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UnpEL/Usp4 is ubiquitinated by Ro52 and deubiquitinated by itself
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Abstract

The autoantigen Ro52 is an E3 ubiquitin ligase that can ubiquitinate itself (self-ubiquitination). Recently, we showed that UnpEL/
Usp4 is an isopeptidase that can deconjugate ubiquitin from self-ubiquitinated Ro52. Here, we showed that UnpEL is ubiquitinated by
Ro52 in cooperation with UbcH5B in vitro. We also showed that UnpEL is ubiquitinated by Ro52 in HEK293T cells. Interestingly, a
catalytically inactive UnpEL mutant was strongly ubiquitinated by Ro52 in HEK293T cells. These results suggest that wild-type UnpEL
is ubiquitinated by Ro52 and deubiquitinated by itself (self-deubiquitination), while mutant UnpEL is ubiquitinated by Ro52 but not
deubiquitinated by itself. In conclusion, Ro52 and UnpEL transregulate each other by ubiquitination and deubiquitination.
� 2006 Elsevier Inc. All rights reserved.
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Ubiquitin, a 76-amino-acid polypeptide, plays a key role
in the ubiquitin-proteasome system [1]. Initially in ubiqui-
tination, the C-terminus of ubiquitin, which contains a
conserved Gly residue, is activated to form a thiol-ester
linkage with the Cys residue of the E1 ubiquitin-activating
enzyme. Activated ubiquitin is then transferred to the E2
ubiquitin-conjugating enzyme to form another thiol-ester
linkage. Subsequently, with the aid of the E3 ubiquitin
ligase, ubiquitin becomes covalently attached to the Lys
residues of target proteins through the formation of isopep-
tide bonds [1]. The internal Lys residue of ubiquitin can
also form an isopeptide bond with the C-terminal Gly res-
idue of another ubiquitin molecule to create a polyubiqu-
itin chain. This chain serves as a proteasome-targeting
signal [1]. In the proteasome, polyubiquitinated proteins
are then degraded in an ATP-dependent manner [1]. By tar-
geting ubiquitinated proteins to the proteasome for degra-
dation, ubiquitination plays a critical role in many
biological events [1].

Ro52 is a classic autoantigen to which autoantibodies
are most commonly found in patients with Sjögren’s syn-
drome [2]. It is a RING-finger protein that belongs to a
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RBCC (RING-finger/B-box/coiled-coil) family (also
known as the TRIM [tripartite motif] family) [3]. Recently,
we reported that Ro52 functions as an E3 ubiquitin ligase
and ubiquitinates itself in cooperation with E2 ubiquitin-
conjugating enzyme UbcH5B [4–6]. Although the self-ubiq-
uitination of Ro52 was shown in our previous studies, the
other substrates have been unknown.

UnpEL (also known as Usp4 or Unph) was first identi-
fied as a protein with a sequence highly similar to that of
the Tre-2 (Usp6) oncogenic protein [7]. The injection of
UnpEL-overexpressing NIH3T3 cells into nude mice sub-
sequently showed UnpEL to be an oncogenic protein [8].
In keeping with this, Gray et al. reported that UnpEL
mRNA levels are consistently elevated in small-cell tumors
and adenocarcinomas of the lung [9]. Structurally, UnpEL
possesses both Cys and His boxes, which are essential
motifs for the activity of deubiquitinating enzymes [10].
Because of this structure, UnpEL has been thought to
function as a deubiquitinating enzyme in mammalian cells.

Recently, some insight into the mechanism of UnpEL’s
function came from a study conducted by Donato et al. in
which they screened the human cDNA library by a yeast
two-hybrid assay using Ro52 as bait. This revealed that
UnpEL interacts with Ro52 in yeast cells [11], suggesting
the functional relationship between Ro52 and UnpEL.
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Indeed, very recently, we showed that UnpEL specifically
deubiquitinates Ro52 in human cells by its isopeptidase
activity [12]. In addition, in our recent study, we detected
high-molecular-weight bands of UnpEL when it was coex-
pressed with Ro52 (unpublished data), implying that
UnpEL is ubiquitinated by Ro52. We conducted the pres-
ent study to test this possibility.

Materials and methods

Cell culture. Human embryonic kidney HEK293T cells (American
Type Culture Collection, Manassas, VA) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and
antibiotics.

