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Abstract

Ataxin-7 maintains the integrity of Spt-Ada-Gcn5-Acetyltransferase (SAGA), an evolutionarily conserved coactivator in stimulating pre
initiation complex (PIC) formation for transcription initiation, and thus, its upregulation or downregulation is associated with various dis
eases. However, it remains unknown how ataxin-7 is regulated that could provide new insights into disease pathogenesis and 
therapeutic interventions. Here, we show that ataxin-7’s yeast homologue, Sgf73, undergoes ubiquitylation and proteasomal degrad
ation. Impairment of such regulation increases Sgf73’s abundance, which enhances recruitment of TATA box-binding protein (TBP) 
(that nucleates PIC formation) to the promoter but impairs transcription elongation. Further, decreased Sgf73 level reduces PIC forma
tion and transcription. Thus, Sgf73 is fine-tuned by ubiquitin–proteasome system (UPS) in orchestrating transcription. Likewise, ataxin-7 
undergoes ubiquitylation and proteasomal degradation, alteration of which changes ataxin-7’s abundance that is associated with altered 
transcription and cellular pathologies/diseases. Collectively, our results unveil a novel UPS regulation of Sgf73/ataxin-7 for normal cel
lular health and implicate alteration of such regulation in diseases.
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Introduction
Transcription is initiated via the facilitated assembly of the gen
eral transcription factors (GTFs) at the core promoter by activator 
proteins (Bhaumik and Malik 2008; Bhaumik 2011; Durairaj et al. 
2017; Karmakar et al. 2018). Activator binds to the specific DNA se
quence upstream of the core promoter to recruit coactivator that 
enhances the assembly of GTFs to form the preinitiation complex 
(PIC) for transcription initiation. A multiprotein complex, 
Spt-Ada-Gcn5-Acetyltransferase (SAGA), is a well-characterized 
and evolutionarily conserved coactivator involved in gene activa
tion (Baker and Grant 2007; Rodriguez-Navarro 2009; Bhaumik 
2011; Lee et al. 2011; Spedale et al. 2012; Soffers and Workman 
2020; Chen and Dent 2021; Espinola-Lopez and Tan 2021; Grant 
et al. 2021). In yeast, SAGA contains 20 proteins that are organized 
into multiple modules such as deubiquitinase (DUB), histone acet
yltransferase (HAT), TATA box-binding protein (TBP)-associated 
factor (TAF), and suppressor of Ty (SPT) (Baker and Grant 2007; 
Rodriguez-Navarro 2009; Köhler et al. 2010; Samara et al. 2010; 
Bhaumik 2011; Lee et al. 2011; Samara et al. 2012; Spedale et al. 
2012; Cheon et al. 2020). The DUB and HAT modules have 2 distinct 
enzymatic activities for histone H2B deubiquitylation and histone 
H3 acetylation, respectively, and thus, SAGA plays important 
roles in regulating histone covalent modifications in addition to 
its well-established function in stimulation of the PIC formation 

via its interaction with the activator and the TBP component of 

the PIC (Dudley et al. 1999; Sterner et al. 1999; Brown et al. 2001; 
Bhaumik and Green 2001, 2002; Larschan and Winston 2001; 
Bhaumik et al. 2004; Sermwittayawong and Tan 2006; Shukla, 
Bajwa, and Bhaumik 2006; Bhaumik 2011; Shukla et al. 2012; 
Durairaj, Sen, et al. 2014).

The DUB module has 4 proteins, namely, Ubp8, Sgf11, Sgf73, 
and Sus1 (Köhler et al. 2010; Samara et al. 2010; Bhaumik 2011; 
Samara et al. 2012; