-
phying muscles (21).

Deubiquitinating enzymes could play important roles in this
degradative process. Suppression of some of these enzymes
could increase the ubiquitination state of proteins and therefore
their degradation. Some protein substrates actually appear to be
bound to both their ubiquitin protein ligases and deubiquitinat-
ing enzymes (25), indicating a tight regulation of ubiquitina-
tion status of the protein. Alternatively, activation of some of
these enzymes could be important in maintaining free ubiquitin
levels during increased flux through this pathway. For exam-
ple, several deubiquitinating enzymes have been implicated in
the depolymerization of the polyubiquitin chain after commit-
ment of the substrate protein for degradation (reviewed in Ref.
38). Some of these enzymes are components of the 19S
regulatory complex, indicating a tight coupling between the
degradative step and the deubiquitination process. Because of
the important potential roles of deubiquitinating enzymes, we
began to identify them in skeletal muscle. Here, we describe
the cloning and characterization of USP19, a deubiquitinating
enzyme that is expressed in muscle and induced during cata-
bolic conditions.

MATERIALS AND METHODS

Cloning of cDNA encoding USP19. RT-PCR was used to identify
the deubiquitinating enzyme(s) expressed in rat skeletal muscle.
cDNA was synthesized from total rat muscle RNA (2.5 �g) in a 20-�l
reaction, using RT (GIBCO-BRL Superscript Preamp kit) according
to the manufacturer’s procedure with oligo(dT) as a primer. The
cDNA (5 �l) was then used as a template in a PCR reaction
containing, as primers, degenerate oligonucleotides corresponding to
the conserved cysteine box (5�-GGIAAT/CACITGT/CTA/TT/CC/A/

TTGAA-3�) and to the aspartic box (5�-TTIAA/GA/GTCT/CTCA/
GTGIAA/GNCCA/GTC-3�) of UBPs (37). Annealing was carried out
at 45°C and extension at 72°C for 3 min, and 35 cycles were
performed. The amplified DNA fragments were subcloned into the
pGEM-T vector (Promega) and sequenced with the dideoxy chain
termination method and T7 polymerase (Pharmacia). Because the
predicted protein sequence showed marked similarity to other motifs
conserved in UBPs (37), the PCR-amplified DNA fragment from
clone 1 was labeled with 32P and used as a probe to screen a rat testis
cDNA library in the �zapII vector (Stratagene). An aliquot containing
106 recombinants was screened by transfer of plaques to nylon
membranes and hybridization with the probe. Positive phage clones
were purified, and the pBluescript phagemid containing the insert was
excised from the phage according to the supplier’s instructions. The
insert in the plasmid was sequenced, and overlapping clones were
isolated. To identify the initiator methionine, the rat testis cDNA
library was screened several times using 32P-labeled probes corre-
sponding to the 5�-terminal residues of the last open reading frame of
DNA sequence obtained. In addition, the 5�-RACE method (12) was
used to identify an additional sequence at the 5�-end. The final
sequence was deposited in GenBank under accession no. (AC)
AY605065.

Catabolic conditions. The animal facilities and protocols were
approved by the local institutional animal care committees. Animals
were housed under controlled environmental conditions (temperature
22°C, 12:12-h light-dark cycle with lights on at 0800). They were fed
ad libitum with a commercial laboratory chow before the experiments
were performed and had free access to water.

In fasting experiments, male Wistar rats (Charles River Laborato-
ries, Lyon, France, or St. Constant, Quebec) were allocated to fed
(control) and 1- or 2-day-fasted groups. Two other groups that were
fasted and then refed for 1 or 2 days were also included in some
studies. All rats had free access to water. At the end of the experiment,
rats weighed 70–90 g.