Antibodies. Mouse anti-FLAG antibody (M5) and rabbit anti-FLAG
antibody were purchased from Sigma Chemical Company (St. Louis,
MO). Mouse anti-RH antibody (specific for the amino-acid sequences
RGSHHHH and GGSHHHH) was purchased from Qiagen (Santa Clara,
CA). Mouse anti-HA antibody (16B12) was purchased from Covance
(Richmond, CA). Rabbit anti-HA antibody was purchased from Zymed
(South San Francisco, CA).

Mammalian expression plasmids and their transfection. To express
RH-tagged Mdm2 and Parkin, their cDNAs were amplified by a poly-
merase chain reaction using appropriate primers from the human brain
cDNA library (Clontech, Palo Alto, CA) and subcloned into pcDNA3/
RH-N [13]. To express RH-tagged wild-type UnpEL and its mutant
C311A, their cDNAs were also subcloned into pcDNA3/RH-N [13]. To
express FLAG-tagged Ro52, its cDNA [4] was subcloned into pcDNA3/
FLAG-N [14]. All other expression plasmids had been previously pre-
pared. To express FLAG-tagged wild-type UnpEL and its mutant C311A,
pcDNA3/FLAG-UnpEL(wt) and pcDNA3/FLAG-UnpEL(C311A) were
used, respectively [12]. To express RH-tagged wild-type Ro52, its mutant
C16A, HIF1a(DC), and HA-tagged ubiquitin, we used pcDNA3/Ro52-
RH, pcDNA3/Ro52(C16A)-RH, pcDNA3/HIF1a(DC)-RH, and
pcDNA3/HA-Ub, respectively [5]. These plasmids were transfected into
HEK293T cells using FuGENE6 (Roche Applied Science, Indianapolis,
IN). The transfected cells were then harvested for immunoprecipitation or
TALON-bead precipitation 20 h after transfection.

In vivo ubiquitination assay. HEK293T cells were cultured in a 6-cm
dish and transfected with total 5 lg of plasmid DNAs to coexpress
FLAG-UnpEL (wild-type or its mutant C311A) and HA-ubiquitin with
RH-tagged E3 ubiquitin ligase, such as Ro52, Mdm2, or Parkin. Twenty
hours after transfection, the transfected cells on the culture dish were
washed twice with phosphate-buffered saline (PBS) and incubated in the
lysis buffer [50 mM Tris–HCl (pH 7.5), 100 mM NaCl, and 0.1% sodium
dodecyl sulfate (SDS)] containing a protease inhibitor cocktail (Roche) for
30 min at room temperature to prepare total cell lysate. The lysate was
passed through a 22-gauge needle to shear the DNA and then centrifuged
at 100,000g at 16 �C for 30 min. The supernatant was incubated with anti-
FLAG M2 agarose beads (Sigma) at room temperature for 2 h to
immunoprecipitate FLAG-UnpEL. After incubation, the beads were
washed three times with Tris-buffered saline (TBS) and treated for 1 h at
50 �C in sample treating solution containing 2% SDS and 5% b-mercap-
toethanol. The solubilized FLAG-UnpEL was then analyzed by Western
blotting using rabbit anti-FLAG antibody to detect all derivatives of
FLAG-UnpEL and rabbit anti-HA antibody to detect ubiquitinated
FLAG-UnpEL.

In vitro ubiquitination assay. All eukaryotic expression plasmids for the
assay had been previously prepared [5]. An in vitro ubiquitination assay
was performed using these plasmids [5]. Briefly, FLAG-tagged
UnpEL(C311A) was overexpressed in HEK293T cells by means of plas-
mid transfection. Twenty hours after transfection, the cells were lysed to
prepare total cell lysate, as described above. FLAG-UnpEL(C311A) in the
lysate was then immunoprecipitated by anti-FLAG beads (Sigma).
Afterwards, FLAG-UnpEL(C311A) immobilized on the beads was incu-
bated in 50 ll of the reaction mixture [50 mM Tris–HCl (pH 7.5), 2 mM
MgCl2, and 2 mM DTT] containing RH-tagged ubiquitin (0.1 lg), rabbit
E1 enzyme (0.1 lg; Boston Biochem, Cambridge, MA), poly-His-tagged
recombinant E2 enzyme (1.0 ll of crude bacterial lysate), maltose-binding
protein (MBP)-fused Ro52 (0.1 lg) [5], and 2 mM MgATP (Cat. #B-20;
Boston Biochem). After the reaction, FLAG-UnpEL(C311A) immobilized
on the beads was washed to remove the reaction mixture and eluted by
incubating the beads with 100 lg/ml FLAG peptide (Sigma). The eluted
FLAG-UnpEL(C311A) was analyzed by Western blotting using mouse
anti-FLAG antibody (M5; Sigma) to detect all derivatives of FLAG-
UnpEL(C311A) and mouse anti-RH antibody (Qiagen) to detect ubiqui-
tinated FLAG-UnpEL(C311A).

