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The SAGA complex contains two enzymatic modules, which house histone acetyltransferase (HAT) and deubiquitinase (DUB)
activities. USP22 is the catalytic subunit of the DUB module, but two adaptor proteins, ATXN7L3 and ENY2, are necessary for
DUB activity toward histone H2Bub1 and other substrates. ATXN7L3B shares 74% identity with the N-terminal region of
ATXN7L3, but the functions of ATXN7L3B are not known. Here we report that ATXN7L3B interacts with ENY2 but not other
SAGA components. Even though ATXN7L3B localizes in the cytoplasm, ATXN7L3B overexpression increases H2Bub1 levels,
while overexpression of ATXN7L3 decreases H2Bub1 levels. In vitro, ATXN7L3B competes with ATXN7L3 to bind ENY2, and in
vivo, knockdown of ATXN7L3B leads to concomitant loss of ENY2. Unlike the ATXN7L3 DUB complex, a USP22-ATXN7L3B-
ENY2 complex cannot deubiquitinate H2Bub1 efficiently in vitro. Moreover, ATXN7L3B knockdown inhibits migration of
breast cancer cells in vitro and limits expression of ER target genes. Collectively, our studies suggest that ATXN7L3B regulates
H2Bub1 levels and SAGA DUB activity through competition for ENY2 binding.

USP22 and the SAGA deubiquitinase (DUB) module are im-
portant for normal embryonic development (1), and altera-

tions in the expression or structure of component proteins are
linked to neurodegenerative disease and cancer (2, 3). The DUB
module consists of a catalytic subunit, USP22, and two adaptor
proteins, ATXN7L3 and ENY2, required for deubiquitinase activ-
ity and stability of the DUB module (4–6). Another protein,
ATXN7, functions as a bridge to integrate the core DUB module
into the greater SAGA complex (7, 8) and has also been reported
to affect DUB activity (6, 9, 10).

ATXN7L3 contains a Sus1/ENY2-binding region in its N-ter-
minal region, a ZnF-Sgf11 domain, and a SCA7 domain in its
C-terminal region (6). The presence of ATXN7L3 is essential for
the deubiquitinase activity of the DUB module. No stable complex
could be formed in the absence of ATXN7L3 (6). Moreover, the
ZnF-Sgf11 domain of ATXN7L3 plays a pivotal role in the enzy-
matic activity, but is dispensable for the assembly, of the DUB
module (6). The ZnF-Sgf11 domain of ATXN7L3 is essential for
DUB activity toward H2Bub1 in vitro (6). The ZnF-Sgf11 domain
is required for ATXN7L3 binding to nucleosomal DNA (11), and
the crystal structure of the DUB module reveals that an arginine
cluster in the ZnF-Sgf11 domain directly interacts with ubiquiti-
nated nucleosomes and H2A/H2B heterodimer (12).

Loss of ATXN7L3B, a paralog of ATXN7L3, may also be asso-
ciated with neurodegenerative disease (13), as three family mem-
bers exhibiting loss of chromosome region 12q21, where
ATXN7L3B lies, exhibited motor and cognitive deficiencies, as
well as learning difficulties and cerebellar ataxia. ATXN7L3B and
ATXN7L3 share 74% identity within their N-terminal �60 amino
acid residues (Fig. 1A), including the Sus1/ENY2-binding region
(Fig. 1A, in red) (6, 14). Interestingly, a truncated form of
ATXN7L3 that only contains amino acids 3 to 76 was shown by
others to interact with USP22 and ENY2 in vitro, but the complex

containing the truncated protein could not remove ubiquitin
from H2Bub1, although it still bound ubiquitin vinyl sulfone (Ub-
VS), an irreversible and specific inhibitor that binds only to active
deubiqitinating enzymes (6). Since the native structure of
ATXN7L3B resembles this artificial form of ATXN7L3, we rea-
soned that it might also interact with USP22 and affect DUB ac-
tivity in vivo.

Here we report that ATXN7L3B interacts with ENY2, and
weakly with USP22, but not with other SAGA components. These
interactions limit USP22 activity toward H2Bub1 by sequestering
ENY2 and destabilizing ATXN7L3. Our data provide new insights
into ATXN7L3B functions in regulating USP22 activity and local-
ization. Since USP22 overexpression is observed in several highly
aggressive cancers (15, 16), we also asked whether ATXN7L3B has
functions in breast cancer. We found that ATXN7L3B is highly
expressed in estrogen receptor-positive (ER�) breast cancer cell
lines. Knockdown of ATXN7L3B inhibits breast cancer cell migra-
tion and limits ER functions in vitro. Overall, our findings suggest
that ATXN7L3B may provide a novel target for therapy develop-
ment for human cancers.
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FIG 1 ATXN7L3B interacts with DUB module components but not SAGA. (A) Comparison of the protein structures of ATXN7L3 and ATXN7L3B. The N
termini share 74% identity, but ATXN7L3B lacks the Sgf11 and SCA7 domains that are present in ATXN7L3. (B) Comparison of the protein sequences of
ATXN7L3 and ATXN7L3B N termini. Identical amino acid residues are indicated by asterisks. Red lettering indicates the Sus1/ENY2-binding region. (C)
Schematic of tandem Flag and HA affinity purification using 293T stable cells expressing pINTO-N-FH, FH-ATXN7L3, or FH-ATXN7L3B. (D) Distributed
normalized spectral abundance factor (dNSAF) of SAGA components in different modules and TREX-2 components immunoprecipitated by FH-ATXN7L3 or
FH-ATXN7L3B. (E and F) Flag-IP from 293T cells stably expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3 (E), or pINTO-N-FH-ATXN7L3B (F).
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MATERIALS AND METHODS
Antibodies. Antibodies used in this study include anti-ATXN7L3B
(4331-1; homemade), anti-ATXN7L3 (catalog number A301-800A;
Bethyl Labs), anti-ENY2 (catalog number GTX128034; GeneTex), anti-
USP22 (3933-1; homemade [17]), anti-GCN5 (catalog number 3305; Cell
Signaling), anti-�-actin (catalog number Sc-47778; Santa Cruz), anti-�-
tubulin (catalog number 2146S; Millipore), anti-H2Bub1 (catalog num-
ber 05-1312; Millipore), anti-H2B (catalog number 07-371; Millipore),
anti-Flag (M2; catalog number F3165; Sigma), antihemagglutinin (anti-
HA; catalog number 3724; Cell Signaling), and anti-V5 (catalog number
46-0705; Invitrogen).