To induce diabetes, male Wistar rats were fasted overnight. The
next morning at 0900, one-half of the animals were given a single tail
vein injection of streptozotocin (ICN, Orsay, France; 125 mg/kg
prepared fresh in 0.1 M citrate buffer, pH 4.5). These rats were refed
ad libitum immediately after the injection, and the amount of food
eaten by the streptozotocin-treated rats was measured. Vehicle-in-
jected control rats were pair fed (PF) the same amount of food.
Animals were fasted overnight before death at 3, 5, or 10 days after
injection of streptozotocin or vehicle.

Glucocorticoid-treated rats (Iffa-Credo, Lyon, France) were 8 mo
old. They were randomly divided into a control and a dexamethasone-
treated group. Dexamethasone (a synthetic glucocorticoid analog) was
given daily at 0900 in the drinking water for 6 days. The dexameth-
asone concentration was adjusted every day on the basis of the amount
of water that the animals drank the preceding day. Rats received
540 � 92 �g dexamethasone �kg body wt�1 �day�1 to induce signif-
icant muscle atrophy (11). Because administration of dexamethasone
decreased food intake, the control group was PF to the dexamethasone
group.

Experimental procedures for the implantation of the Yoshida hep-
atoma and sarcoma tumors were as described previously (4, 33).
Gastrocnemius and tibialis anterior muscles were excised from rats
bearing either Yoshida hepatoma tumors for 6 days or Yoshida
sarcoma tumors for 9 days. For each cancer condition, control rats
were PF to the tumor-bearing animals. In all of the above studies, the
muscles indicated in the figures were isolated, rapidly frozen in liquid
nitrogen, and then stored at �80°C until used for further analysis.

Northern hybridization. RNA was prepared from rat tissues as
described (2, 7). RNA blotting was performed by resolving 10–20 �g
of RNA on 1% agarose gels containing formaldehyde, transferring the
products to nylon membranes, and cross-linking them with UV light.
After a 1-h prehybridization, the membranes were hybridized over-
night at 65°C with a 32P-labeled, PCR-amplified fragment corre-
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sponding to a region between the cysteine box and the aspartic box of
USP19 using a single reverse primer (5�-TTGAGGTCTTCGTG-
GAGACCGTC-3�). Membranes were then washed at the same tem-
perature twice in 2� SSC and 0.1% SDS for 20 min and subjected to
autoradiography. The signals were quantified by densitometry. Auto-
radiographic signals were normalized using the corresponding 18S
rRNA signals to correct for variations in RNA loading.

Statistical analyses. Comparison of mean levels of expression of
USP19 between various conditions was by one-way ANOVA. The
relationship between USP19 expression and muscle mass in several
catabolic states was assessed by linear regression. These analyses
were performed with the SAS Statview package (Statview for Win-
dows version 5.0; SAS Institute, Cary, NC). Statistically significant
differences were defined at P 	 0.05.

RESULTS

Identification of a cDNA with sequence similarity to the UBP
family of deubiquitinating enzymes. To isolate deubiquitinating
enzyme(s) belonging to the UBP family that might be ex-
pressed in rat skeletal muscle, oligonucleotides derived from
protein sequences conserved in the UBP family corresponding

to the cysteine and the aspartyl boxes were used in PCRs with
rat skeletal muscle cDNA obtained by reverse transcription as
template. Although the oligonucleotides were made degenerate
to amplify as many potential UBPs as possible, a single
fragment of �300 bp was amplified (Fig. 1A). However, when
cloned and sequenced, it was found to contain four different
nucleotide sequences. Analysis of the sequences internal to the
primers suggested strongly that these were partial sequences of
UBP enzymes. Search of gene databases for similarity using
the Basic Local Alignment Search Tool (BLAST) program
indicated that clone 1 was the rat ortholog of human USP19
(AC O94966). Clones 2 and 3 appeared to be related, respec-
tively, to UBP45 (AC Q9R084) and UBP109 (AC Q9R085).
Finally, clone 4 is the rat ortholog of UBP6 (AC P35125) that,
in humans, has been shown to be associated with the protea-
some (24). Initial studies showed that the 300-bp clone 1 probe
recognized a single transcript at 4.4 kb that was not detected by
the probes for clones 2, 3, and 4. In addition, clone 1 was
regulated in response to atrophy induced by fasting (Fig. 1B).
Therefore, it was decided to pursue a detailed characterization
of this UBP.