Treatment with proteasome inhibitor. A proteasome inhibitor, MG132,
was purchased from Calbiochem (San Diego, CA) to treat cells, as
described previously [15]. In brief, 1 · 106 HEK293T cells were transfected
by FuGENE6. After an overnight culture, the culture medium was
replaced with fresh medium containing MG132 (40 lM), and the cells
were cultured further at 37 �C for 6 h. Then the cells were lysed to prepare
total cell lysate, which was used for TALON-bead precipitation.

TALON-bead precipitation of RH-tagged proteins. To investigate the
effect of MG132 on the stability of UnpEL or HIF1a(DC), we purified
RH-tagged UnpEL or HIF1a(DC) by TALON-bead precipitation and
analyzed their expression level by Western blotting. Since the sequence of
the RH tag is RGSHHHHHH, RH-tagged UnpEL or HIF1a(DC) can be
purified by cobalt-immobilized resin beads (TALON beads, Clontech)
[16]. The total cell lysate of the transfectants expressing RH-tagged
UnpEL or HIF1a(DC) was prepared in lysis buffer [20 mM Tris–HCl (pH
8.0), 6 M guanidine–HCl, and 100 mM NaCl]. DNA in the sample was
sheared with a 22-gauge needle and then the lysate was centrifuged at
100,000g for 30 min at 15 �C. The supernatant was incubated with
TALON beads for 1 h at room temperature. The beads were washed once
with lysis buffer, followed by two washings with washing buffer [20 mM
Tris–HCl (pH 7.0), 15 mM imidazole, 8 M urea, and 100 mM NaCl]. The
beads were then washed twice with PBS and treated for 1 h at 50 �C in
sample treating solution containing 2% SDS and 5% b-mercaptoethanol.
Finally, the solubilized RH-UnpEL or RH-HIF1a(DC) was analyzed by
Western blotting.

Western blotting. Protein samples were treated at 50 �C for 1 h in
sample treating solution containing 2% SDS and 5% b-mercaptoethanol.
After SDS–polyacrylamide gel electrophoresis, Western blotting was
performed according to the protocol provided with the ECL detection
system (Amersham Pharmacia Biotech, Piscataway, NJ). As a secondary
antibody, horseradish peroxidase (HRP)-conjugated anti-mouse IgG
antibody or anti-rabbit IgG antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) was used.