Cell culture. 293T cells were grown in high-glucose Dulbecco’s mod-
ified Eagle medium (DMEM; Thermo Scientific) supplemented with 10%
fetal bovine serum (FBS) (catalog number SH30910.03; HyClone) and 1%
penicillin-streptomycin (Thermo Scientific). MCF7T cells were provided
by Khandan Keyomarsi and were grown in alpha medium (minimum
essential medium alpha [catalog number 15-012-CV; Corning] supple-
mented with 10% FBS, 10 mM HEPES, 1% nonessential amino acids, 2
mM glutamine, 1% sodium pyruvate, 1 �g/ml of insulin, 1 �g/ml of
hydrocortisone, and 12.5 ng/ml of epidermal growth factor). Sf21 insect
cells were grown in Sf-900 II SFM (catalog number 10902-096; Life Tech-
nologies) supplemented with 1% penicillin-streptomycin. Cells were
maintained in flasks (250 ml [catalog number 431144] or 500 ml [catalog
number 431145]; Corning) on an orbital shaker at 26°C and 120 rpm. Sf21
cells were passaged every 3 days.

Protein lysates. Adherent cells were trypsinized and neutralized in
culture medium and then pelleted by centrifugation at 200 � g for 5 min
at room temperature (RT). Sf21 cells were harvested by centrifugation at
200 � g for 5 min. In both cases, cell pellets were then washed twice in
ice-cold phosphate-buffered saline (PBS) containing protease inhibitors
(protease inhibitor cocktail; catalog number P8340; Sigma). Washed cell
pellets were lysed in buffer C (20 mM Tris-HCl [pH 7.9], 20% glycerol,
420 mM NaCl, 1.5 mM MgCl2, 0.1% NP-40, 0.2 mM EDTA, 1 mM di-
thiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], pro-
tease inhibitors) by pipetting vigorously several times, vortexed briefly,
and incubated on ice for 20 min. An equal volume of 10 mM HEPES [pH
7.5], 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF, and protease
inhibitors was then added to the lysates. Cell lysates were sonicated for 5
min using Biorupter Twin (Diagenode, UCD-400) and then centrifuged
at 12,000 rpm for 10 min at 4°C. The cleared supernatants were taken as
whole-cell lysates.

Immunoprecipitation. After obtaining whole-cell lysates, protein
concentrations were measured by Bradford assays (catalog number 500-
0006; Bio-Rad). A total of 0.8 to 1 mg of total proteins was used for each
immunoprecipitation (IP). Thirty microliters of anti-Flag M2 (catalog
number A2220; Sigma) beads was added to the lysates and incubated for 4
h on a rocking platform at 4°C. After incubation, beads were centrifuged
at 1,000 rpm for 1 min and washed in wash buffer 150 (10 mM Tris-HCl
[pH 7.9], 10% glycerol, 150 mM NaCl, 1.5 mM MgCl2, 0.1% NP-40, 0.2
mM EDTA, 1 mM DTT, 1 mM PMSF, protease inhibitors) once and wash
buffer 350 (10 mM Tris-HCl [pH 7.9], 350 mM NaCl, 1.5 mM MgCl2,
0.1% NP-40, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, protease inhibi-
tors) once. In each wash, beads were incubated at 4°C for 5 min on a
rocking platform and then centrifuged at 1,000 rpm for 1 min. Beads with
precipitated complexes were boiled in equal volume of 2� SDS sample
buffer at 95°C for 10 min.

Immunoblotting. Twenty to 40 �g of whole-cell lysates or IP proteins
was resolved on 4 to 12% NuPAGE gels (catalog number NW04122BOX;

Life Technologies). After electrophoresis, proteins were transferred to
0.2-�m nitrocellulose in transfer buffer (25 mM Tris, 190 mM glycine,
10% methanol) for 1 h at a constant 300 mA and 4°C. After blocking in 5%
nonfat milk–Tris-buffered saline with Tween 20 (TBST) for 1 h at RT,
nitrocellulose membranes were incubated with primary antibodies over-
night at 4°C. After three washes in TBST for 5 min, membranes were
incubated with secondary horseradish peroxidase (HRP)-conjugated an-
tibodies (catalog number NA934V for rabbit and catalog number
NA931V for mouse; GE Healthcare) for 45 min. After three washes in
TBST for 5 min, membranes were incubated with ECL Prime Western
blotting detection reagent (RPN2232; GE Healthcare Life Sciences) for 2
min and exposed.

Tandem IP sample preparation for MudPIT analyses. Sample prep-
aration for multidimensional protein identification technology (MudPIT)
analyses was performed as described previously (17). Briefly, 293T cells, stably
expressing pINTO-N-FH-ATXN7L3, pINTO-N-FH-ATXN7L3B, or empty
vector, were harvested by trypsinization, washed twice in ice-cold PBS,
pelleted by centrifugation, and resuspended in 5 pellet volumes of buffer C
(20 mM Tris-HCl [pH 7.9], 20% glycerol, 420 mM NaCl, 1.5 mM MgCl2,
0.1% NP-40, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, protease inhibi-
tors). Lysates were incubated on ice for 30 min and further homogenized
using a glass homogenizer with 15 strokes using a tight pestle. An equal
volume of ice-cold 10 mM HEPES [pH 7.5], 1.5 mM MgCl2, 10 mM KCl,
1 mM DTT, 1 mM PMSF, and protease inhibitors was added to homog-
enates. After centrifugation, the clear supernatants were collected and a
small fraction was saved as input. Equal amounts of total protein for all
samples were subjected to Flag IP and subsequent HA IP, after which
precipitated complexes were eluted by 150 �g/ml of 3� Flag peptide
(catalog number F3290; Sigma) and 100 mM glycine (pH 2.0), respec-
tively. Ten percent of the eluates (100 �l) was saved for silver staining and
immunoblotting following gel electrophoresis. For MudPIT samples, the
final eluates were treated with Benzonase (catalog number E8263-5KU;
Sigma) and precipitated by trichloroacetic acid (TCA; catalog number
T6399; Sigma). Eluate-TCA mixtures were incubated at 4°C overnight.
After this incubation, precipitated proteins were pelleted and washed
twice with ice-cold acetone. Pellets were air dried in a fume hood and
submitted for MudPIT analysis as described previously (18). Original
mass spectrometry data can be accessed from the Stowers Original Data
Repository at http://www.stowers.org/research/publications/libpb-1053.

Subcellular fractionation. Cells were resuspended in 200 �l of buffer
A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose,
10% glycerol, 0.1% Triton X-100, 1 mM DTT, 1 mM PMSF, protease
inhibitor) to separate nuclei from a crude cytoplasmic fraction, which was
further clarified by high-speed centrifugation to remove cell debris and
insoluble aggregates. The supernatant was designated the cytoplasmic
fraction and mixed with 1/4 volume of 5� SDS loading buffer and boiled.
Nuclei were washed with buffer A and resuspended in 200 �l of 2� SDS
loading buffer, boiled for 10 min, and sonicated for 15 s at 25% amplitude
using an EpiShear probe sonicator (model CL-18; Active Motif).

Transfection and viral infection. When 293T cells reached 60% con-
fluence, pINTO-N-FH empty vector, pINTO-N-FH-ATXN7L3, or
pINTO-N-FH-ATXN7L3B was transfected using Lipofectamine 2000
(catalog number 11668019; Life Technologies) by following the manufac-
turer’s instructions. Six to 8 h after transfection, the medium was changed
to normal culture medium as described above. Viral medium was pro-
duced using 293T cells cotransfected with lentiviral or retroviral vectors
and psPAX.2 and pMD2.G (Addgene) for lentiviral production or pCL-
Ampho (Addgene) for retroviral production. Forty-eight hours post-

Bound proteins were resolved by electrophoresis and detected by immunoblotting with the indicated antibodies. (G) Whole-cell lysates from MCF7T cells stably
expressing nontargeting shRNA (pGIPZ) or shATXN7L3B were resolved by SDS-PAGE. Proteins were transferred onto membranes, which were probed with
preimmune serum and ATXN7L3B antibody. (H and I) Flag-IP from 293T cells stably expressing pINTO-N-FH vector, pINTO-N-FH-ENY2 (H), or pINTO-
N-FH-USP22 (I). Bound proteins were resolved by electrophoresis and detected by immunoblotting with the indicated antibodies. (J) ATXN7L3B-IP using
MCF7T cells stably expressing nontargeting shRNA (pGIPZ) or shATXN7L3B. Bound proteins were resolved by electrophoresis and detected by immunoblot-
ting with the indicated antibodies.
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transfection, the culture medium containing the viral particles (viral me-
dium) was collected, filtered through 0.45-�m filters, and used for
infection. For infection of cells, the viral medium was diluted 1:3 with the
culture medium containing 8 �g/ml of Polybrene (catalog number
H9268; Sigma).

Immunofluorescence. Appropriate amounts of cells were seeded onto
sterile coverslips placed in 6-well plates 24 h before staining. Cells were
rinsed with PBS once and fixed with 3% formaldehyde in PBS for 15 min
at RT, followed by three rinses with PBS. Cells were then permeabilized
with 0.5% Triton X-100 for 5 min at RT and rinsed again with PBS three
times. After blocking with 10% FBS in PBS for 45 min at RT, cells were
incubated with anti-Flag antibody for 1 h at RT, followed by three rinses
with PBS. Then cells were incubated with a secondary anti-mouse anti-
body for 1 h at RT and rinsed three times with PBS. One milliliter of 100%
ethanol was added onto the cells for 1 min and then removed. Slides were
dried for 5 min at RT, and coverslips were removed from the 6-well plate
and mounted onto a microslide using Vectashield mounting medium
with 4=,6-diamidino-2-phenylindole (DAPI; catalog number H-1200;
Vector Laboratories). Images were acquired using a laser scanning spec-
tral confocal microscope (Leica STP6000).

Protein purification from the baculovirus system. Large-scale pro-
tein purification from the baculovirus system was performed as previ-
ously described (2). Briefly, 4 � 107 Sf21 cells were infected and main-
tained in flasks in an orbital shaker for 3 days at 27°C and 120 rpm. Cells
were harvested and lysed in protein purification buffer C (50 mM HEPES
[pH 7.9], 20% glycerol, 300 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 1 mM
DTT, 1 mM PMSF, protease inhibitors). The supernatant was recovered
by centrifugation and then incubated with 80 �l of anti-Flag M2, anti-HA
matrix (catalog number 1181506001; Roche), or anti-V5 agarose affinity
gel (catalog number A7345; Sigma) overnight at 4°C. After being washed
with wash buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl,
0.1% Triton X-100, 300 mM NaCl, 1 mM DTT, 1 mM PMSF, protease
inhibitor) 3 times, bound proteins were eluted with 200 �g/ml of Flag
peptide (catalog number F3290; Sigma) at 4°C or 400 �g/ml of HA pep-
tide (catalog number 11666975001; Sigma and Roche) at RT or 700 �g/ml
of V5 peptide (catalog number V7754; Sigma) at RT for 2 h. The eluted
complexes or recombinant proteins were further purified through a gel
filtration Superdex 200 column (GE Healthcare).

In vitro deubiquitination assay. An in vitro deubiquitination assay
was performed as previously described (2). Total free histones were ex-
tracted from 293T cells using a histone purification minikit (catalog num-
ber 40026; Active Motif) per the manufacturer’s instruction. Free histones
were incubated with purified recombinant USP22 or deubiquitinase com-
plexes in reaction buffer (100 mM Tris-HCl [pH 8.0], 5% glycerol, 1 mM
EDTA, 3 mM DTT) for 2 h at 37°C. A total of ¼ volume of 5� SDS loading
buffer was added and the mixture was boiled to stop the reaction. Immu-
noblots were performed to assess ubiquitination levels of the histones.

In vitro competition assay. Individual recombinant proteins were
purified from Sf21 cells. Equal amounts of V5-ATXN7L3 and Flag-ENY2
and increasing amounts of V5-ATXN7L3B were added into 1 ml of wash
buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 0.1% Triton
X-100, 300 mM NaCl, 1 mM DTT, 1 mM PMSF, protease inhibitor).
Reaction mixtures were incubated in 4°C overnight on a rocking plat-
form. After addition of anti-Flag M2 beads, reaction mixtures were incu-
bated in 4°C for another hour. Bead-protein complexes were washed three
times with wash buffer and boiled in equal volume of 1� SDS loading
buffer. The supernatants were analyzed by immunoblotting.

RNA extraction, reverse transcription, and quantitative real-time
PCR. Total RNA was isolated using an RNeasy minikit (catalog number
74104; Qiagen) by following the manufacturer’s recommended proce-
dure. One microgram of RNA was reverse-transcribed to cDNA using a
SuperScript VILO cDNA synthesis kit (catalog number 11754050; Ther-
moFisher Scientific) by following the manufacturer’s procedure. Ten
nanograms of cDNA was used for one quantitative real-time PCR with
three technical replicates.

Transwell migration assay. MCF7T cells were used for Transwell mi-
gration assays. Transwell chambers with transparent polyethylene tereph-
thalate (PET) membranes (catalog number 353097; Falcon) were placed
in 24-well plates with normal culture medium, alpha medium. Then
80,000 cells suspended in alpha medium containing 0.1% bovine serum
albumin (BSA) were placed on the upper layer of the chambers. After 24 h
of incubation at 37°C with 5% CO2, the membranes at the bottom of
chambers were fixed with methanol for 5 min and stained with 0.5%
crystal violet for 10 min. Then the cells above the membranes were re-
moved with cotton swabs. Membranes were dried, and cells attached be-
low the membranes were imaged using microscope (Axiovert 40 CFL;
Zeiss).

Colony formation assays. Stable MCF7T pGIPZ-, shATXN7L3-, and
shATXN7L3B-expressing cells were trypsinized thoroughly, neutralized
with alpha medium, and counted 3 times for each sample. Three hundred
cells for each sample were put into single wells of a 6-well plate, with three
replicates, and incubated at 37°C with 5% CO2. Twenty to 30 days later,
cells were washed with PBS once and fixed with fixation buffer (acetic
acid-methanol, 1:7 [vol/vol]) for 5 min. Then cells were stained with 0.5%
crystal violet for 2 h to overnight, washed, dried, and imaged.

RESULTS
ATXN7L3B interacts with DUB module components but not
SAGA. ATXN7L3B and ATXN7L3 share 74% identity within their
N-terminal �60 amino acid residues (Fig. 1A), including a region
that interacts with ENY2 (Fig. 1B, in red) (6) called the Sus1-
binding region for the yeast ENY2 ortholog (14). Interestingly,
others have reported that a truncated form of ATXN7L3 that con-
tains only amino acids 3 to 76 interacts with USP22 and ENY2 in
vitro, but the complex containing the truncated protein cannot
remove monoubiquitination from H2Bub1 (6). Since the native
structure of ATXN7L3B resembles this artificial form of
ATXN7L3, we reasoned that it might also interact with USP22 or
other SAGA components and affect DUB activity in vivo.

We first determined whether ATXN7L3B is incorporated into the
SAGA complex. Using tandem IP, we affinity purified ATXN7L3- or
ATXN7L3B-interacting proteins from 293T cells stably expressing
Flag- and HA-tagged ATXN7L3 (FH-ATXN7L3) or ATXN7L3B
(FH-ATXN7L3B) (Fig. 1C). Multidimensional Protein Identifica-
tion Technology (MudPIT) indicated that FH-ATXN7L3 interacted
with most known components of the SAGA complex, with ENY2
and USP22 as the top interacting partners, as expected (Fig. 1D).
ATXN7L3B also bound strongly to ENY2 and less strongly to
USP22, but it did not bind ATXN7 (Fig. 1D). The interaction
between ATXN7L3B and ENY2 was comparable with that be-
tween ATXN7L3 and ENY2, but the interaction between
ATXN7L3B and USP22 was much weaker than with ATXN7L3
(�60-fold difference). Except for very low levels of TAF10,
TAF6L, and TADA3, no other SAGA components were detected
among FH-ATXN7L3B-associated proteins (Fig. 1D). Interac-
tions between USP22, ENY2, and FH-ATXN7L3 or FH-
ATXN7L3B were confirmed by coimmunoprecipitations (co-IPs)
followed by immunoblotting (Fig. 1E and F). These results indi-
cate that ATXN7L3B, even though it interacts with ENY2, does
not associate with SAGA.

ENY2 is also an important component of the transcription and
export complex 2 (TREX-2) complex, which is involved in RNA
transport (19). Examination of our MudPIT results indicates only
a weak interaction of FH-ATXN7L3B with CETN2 (Fig. 1D), with
no evidence for interaction with other TREX-2 components, in-
cluding PCID2, DSS1, GANP, and CETN3 (20). We were not able
to confirm interaction between ATXN7L3B and CETN2 by im-
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munoprecipitation, further suggesting that ATXN7L3B does not
associate with TREX-2.

To investigate the functions of endogenous ATXN7L3B, we
generated a polyclonal antibody targeting amino acids 75 to 97 in
the ATXN7L3B C-terminal region, which are not homologous
with ATXN7L3. Although this antibody recognized multiple non-
specific bands, it also recognized a protein of the expected size for
endogenous ATXN7L3B (�11 kDa) that is depleted after short
hairpin RNA (shRNA)-mediated knockdown of ATXN7L3B (Fig.
1G). This 11-kDa protein is not recognized by the preimmune
sera. Unfortunately, a very strong nonspecific band recognized by
this antibody corresponds to the size of FH-ATXN7L3B (�17
kDa), precluding use of this antibody for detection of the tagged
protein. Therefore, we used anti-Flag or anti-HA antibodies to
detect FH-ATXN7L3B throughout our study. Nonetheless, we
were able to confirm interaction between endogenous ATXN7L3B
and ENY2 by probing immunoblots of FH-ENY2 immunoprecipi-
tates with our anti-ATXN7L3B antibody (Fig. 1H). We also con-
firmed interaction of FH-USP22 with endogenous ATXN7L3B (Fig.
1I). Moreover, immunoprecipitations of endogenous ATXN7L3B
using our antibody confirmed interactions with endogenous ENY2
(Fig. 1J). Depletion of endogenous ATXN7L3B resulted in less ENY2
in the immunoprecipitate, further confirming the specificity of the
interaction. Together, these data demonstrate that ATXN7L3B binds
strongly to ENY2 and more weakly with USP22.

ATXN7L3B mainly localizes to the cytoplasm, whereas
ATXN7L3 is nuclear. SAGA is best characterized as a transcrip-
tional coactivator functioning in the cell nucleus (5). To deter-
mine the subcellular distribution of ATXN7L3B, we performed
immunofluorescence assays using 293T cells that stably express
FH-ATXN7L3 or FH-ATXN7L3B. Staining with anti-Flag anti-
bodies and DAPI revealed that ATXN7L3B is mainly localized
outside the nucleus, in the cytoplasm (Fig. 2A). In contrast, as
expected, ATXN7L3 mainly localized to the nucleus (Fig. 2A). We
confirmed the different distributions of these proteins by separat-
ing cells into cytoplasmic and nuclear fractions followed by im-
munoblotting (Fig. 2B). While FH-ATXN7L3 localized in the nu-
clear fraction with histone H2B, FH-ATXN7L3B localized in the

cytoplasmic fraction with �-tubulin. The distinct subcellular lo-
cations of ATXN7L3 and ATXN7L3B suggest that despite their
similarities in sequence, these two proteins likely perform differ-
ent functions in cells.

ATXN7L3 and ATXN7L3B affect global levels and subcellu-
lar distributions of H2Bub1, ENY2, and USP22. The best-char-
acterized substrate of the SAGA DUB module is histone H2Bub1.
Fluctuations in ENY2 protein levels affect DUB module activity
and overall levels of H2Bub1 (5, 17, 21). Since ATXN7L3B inter-
acts with ENY2, we determined how changes in ATXN7L3B levels
affect H2Bub1. As expected, based on previously published data
(17), overexpression of ATXN7L3 greatly diminished H2Bub1
(Fig. 3A, lanes 1 and 2), consistent with increased DUB activity.
Surprisingly, overexpression of ATXN7L3B had an opposite ef-
fect, dramatically increasing H2Bub1 levels (Fig. 3A, lanes 1 and
3), consistent with loss of DUB activity. Examination of ENY2 and
USP22 levels by immunoblotting revealed that overexpression of
ATXN7L3 led to increased levels of both ENY2 and USP22 pro-
teins (Fig. 3A, lanes 1 and 2), consistent with the increased DUB
activity and decreased H2Bub1 levels observed. Interestingly,
ATXN7L3B overexpression also led to increased of levels of ENY2
and USP22 (Fig. 3A, lanes 1 and 3), although the extent of increase
in USP22 levels was lower than that caused by ATXN7L3 overex-
pression. These results were puzzling, as previous work has shown
that overexpression of USP22 leads to decreased H2Bub1 (17).
Examination of the effects of overexpression of ATXN7L3 or
ATXN7L3B on the endogenous levels of each other provided a
possible explanation. Overexpression of ATXN7L3B resulted in
significantly decreased levels of endogenous ATXN7L3 (Fig. 3A,
lanes 1 and 3), consistent with the increased H2Bub1 levels ob-
served. Conversely, overexpression of ATXN7L3 led to decreased
levels of endogenous ATXN7L3B (Fig. 3A, lanes 1 and 2). Unex-
pectedly, we also observed a significant decrease in endogenous
ATXN7L3B after ectopic overexpression of FH-ALTXNL3B (Fig.
3A, lanes 1 and 3), suggesting self-regulation of ATXN7L3B pro-
tein levels.

Since ATXN7L3 and ATXN7L3B are located in different sub-
cellular compartments (Fig. 2), we isolated cytoplasmic and nu-

FIG 2 ATXN7L3B mainly localizes to the cytoplasm, whereas ATXN7L3 is nuclear. (A) Immunofluorescence using Flag antibody (red) on 293T cells stably
expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3, or pINTO-N-FH-ATXN7L3B. Nuclei were counterstained with DAPI (blue). (B) Cytoplasmic and
nuclear fractions were isolated from 293T cells stably expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3, or pINTO-N-FH-ATXN7L3B. Proteins were
resolved by SDS-PAGE and detected by immunoblotting with the indicated antibodies. FH-ATXN7L3 and FH-ATXN7L3B proteins bands are indicated with
arrowheads. H2B marks the nuclear fraction, while �-tubulin marks the cytoplasmic fraction.
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clear fractions from FH-ATXN7L3- or FH-ATXN7L3B-express-
ing cells in order to better understand effects on H2Bub1, ENY2,
and USP22 levels. H2Bub1 levels in the nuclear fraction faithfully
reflected levels observed in whole-cell lysates (Fig. 3B, compare
lanes 2, 4, and 6). Interestingly, overexpression of FH-ATXN7L3
led to increased levels of ENY2 and USP22 in both the cytoplasmic
and nuclear fractions (Fig. 3B, compare lanes 1 and 2 to lanes 3
and 4), whereas overexpression of FH-ATXN7L3B led to in-
creased levels of ENY2 and USP22 only in the cytoplasmic fraction
and decreased levels of ENY2 in the nuclear fraction (Fig. 3B,
compare lanes 1 and 2 to lanes 5 and 6). These results help to
explain why the increased global levels of USP22 and ENY2 ob-
served upon overexpression of FH-ATXN7L3B did not correlate
to decreased levels of H2Bub1 (Fig. 3A), since the majority of
H2Bub1 is associated with chromatin in the nucleus. In contrast,
upon overexpression of ATXN7L3B, ATXN7L3 levels were de-
creased in the nuclear fraction (Fig. 3B, lanes 2 and 6), consistent
with the increased H2Bub1 levels observed. Overexpression of

either FH-ATXN7L3 or FH-ATXN7L3B decreased the cytoplas-
mic levels of ATXN7L3B (Fig. 3B, lanes 1, 3, and 5), consistent
with the global changes observed (Fig. 3A). Interestingly, the
changes in the protein levels observed upon overexpression of
FH-ATXN7L3 or FH-ATXN7L3B were not reflected by changes in
corresponding RNA levels (Fig. 3C and D), indicating that these
effects occur posttranscriptionally.

ATXN7L3B competes with ATXN7L3 for ENY2 binding in
vitro. Since both ATXN7L3 and ATXN7L3B physically interact
with ENY2, we determined whether ATXN7L3B competes with
ATXN7L3 for ENY2 binding in vitro. We purified recombinant
Flag-ENY2, V5-ATXN7L3, and V5-ATXN7L3B separately from
insect cells (Fig. 4A) and added increasing amounts of V5-
ATXN7L3B into reaction mixtures containing a constant amount
of Flag-ENY2 and V5-ATXN7L3 (Fig. 4B). Using Flag immuno-
precipitations, we observed increasing amounts of ATXN7L3B
but decreasing amounts of ATXN7L3, associated with Flag-ENY2,
indicating that ATXN7L3B is able to compete with ATXN7L3 for

FIG 3 ATXN7L3 and ATXN7L3B affect global levels and subcellular distributions of H2Bub1, ENY2, and USP22. (A) Whole-cell lysates from 293T cells stably
expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3, or pINTO-N-FH-ATXN7L3B were resolved by SDS-PAGE. Proteins were transferred onto mem-
branes and detected by immunoblotting with the indicated antibodies. Arrowheads indicate endogenous (en-) and exogenous (FH-) ATXN7L3 proteins. (B)
Cytoplasmic (Cyto) and nuclear (Nuc) fractions were isolated from 293T cells stably expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3, or pINTO-N-
FH-ATXN7L3B. Proteins were transferred onto membranes and detected by immunoblotting with the indicated antibodies. Arrowheads indicate endogenous
and exogenous ATXN7L3 proteins. (C and D) Effects of overexpression of FH-ATXN7L3 or FH-ATXN7L3B on the levels of the indicated proteins occur
posttranscription. RNAs were extracted from 293T cells stably expressing pINTO-N-FH vector, pINTO-N-FH-ATXN7L3, or pINTO-N-FH-ATXN7L3B and
used as the templates for cDNA generation and quantitative real-time PCR. The mRNA levels of ATXN7L3 and ATXN7L3B (C) and ENY2 and USP22 (D) were
examined.
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ENY2 binding. This result provides a plausible explanation for the
decreased levels of ATXN7L3 protein level observed after overex-
pression of ATXN7L3B (Fig. 3A and B), as previous studies have
shown that ENY2 is necessary for stabilization of ATXN7L3 (17,
20). Overexpression of ATXN7L3B likely sequesters ENY2, result-
ing in less ENY2-ATXN7L3 association and destabilization of
ATXN7L3.

To test whether USP22, ATXN7L3B, and ENY2 can form a
stable complex in vitro, we coinfected cells with baculovirus con-
taining expression vectors for HA-USP22, Flag-ENY2, and V5-
ATXN7L3 or V5-ATXN7L3B and used the lysates to perform HA
immunoprecipitations (Fig. 4C). As expected, HA-USP22 pulled
down V5-ATXN7L3 and Flag-ENY2 (Fig. 4D, lane 3). HA-USP22
also pulled down V5-ATXN7L3B and Flag-ENY2 (Fig. 4D, lanes 4
to 6), suggesting that USP22, ATXN7L3B, and ENY2 can form a
stable complex in vitro. To determine whether the ATXN7L3B-
containing complex has deubiquitinase activity, we performed in
vitro deubiquitination assays using histone H2Bub1 as the sub-
strate. Consistent with previous results (6), the complex that con-
tained USP22, ATXN7L3, and ENY2 deubiquitinated H2Bub1
completely after 1 h (Fig. 4D, lane 3). However, the complex con-
taining ATXN7L3B instead of ATXN7L3 had only weak, if any,
deubiquitinase activity toward H2Bub1, even though there was

more USP22 in the reaction (Fig. 4D, lanes 3 and 6). These results
indicate that if ATXN7L3B-containing complexes function as
DUBs in vivo, they likely target nonhistone proteins, consistent
with the cytoplasmic location of ATXN7L3B.

ATXN7L3B regulates the protein levels of ENY2. To comple-
ment the overexpression experiments (Fig. 3), we next compared
the effects of depletion of ATXN7L3B or ATXN7L3 on levels of
H2Bub1 and DUB module components. We used MCF7T cells for
these experiments, as endogenous ATXN7L3B is easily detectable
in these cells (Fig. 5A, lane 1). As expected, depletion of ATXN7L3
dramatically increased the levels of H2Bub1 (Fig. 5A, lanes 1 and
2). However, knockdown of ATXN7L3B slightly decreased
H2Bub1 levels in MCF7T cells (Fig. 5A, lanes 1 and 3). Interest-
ingly, knockdown of ATXN7L3B caused a significant reduction in
ENY2 levels, whereas knockdown of ATXN7L3 increased levels of
ENY2 (Fig. 5A). In addition, knockdown of ATXN7L3 caused an
increase in ATXN7L3B protein levels, and conversely, depletion of
ATXN7L3B led to increased levels of ATXN7L3 (Fig. 5A). Taken
together with our observation that overexpression of ATXN7L3 or
ATXN7L3B led to decreased expression of the other protein (Fig.
3A), these results further suggest cross regulation of ATXN7L3
and ATXN7L3B. Knockdown of ATXN7L3 or ATXN7L3B did not
significantly affect ENY2 mRNA levels, indicating that regulation

FIG 4 ATXN7L3B competes with ATXN7L3 for ENY2 binding in vitro. (A) Recombinant proteins were purified from Sf21 cells and resolved by electrophoresis,
followed by colloidal blue staining. Asterisks indicate background protein bands. (B) The indicated recombinant proteins were mixed in an in vitro competition
reaction, and the formed complexes were precipitated with anti-Flag resin. The resin-bound proteins were eluted, resolved by SDS-PAGE, and detected by
immunoblotting with the indicated antibodies. Five percent of the in vitro reactions was used as input. (C) Schematic of HA affinity purification using Sf21 cells
coinfected with baculovirus containing expressing vector of HA-USP22, Flag-ENY2, and V5-ATXN7L3 or V5-ATXN7L3B. (D) The indicated immunoprecipi-
tated complexes from panel C were used in in vitro deubiquitination reactions in which purified histones served as the substrates. Proteins in reactions were
resolved by electrophoresis and detected by immunoblotting with the indicated antibodies.
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of ENY2 by ATXN7L3 or ATXN7L3B occurred posttranscription-
ally (Fig. 5B). Knockdown of ATXN7L3B also did not alter mRNA
levels of ATXN7L3, whereas knockdown of ATXN7L3 increased
ATXN7L3B mRNA (Fig. 5B). Additionally, the reduction of ENY2
upon knockdown of ATXN7L3B was restored by expression of
exogenous ATXN7L3B (Fig. 5C), indicating that the effect is not
due to an off-target effect of the knockdown reagents.