Tissue expression of the putative UBP enzyme isolated from
rat skeletal muscle. To determine which tissues express this
UBP, the labeled clone 1 DNA fragment was used as a probe
on an RNA blot prepared with total RNA from various rat
tissues (Fig. 2). A unique transcript of 4.4 kb was detected.
High levels of expression were seen in the testis, heart, kidney,
and glycolytic extensor digitorum longus (EDL) muscle. Low
levels of expression were detectable in all other tissues
screened.

Cloning of full-length cDNA encoding this putative UBP
enzyme. Because this work was initiated before the availability
of large rodent sequence databases, we determined the full-
length sequence by using the PCR-amplified fragment as a
probe to screen a cDNA library. A testis cDNA library was
used because of the high level of expression in this tissue.
From 106 recombinants screened, �45 positive clones were
identified. Subsequent screening and complete sequencing re-
vealed that these clones overlapped to give a large cDNA with
a reading frame that was still open at the 5�-end. A second
screening of the cDNA library was done using, as a probe, a
DNA fragment corresponding to the distal 5�-end of the known
sequence. A third cDNA fragment was also isolated, se-

Fig. 1. PCR amplification of a rat DNA fragment with sequence similarity to
the ubiquitin-specific protease (UBP) family of enzymes. A: rat muscle RNA
was reverse transcribed, and the cDNA was used as template in a PCR with
degenerate oligonucleotides derived from 2 conserved regions, the cysteine
box and the aspartic box. The product was electrophoresed on a 1% agarose gel
containing ethidium bromide and visualized with a UV transilluminator. B:
aliquots (10 �g) of pools of RNA isolated from the extensor digitorum longus
(EDL) skeletal muscle of fed or starved animals were electrophoresed on a 1%
agarose gel and transferred to a nylon membrane. After hybridization with the
32P-labeled clone 1, the membranes were washed and autoradiographed. C:
sequence of the �300-bp DNA fragment corresponding to clone 1, the
expression of which was shown to be increased in atrophying muscles in B.

Fig. 2. RNA blot of various rat tissues with clone 1. Aliquots (10 �g) of pools
of RNA from the indicated tissues of 5 animals were electrophoresed on a 1%
agarose gel and transferred to a nylon membrane. After hybridization with the
32P-labeled clone 1 or 18S rRNA probe, the membrane was washed and
autoradiographed.
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quenced, and overlapped with the previous cDNA sequence.
This, combined with 5�-RACE analysis, yielded a final open
reading frame of 4,071 bp. When translated, this open reading
frame encoded a protein of �150 kDa (Fig. 3) with a predicted

pI of 6.6. The analysis of that predicted protein sequence
revealed that this UBP shows 81% amino acid identity and
85% similarity to the human USP19 protein and 95% identity
and 98% similarity to the mouse ortholog. Aside from the

Fig. 3. A: predicted protein sequence for
USP19 in rat skeletal muscle. Sequences
conserved in the UBP family of deubiquiti-
nating enzymes are underlined. The se-
quences in bold identify the critical cysteine
(residues 537–554) and histidyl (residues
1187–1250) boxes. B: alignment of USP19
cysteine and histidyl boxes with those from
other representative deubiquitinating en-
zymes.
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cysteine and aspartyl boxes, other motifs conserved in UBPs/
USPs (37) were also found (Fig. 3A). The cysteine and histi-
dine boxes were similar to those found in many other members
of the UBP/USP family (Fig. 3B).