Results

UnpEL is ubiquitinated by Ro52 and deubiquitinated by itself

in HEK293T cells

In our recent study, we detected the derivatives of
UnpEL with higher molecular weights when it was coex-
pressed with Ro52 (unpublished data), implying that
UnpEL is ubiquitinated by Ro52. To test this possibility,
we overexpressed HA-tagged ubiquitin and FLAG-tagged
UnpEL (wild-type or C311A mutant) with or without
RH-tagged Ro52 (wild-type or C16A mutant) (Fig. 1).
The mutated UnpEL loses the activity of deubiquitinating
enzyme because an active-site Cys-311 is substituted with
Ala in the UnpEL (C311A) [12]. Similarly, the mutated
Ro52 loses the activity of E3 ubiquitin ligase because
an active-site Cys-16 is substituted with Ala in the
Ro52 (C16A) [5]. As shown in Fig. 1, the wild-type
UnpEL was ubiquitinated (monoubiquitination and
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Fig. 1. Ro52-mediated ubiquitination of UnpEL in vivo. FLAG-tagged
wild-type UnpEL or its mutant C311A was expressed with HA-tagged
ubiquitin (HA-Ub) alone, HA-Ub plus RH-tagged wild-type Ro52 (wt),
or HA-Ub plus RH-tagged mutant Ro52 (C16A) in HEK293T cells by
means of plasmid transfection. Twenty hours after transfection, the cells
were harvested and lysed. FLAG-UnpEL in the lysate was immunopre-
cipitated by mouse anti-FLAG antibody and solubilized in 2% SDS
solution. The solubilized FLAG-UnpEL was then analyzed by Western
blotting using rabbit anti-FLAG antibody to detect all derivatives of
FLAG-UnpEL (lanes 1–6) and rabbit anti-HA antibody to detect
ubiquitinated FLAG-UnpEL (lanes 7–12). Molecular size markers are
shown on the left in kilodaltons (kDa).
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Fig. 2. E3-specific ubiquitination ofUnpEL in vivo. FLAG-taggedUnpEL
(wild-type or its mutant C311A) and HA-tagged ubiquitin were expressed
with different E3 ubiquitin ligases, such as RH-tagged Ro52, Mdm2, and
Parkin, in HEK293T cells by means of plasmid transfection. Twenty hours
after transfection, the cells were harvested and lysed. FLAG-UnpEL in the
lysate was immunoprecipitated by mouse anti-FLAG antibody and
solubilized in 2% SDS solution. The solubilized FLAG-UnpEL was then
analyzed byWestern blotting using rabbit anti-FLAGantibody to detect all
derivatives of FLAG-UnpEL (lanes 1–6) and rabbit anti-HA antibody to
detect ubiquitinated FLAG-UnpEL (lanes 7–12). Molecular size markers
are shown on the left in kilodaltons (kDa).
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polyubiquitination) when it was overexpressed with ubiq-
uitin and the wild-type Ro52 (lane 9). Importantly, the
ubiquitination was more intense when the mutant UnpEL
(C311A) was overexpressed with ubiquitin and the wild-
type Ro52 (lane 10). In contrast, the ubiquitination was
almost undetectable when the wild-type UnpEL was over-
expressed with ubiquitin alone (lane 7) or with ubiquitin
plus the mutant Ro52 (C16A) (lane 11). The ubiquitina-
tion, however, was weakly detected when the mutant
UnpEL (C311A) was overexpressed with ubiquitin alone
(lane 8) or with ubiquitin plus the mutant Ro52 (C16A)
(lane 12). These results suggest that UnpEL is ubiquitina-
ted by wild-type Ro52 but not by its inactive mutant. The
weak ubiquitination shown in lanes 8 and 12 appeared to
be mediated by endogenous Ro52 in the HEK293T cells.
Interestingly, the inactive mutant of UnpEL is ubiquitina-
ted by Ro52 much more strongly than the wild-type
UnpEL (lane 7 vs. lane 8, lane 9 vs. lane 10, and lane
11 vs. lane 12), suggesting that UnpEL is deubiquitinated
by itself. In other words, the inactive mutant of UnpEL is
strongly ubiquitinated by Ro52 because it cannot be
deubiquitinated by itself. The wild-type UnpEL, however,
is not strongly ubiquitinated, probably because it is con-
tinuously deubiquitinated by itself.

UnpEL is selectively ubiquitinated by Ro52 in HEK293T

cells

To examine the E3-specific ubiquitination of the
UnpEL, we performed another in vivo ubiquitination assay
using the three E3 ubiquitin ligases, Ro52, Mdm2, and Par-
kin. Mdm2 was previously reported to mediate the ubiqui-
tination of p53 as an E3 ubiquitin ligase [17]. Parkin was
also shown to mediate the ubiquitination of synphilin-1
as an E3 ubiquitin ligase [18]. In this in vivo ubiquitination
assay, we therefore examined whether Mdm2 and Parkin
promote the ubiquitination of UnpEL in HEK293T cells.
As shown in Fig. 2, the wild-type UnpEL was ubiquitina-
ted when it was overexpressed with Ro52 (lane 7). Notably,
the ubiquitination was much more intense when the mutant
UnpEL (C311A) was overexpressed with Ro52 (lane 8). In
contrast, the ubiquitination was almost undetectable when
the wild-type UnpEL was overexpressed with Mdm2 (lane
9) or Parkin (lane 11). The ubiquitination, however, was
weakly detected when the mutant UnpEL (C311A) was
overexpressed with Mdm2 (lane 10) or Parkin (lane 12).
The weak ubiquitination shown in lanes 10 and 12 seems
to be mediated by endogenous Ro52 in HEK293T cells,
as described above. Taken together, these results suggest
that UnpEL is selectively ubiquitinated by Ro52 in
HEK293T cells.

Ro52 monoubiquitinates UnpEL in cooperation with

UbcH5B in vitro

We performed an in vitro ubiquitination assay to con-
firm that UnpEL is ubiquitinated by Ro52. In this assay,
we used FLAG-tagged UnpEL mutant as a substrate to
avoid its self-deubiquitination. In brief, FLAG-UnpEL
(C311A) was overexpressed in HEK293T cells and
immunoprecipitated. FLAG-UnpEL (C311A) was then
incubated in the reaction mixture containing MBP-fused
Ro52 as an E3 ubiquitin ligase, recombinant E1 enzyme,
different recombinant E2 enzymes (UbcH2, UbcH5B,
UbcH7, UbcH10, and hCDC34 produced in bacteria)
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(Fig. 3A), and RH-tagged ubiquitin. After the incuba-
tion, FLAG-UnpEL (C311A) was solubilized and ana-
lyzed by Western blotting using anti-RH antibody to
detect ubiquitinated FLAG-UnpEL (C311A) and anti-
FLAG antibody to detect all derivatives of FLAG-
UnpEL (C311A). As shown in Fig. 3B, the incubation
of FLAG-UnpEL (C311A) in the reaction mixture con-
taining UbcH2, UbcH7, UbcH10, or hCDC34 did not
result in the ubiquitination of FLAG-UnpEL (C311A)
(lanes 8, 10, 11, and 12), whereas the incubation of
FLAG-UnpEL (C311A) in the reaction mixture contain-
ing UbcH5B led to the monoubiquitination of FLAG-
UnpEL (C311A) (lane 9). These results indicate that
UnpEL (C311A) is monoubiquitinated in vitro and that
this ubiquitination is catalyzed by UbcH5B but not by
the other E2 enzymes. Thus, UbcH5B is utilized not only
for the self-ubiquitination of Ro52 [5] but also for the
monoubiquitination of UnpEL.
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Fig. 3. In vitro ubiquitination of UnpEL catalyzed by UbcH5B and Ro52.
(A) Bacterial expression of various E2 ubiquitin-conjugating enzymes.
Poly His-tagged E2s were expressed in bacterial cells by transforming the
cells with pTrcHis vectors (Invitrogen) and detected by Western blotting
using mouse anti-RH antibody. (B) E2-dependent ubiquitination of
UnpEL. In vitro ubiquitination of UnpEL was tested using various E2
ubiquitin-conjugating enzymes and Ro52. FLAG-tagged UnpEL(C311A)
was overexpressed in HEK293T cells and immunoprecipitated by anti-
FLAG beads. FLAG-UnpEL(C311A) immobilized on the beads was then
incubated in the reaction mixture containing RH-tagged ubiquitin
(RH-Ub), recombinant E1 enzyme, various poly-His-tagged recombinant
E2 enzymes (UbcH2, UbcH5B, UbcH7, UbcH10, and hCDC34), and
MBP-fused Ro52. After the reaction, FLAG-UnpEL(C311A) immobi-
lized on the beads was washed to remove the reaction mixture and eluted
by incubation with FLAG peptide. The eluted FLAG-UnpEL(C311A)
was analyzed by Western blotting using mouse anti-FLAG antibody (M5)
to detect all derivatives of FLAG-UnpEL(C311A) (lanes 1–6) and mouse
anti-RH antibody to detect ubiquitinated FLAG-UnpEL(C311A) (lanes
7–12). Molecular size markers are shown on the left in kilodaltons (kDa).
In this section, we describe that UnpEL is monoubiquiti-
nated by Ro52 in vitro. In the previous section, however, we
describe that Ro52 promotes both the monoubiquitination
and polyubiquitination of UnpEL in HEK293T cells (Figs.
1 and 2). What could explain the discrepancy between the
in vitro and in vivo ubiquitination of UnpEL? We believe
that, since there are many other E3 ubiquitin ligases in mam-
malian cells, Ro52 mediates the monoubiquitination of
UnpEL, which triggers the further ubiquitination of UnpEL
mediated by other E3 ubiquitin ligases in HEK293T cells.