We next determined how ATXN7L3B or ATXN7L3 depletion
affects the subcellular distribution of ENY2. Knockdown of
ATXN7L3B significantly decreased levels of ENY2 in the cyto-
plasm (Fig. 5D, compare lanes 1 and 2 to lanes 5 and 6). Con-
versely, depletion of ATXN7L3 led to an increase in the cytoplas-
mic ENY2 levels (Fig. 5D, compare lanes 1 and 2 to lanes 3 and 4),
in which the mechanism is not clear.

FIG 5 ATXN7L3B regulates the protein levels of ENY2. (A) Whole-cell lysates from MCF7T cells stably expressing shATXN7L3, shATXN7L3B, or nontargeting
shRNA (pGIPZ) were resolved by SDS-PAGE. Proteins were transferred onto membranes and detected by immunoblotting with the indicated antibodies. (B)
RNAs from ATXN7L3 depleted, ATXN7L3B depleted, or control (pGIPZ) MCF7T cells were isolated. The mRNA levels of ENY2, ATXN7L3, and ATXN7L3B
were examined using quantitative real-time PCR. P values were calculated using Student’s t test (*, P � 0.05). (C) Ectopic expression of shRNA immune
ATXN7L3B restored the ENY2 levels in ATXN7L3B-depleted cells. Whole-cell lysates from ATXN7L3B-depleted MCF7T cells were used to monitor the ENY2
protein levels before (lane 2) and after (lane 3) ectopic expression of Flag-ATXN7L3B. Arrowheads indicate endogenous and exogenous ATXN7L3B proteins.
(D) Cytoplasmic and nuclear fractions were isolated from the cells used for panel A, resolved by electrophoresis. Proteins were transferred onto membranes and
detected by immunoblotting with the indicated antibodies. (E and F) ATXN7L3-depleted, ATXN7L3B-depleted, or control (pGIPZ) MCF7T cells were treated
with MG132 (20 �M, 5 h) or BafA1 (100 nM, 2 h). Whole-cell lysates were extracted and resolved by electrophoresis. Proteins were transferred onto membranes
and detected by immunoblotting with the indicated antibodies.
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The dramatic decrease of ENY2 protein levels upon ATXN7L3B
knockdown triggered our curiosity as to whether ATXN7L3B deple-
tion also affects the functions of the TREX-2 complex. ENY2 is
crucial for protein stability of GANP, another critical component
in TREX-2 complex (20). Silencing of ENY2 results in defects in
mRNA export and mRNA nuclear accumulation in HeLa cells
(20). However, in MCF7T cells, silencing of either ATXN7L3B or
ENY2 had no effects on both protein levels of GANP or mRNA
export (data not shown). These results indicate that ATXN7L3B
does not affect the functions of TREX-2 in MCF7T cells, consis-
tent with our finding that AXN7L3B does not interact with
TREX-2 components (Fig. 1D).

To examine whether ENY2 levels are regulated through the
proteasome or through lysosome-dependent protein degradation,
we treated control, ATXN7L3-depleted, or ATXN7L3B-depleted
MCF7T cells with MG132, a proteasome inhibitor, or bafilomycin
A1 (BafA1), a lysosome inhibitor. Neither MG132 nor BafA1

treatment rescued reductions in ENY2 protein levels caused by
ATXN7L3B knockdown (Fig. 5E and F). These data indicate that
ATXN7L3B likely regulates ENY2 levels at the level of RNA pro-
cessing, RNA transport, or protein translation.

ATXN7L3B regulates migration of ER� breast cancer cells.
Given that USP22 overexpression is correlated with several ag-
gressive cancers (3, 16, 22), we examined ATXN7L3B protein lev-
els in normal mammary, estrogen receptor-positive (ER�), and
HER2-positive (HER2�) breast cancer cell lines (Fig. 6A). Inter-
estingly, higher ATXN7L3B protein levels were observed only in
the ER� breast cancer cell lines (Fig. 6A). We depleted ATXN7L3B
in MCF7T cells (Fig. 6B and C) to determine whether ATXN7L3B
loss affects ER functions, cell migration, or colony formation.
ATXN7L3B depletion slightly, but significantly, decreased expres-
sion of three well-characterized ER target genes, those for growth
regulation by estrogen in breast cancer 1 (GREB1), trefoil factor 1
(TFF1) (23), and insulin-like growth factor binding protein 4

FIG 6 Depletion of ATXN7L3B inhibits migration of ER-positive breast cancer cells. (A) Protein levels of ATXN7L3B in two normal mammary, four ER�, and
three HER2� cell lines were detected by immunoblotting. (B and C) Efficient silencing of ATXN7L3B in MCF7T cells stably expressing shATXN7L3B. The
mRNA levels of ATXN7L3B were examined using quantitative real-time PCR (B), and protein levels of ATXN7L3B were examined by immunoblotting (C). (D)
Expression levels of ER target genes, the GREB1, TFF1, and IGFBP4 genes, in AXTN7L3B-depleted and control (pGIPZ) MCF7T cells. mRNA levels was
examined using quantitative real-time PCR. (E) Expression levels of non-ER target genes in AXTN7L3B-depleted and control (pGIPZ) MCF7T cells. mRNA
levels was examined using quantitative real-time PCR. (F) ATXN7L3B-depleted or control (pGIPZ) cells were used to perform colony formation assay. After 20
days of incubation, colonies were stained and imaged. (G) ATXN7L3B ablation impairs MCF7T cell migration. AXTN7L3B-depleted or control (pGIPZ) cells
were used to perform a Transwell migration assay. Migrated cells were stained with crystal violet, imaged, and counted.
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(IGFBP4) (24) (Fig. 6D). Expression of non-ER target genes, in-
cluding the genes for RNA-binding protein with serine-rich do-
main 1 (RNPS1), cyclin-dependent kinase 4 (CDK4), and ENY2,
was not affected by ATXN7L3B depletion (Fig. 6E). ATXN7L3B
depletion did not affect colony formation (Fig. 6F), but it signifi-
cantly decreased migration of MCF7T cells (Fig. 6G). Therefore,
ATXN7L3B appears to function specifically in the context of ER-
positive breast cancers, in which it affects cell motility.