Expression of USP19 mRNA in various conditions of atro-
phying skeletal muscle. To explore whether our initial obser-
vations of induction of expression upon fasting were common
to other conditions of muscle wasting, we examined the levels
of expression in various catabolic disorders where rates of
protein degradation are increased and the ubiquitin-proteasome
system is activated. USP19 mRNA levels increased by �50%
in skeletal muscle from animals starved for 48 h. The increased
expression reverted to normal with refeeding (see Fig. 4B).
However, this return to baseline occurred only on day 2 of
refeeding, which was 1 day after the normalization of rates of
protein breakdown (17) but was simultaneous to the recovery
of muscle mass, which increased to levels similar to those of
fed controls on day 2 (Fig. 4A). We examined whether the
response to fasting was also seen in other tissues. No signifi-
cant changes were seen in liver, kidney, and testis upon fasting
(data not shown). By analyzing larger amounts of mRNA,
USP19 mRNA expression could be reliably detected in soleus.
Upon 2 days of fasting, the level of expression did increase but
only by 25% (data not shown). The lower response in soleus
than in EDL is consistent with a more pronounced catabolic
response in fast-twitch compared with slow-twitch muscles.

Because the catabolic response to fasting is hormonally
regulated, we examined the expression of USP19 after treat-
ment with streptozotocin (which induces an insulinopenic form
of diabetes) or dexamethasone (a glucocorticoid analog) in
rats. After insulin deprivation, EDL muscle atrophies by 25 and
55% in rats treated with streptozotocin for 3 and 5 days,
respectively, compared with PF animals (Fig. 5A). In these
muscles, USP19 mRNA levels increased at 3 and 5 days after
streptozotocin treatment by 61 and 213%, respectively, com-
pared with PF controls (Fig. 5B). Ten days after streptozotocin
injection, muscle mass was similar to that at 5 days (Fig. 5A).
Consistent with this decrease in the rate of atrophy, USP19
mRNA levels at 10 days were no longer significantly different
from their PF controls (Fig. 5B). After dexamethasone treat-
ment for 6 days in adult animals, epitrochlearis muscle mass
decreased by 27% compared with that observed in PF controls
(Fig. 6A). In these muscles, USP19 mRNA levels were ele-
vated by 37% (Fig. 6B). The bands in the blot shown in Fig. 6B
did not migrate exactly at the same size. However, UV illu-
mination of the corresponding agarose gel separation showed
that there was a similar discrepancy in the migration of the 18S
and 28S rRNA bands between the two lanes, indicating that
this difference is simply an electrophoretic artifact.

Because cancer is an important common cause of muscle
wasting (35), we also investigated the expression of USP19 in
two rodent tumor-bearing conditions. Rats bearing the Yoshida
hepatoma YAH130 (4) or the Yoshida sarcoma (33) exhibited
a skeletal muscle atrophy of �20% (Fig. 7, A and D), associ-
ated with an increase in USP19 mRNA levels of 124 and
133%, respectively (Fig. 7, B and E). In Yoshida sarcoma-
bearing animals, it is possible to inhibit the increase in protea-
some-dependent proteolysis in skeletal muscle by treatment
with HWA448, a xanthine derivative that inhibits transcription
of the TNF-
 gene (9). Therefore, we examined the effect of
such treatment on USP19 mRNA levels. Interestingly, USP19

mRNA level remained high (Fig. 7E). However, muscle wast-
ing in the tumor-bearing rats was not totally prevented by
HWA448, since EDL muscle mass from treated rats was still
low (Fig. 7D).

Because the responses of USP19 mRNA levels to refeeding
and to HWA448 treatment suggested that these levels corre-
lated more closely with mean muscle mass than with the rates
of proteolysis, we tested this association more carefully by
applying linear regression analysis to all the samples that we
studied (Figs. 4–7). Indeed, we observed statistically signifi-

Fig. 4. Muscle mass (A) and USP19 mRNA levels (B) of rat EDL skeletal
muscle after 24 or 48 h of starvation and refeeding for 1 or 2 days. Twenty
micrograms of total RNA were electrophoresed on a 1% agarose gel and
transferred to a nylon membrane. After hybridization with the USP19 probe,
the membrane was washed and autoradiographed. Signals were quantified and
normalized using the corresponding signal from an 18S rRNA probe to correct
for uneven loading. Data are means � SE for 5 rats and are expressed as
arbitrary units. Representative Northern blots are also shown. Statistical
differences were assessed with ANOVA. *P 	 0.05 vs. fed rats. C: there is a
negative correlation of muscle mass with USP19 mRNA expression. P 	 0.05;
r2 � 0.167.
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cant correlations between muscle mass and USP19 mRNA
levels in all of the catabolic conditions that we studied.

DISCUSSION

Previous studies have clearly demonstrated that the process
of conjugation of ubiquitin to proteins is highly regulated in
atrophying skeletal muscles. Numerous studies have demon-
strated increased expression of genes encoding polyubiquitin
and the E214k ubiquitin conjugating enzyme (reviewed in Ref.
16), and, more recently, there has been evidence of increased
expression of two muscle-specific ubiquitin protein ligases,

MuRF1 and atrogin-1 (MAFbx), in response to various cata-
bolic conditions (reviewed in Ref. 20).

Little is known about the regulation of deubiquitinating
enzymes during muscle wasting despite the large family of
such enzymes. Here, we report our early exploration of this
area by using RT-PCR analysis of mRNA to identify muscle
deubiquitinating enzymes. Such a search is presently rendered
much simpler by the availability of ever larger expressed
sequence tag databases and gene arrays containing more com-
plete coverage of the genome. We have found that expression
of the USP19 gene is increased after muscle wasting in re-
sponse to a wide range of catabolic conditions. Although we
established this induction at the mRNA level, we were unable
to confirm this at the protein level, because expression levels of
USP19 protein appeared to be very low in skeletal muscle
tissue and not reliably detected by immunoblotting. The
USP19 enzyme may play an important role in recycling ubiq-
uitin concomitant with or after proteasome-mediated degrada-

Fig. 6. Muscle mass (A) and USP19 mRNA levels (B) of rat epitrochlearis
skeletal muscle from rats treated with dexamethasone for 6 days or from PF
controls. Twenty micrograms of total RNA were electrophoresed on a 1%
agarose gel and transferred to a nylon membrane. After hybridization with the
USP19 probe, the membrane was washed and autoradiographed. Signals were
quantified and normalized using the corresponding 18S rRNA signals. Data are
means � SE for 8 rats and are expressed as arbitrary units. Representative
Northern blots are also shown. Statistical differences were assessed with
ANOVA. *P 	 0.05 vs. PF rats. C: there is a negative correlation of muscle
mass with USP19 mRNA expression.

Fig. 5. Muscle mass (A) and USP19 mRNA levels (B) of rat EDL skeletal
muscle isolated 3, 5, and 10 days after streptozotocin (STZ) injection. Twenty
micrograms of total RNA were electrophoresed on a 1% agarose gel and
transferred to a nylon membrane. After hybridization with the USP19 probe,
the membrane was washed and autoradiographed. Signals were quantified and
normalized using the corresponding 18S rRNA signals. Data are means � SE
for 5 rats and are expressed as arbitrary units. Representative Northern blots
are also shown. Statistical differences were assessed with ANOVA. *P 	 0.05
vs. pair-fed (PF) rats. !P 	 0.05 vs. 3-day streptozotocin-treated rats. C: there
is a negative correlation of muscle mass with USP19 mRNA expression. P 	
0.01; r2 � 0.225.
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tion of proteins in the muscle. This would be similar to results
of recent gene array studies that suggest that mRNA levels of
USP14, which appears to recycle ubiquitin chains, also in-
creases in several conditions of muscle wasting (21). Whether
protein levels of USP14 change also remains unknown. Alter-
natively, USP19 may be involved in processing the polyprotein
products of the ubiquitin genes to their mature forms. In either
situation, the enzyme would be important in maintaining levels
of free ubiquitin in the cell. One cannot rule out the additional
possibility, though, that USP19 negatively regulates the ubiq-
uitination and degradation of a specific protein that is essential
for the muscle wasting process. However, this is the first
demonstration of increased expression of a muscle deubiqui-
tinating enzyme that does not associate with the proteasome-
like USP14.