Ro52-mediated ubiquitination of UnpEL does not target it to

the proteasome for degradation

As described above, Ro52 promotes the ubiquitination of
UnpEL. Does this ubiquitination target UnpEL to the pro-
teasome for degradation?Generally, a polyubiquitin chain is
assembled through the formation of isopeptide bonds
involving specific Lys residues in ubiquitin. Substrates with
a polyubiquitin chain, linked via Lys-48 or Lys-29, are tar-
geted for degradation by the proteasome [19]. In contrast,
the conjugation of a single ubiquitin or the ligation of a
K63-linked polyubiquitin chain does not target the sub-
strates for proteasomal degradation [20,21]. To determine
whether the ubiquitination of UnpEL leads to its degrada-
tion by the proteasome, we performed another in vivo ubiq-
uitination assay. Specifically, using the proteasome inhibitor
MG132, we inhibited the proteasomal degradation in
HEK293T cells to test whether UnpEL was stabilized and
accumulated. Briefly, RH-UnpEL (wild-type or C311A
mutant) was coexpressed with HA-ubiquitin and FLAG-
Ro52 inHEK293T cells in the presence or absence of the pro-
teasome inhibitorMG132. The cells were then harvested and
lysed. Afterwards, RH-UnpEL in the lysate was precipitated
by TALON beads, solubilized, and then analyzed by Wes-
tern blotting using anti-RH antibody to detect all derivatives
of RH-UnpEL and anti-HA antibody to detect ubiquitina-
ted RH-UnpEL. As a positive control for the effect of
MG132 on the proteasomal degradation of ubiquitinated
proteins, we usedHIF1a(DC), anN-terminal fragment (ami-
no acids 1–330) of HIF1a. This is because we had previously
detected the clear effect ofMG132 on the proteasomal degra-
dation of HIF1a(DC) [22].

As shown in Fig. 4, treatment with MG132 did not
clearly increase the expression of either wild-type UnpEL
(lane 1 vs. lane 3) or mutant UnpEL (C311A) (lane 2 vs.
lane 4). These results suggest that the ubiquitination of
RH-UnpEL does not lead to its proteasomal degradation.
In contrast, HIF1a(DC), the positive control for the effect
of MG132, was stabilized by the MG132 (upper panel, lane
5 vs. lane 6), suggesting that the polyubiquitination of
HIF1a(DC) targets it to the proteasome for degradation.

Discussion

Ro52 was previously shown in a yeast two-hybrid assay
to interact with UnpEL [11]. It was also shown that Ro52
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and UnpEL colocalize to the cytoplasmic rod-like struc-
tures in HEK293 cells [12]. These observations suggested
that Ro52 interacts with UnpEL in mammalian cells to
form a heterodimeric protein complex that mediates both
the ubiquitination and deubiquitination. This is because
Ro52 has the activity of an E3 ubiquitin ligase [5], while
UnpEL has the activity of a deubiquitinating enzyme that
reverses ubiquitination [12]. Indeed, in our previous stud-
ies, we showed that Ro52 is ubiquitinated by itself [5]
and deubiquitinated by UnpEL [12], supporting the possi-
bility that the heterodimeric protein complex mediates both
the ubiquitination and deubiquitination of Ro52 (Fig. 5A).
In addition, in the present study, we showed that UnpEL is
ubiquitinated by Ro52 and probably deubiquitinated by
itself (see Fig. 1), supporting the possibility that the hetero-
dimeric protein complex mediates both the ubiquitination
and deubiquitination of UnpEL (Fig. 5B). Based on these
observations, we believe that the heterodimeric protein
complex mediates both the ubiquitination and deubiquiti-
nation of unidentified substrates other than Ro52 and
UnpEL (Fig. 5C).

As described above, the heterodimeric protein complex
seems to have dual and opposing activities, but how the
activities of the heterodimeric protein complex are regulat-
ed is unknown. Although, as our present study showed, the
relationship between Ro52 and UnpEL is complicated, it is
possible that this regulation occurs through the monoubiq-
uitination of each component of the complex. In other
words, the monoubiquitination of each component might
determine the total activities of the complex. It will be
important to test this possibility in later studies.
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