DISCUSSION

Our data indicate that USP22 DUB activity toward histones is
regulated by ATXN7L3B through cytoplasmic sequestration of
ENY2, resulting in destabilization of ATXN7L3 (Fig. 7). Unlike
ATXN7L3, ATXN7L3B does not interact with most SAGA com-
ponents, but it exhibits strong interaction with ENY2. Interac-
tions of ENY2 with ATXN7L3 or ATXN7L3B appear to be mutu-
ally exclusive. Moreover, manipulation of ATXN7L3B levels by
overexpression or shRNA-mediated depletion leads to effects on
H2Bub1 that are opposite to those caused by changes in ATXN7L3
levels. These effects are consistent with changes in ATXN7L3 pro-
tein levels observed upon overexpression or knockdown of
ATXN7L3B. While overexpression of ATXN7L3 leads to in-
creased DUB activity and decreased levels of H2Bub1, overexpres-
sion of ATXN7L3B leads to reduction of ATXN7L3 and increased
levels of H2Bub1, consistent with a loss of DUB activity directed
toward this histone modification. In contrast to the loss of
ATXN7L3, overexpression of ATXN7L3B increases cytoplasmic
levels of ENY2 but decreases nuclear levels of ENY2. Conversely,
depletion of ATXN7L3B leads to decreased H2Bub1 levels and
increased ATXN7L3 protein levels but decreased cytoplasmic lev-
els of ENY2. As ENY2 is required for stabilization of ATXN7L3
within the DUB module (20), ATXN7L3B likely affects H2Bub1
levels indirectly, by changing the subcellular distribution of ENY2
and altering ENY2 availability for ATXN7L3 interaction.

In a previous study, Tan and colleagues identified ATXN7L3B,
also named lnc-SCA7, as a long noncoding RNA (25). Our work,
using an antibody targeting the C terminus of ATXN7L3B, indi-
cates that the ATXN7L3B gene encodes a 97-amino-acid protein
of �11 kDa. Although ATXN7L3B contains the Sus1/ENY2-bind-
ing region, it lacks the ZnF-Sgf11 and SCA7 domains that reside in
C-terminal region of ATXN7L3. A previous report by another
group demonstrated that the ZnF-Sgf11 domain of ATXN7L3 is
essential for DUB activity toward H2Bub1 in vitro (6). The ZnF-
Sgf11 domain is also required for ATXN7L3 binding to nucleo-
somal DNA (11), and the crystal structure of the DUB module
reveals that an arginine cluster in the ZnF-Sgf11 domain di-
rectly interacts with ubiquitinated nucleosomes and H2A/H2B
heterodimer (12). Therefore, the absence of this domain in
ATXN7L3B indicates that it is unlikely to interact with histones,
consistent with our findings that the ATXN7L3B-DUB module
cannot efficiently deubiquitinate histones in vitro and that
ATXN7L3B is largely localized to the cytoplasm in vivo. Future
work will determine whether an ATXN7L3B-DUB module targets
nonhistone, cytoplasmic proteins.

The effects of ATXN7L3B on USP22 activity in vivo indicate
that it might also impact USP22 functions in cancer. As early as
2005, USP22 was identified as a member of an 11-gene “death-
from-cancer” signature for highly aggressive tumors (15). Ele-
vated expression of USP22 has since been reported to be a prog-
nostic factor for poor survival in patients with colorectal cancer
(16), breast cancer (22), pancreatic cancer (26, 27), cervical cancer
(28), oral squamous cell carcinoma (29), hepatocellular carci-
noma (30), and gastric carcinoma (31).

The functions of USP22 in cancer are not yet well defined. They
might reflect its functions in deubiquitination of histones H2B
and H2A (4, 5, 32) or of nonhistone substrates, such as telomeric
repeat-binding factor 1 (TRF1) (33), far upstream element
(FUSE)-binding protein 1 (FBP1) (34), and sirtuin 1 (SIRT1) (1,

FIG 7 Regulation of protein levels of H2Bub1 and DUB components by ATXN7L3 and ATXN7L3B. ATXN7L3 mainly resides in the nucleus, while ATXN7L3B
mainly localizes in the cytoplasm. They both interact strongly with ENY2. Overexpression of ATXN7L3 leads to increases of cytoplasmic and nuclear USP22 and
ENY2 but decreases of H2Bub1 and ATXN7L3B. Overexpression of ATXN7L3B leads to increases in H2Bub1 and cytoplasmic USP22 and ENY2 but decreases
in nuclear ENY2 and ATXN7L3. Depletion of ATXN7L3 results in upregulation of ENY2, H2Bub1, and ATXN7L3B in the cytoplasm. Depletion of ATXN7L3B
decreases ENY2 and H2Bub1 in the cytoplasm but increases nuclear ATXN7L3 protein levels.
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35), which have all been implicated in cancer (36–38). USP22 can
also act as a coactivator for oncoproteins, such as Myc (4). Expres-
sion of ENY2 has also been correlated with breast cancer progres-
sion (17, 39). Our finding that ATXN7L3B is specifically ex-
pressed in ER� breast cancer subtypes raises the possibility that
ATXN7L3B impacts ER functions, perhaps indirectly by regulat-
ing SAGA DUB module functions in the nucleus or through direct
effects on yet-to-be defined proteins in the cytoplasm. Going for-
ward, it will be important to determine whether overexpression of
USP22, ENY2, or ATXN7L3B can directly promote cancer pro-
gression or metastasis. If so, these proteins may provide unique
targets for small-molecule inhibition as cancer therapies.
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