Consistent with a general role in muscle atrophy, USP19
was induced in all the catabolic conditions that we surveyed. It
was also highly expressed in the testis, a tissue in which many
proteins are being turned over during spermatid maturation.
However, its expression was not tightly coordinated with the
rates of muscle proteolysis. For example, its expression was
lower in the slow-twitch oxidative soleus muscle compared
with the fast-twitch glycolytic muscle (Fig. 2), although basal
rates of proteolysis are higher in the former than in the latter
(14). Furthermore, although expression increased upon fasting
and in tumor-bearing animals, it did not return to basal levels
upon 1 day of refeeding or in HWA448-treated tumor-bearing
animals. In both of these latter conditions, rates of proteolysis
appear to have normalized, although muscle mass remained
significantly low (1, 17). In the case of refeeding, normaliza-

tion of USP19 mRNA levels only occurred on day 2, when
muscle mass had recuperated to control levels. Because mRNA
levels for USP19 are inversely correlated with muscle mass
(Figs. 4–7), USP19 may be involved in a function associated
with regulation of muscle size or structure per se instead of
proteolysis. In contrast, polyubiquitin expression correlates
well with the rates of proteolysis in these and many other
conditions. Thus USP19 mRNA levels may represent an index
of muscle mass that could be useful in many pathological
conditions, using small human muscle biopsies. The regulation
of USP19 mRNA expression is likely to be controlled primar-
ily by muscle intracellular factors, as increased expression was
seen in a large number of diverse conditions whose pattern of
humoral regulators is likely to be different in each condition.

USP19 may have a very specific function(s) in the muscle
cell. In support of this, preliminary data indicate that small
interfering RNA-mediated depletion of USP19 in cultured
muscle cells does not alter steady-state levels of ubiquitinated
proteins, suggesting that the enzyme has a limited number of
specific substrates (O. A. J. Adegoke and S. S. Wing, unpub-
lished observations). Indeed two isoforms of another deubiq-
uitinating enzyme, USP2 (UBP45/UBP-t1 and UBP69/UBP-
t2), are expressed in muscle cells and are regulated during
differentiation. They appear to have antagonistic effects on
muscle cell differentiation in vitro (31). Also, our recent
studies indicate that, in myoblasts, lowering intracellular
USP19 levels results in arrest of cell growth (O. A. J. Adegoke
and S. S. Wing, unpublished observations). Further studies to
identify the specific substrates of USP19 will be required to

Fig. 7. Muscle mass (A and D) and USP19
mRNA levels (B and E) of rat gastrocnemius
or tibialis anterior skeletal muscles from Yo-
shida hepatoma (A–C)- or Yoshida sarcoma
(D–F)-bearing rats, respectively. Twenty mi-
crograms of total RNA were electrophoresed
on a 1% agarose gel and transferred to a
nylon membrane. After hybridization with
the USP19 probe, the membrane was washed
and autoradiographed. Signals were quanti-
fied and normalized using the corresponding
18S rRNA signals to correct for uneven load-
ing. Data are means � SE for 5 rats and are
expressed as arbitrary units. Representative
Northern blots are also shown. Statistical
differences were assessed with ANOVA.
*P 	 0.05 vs. PF rats. C and F: there is a
negative correlation of muscle mass with
USP19 mRNA expression in muscles from
both Yoshida hepatoma- and Yoshida sar-
coma-bearing rats.
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define more precisely the functions of this enzyme and its role
in muscle wasting.
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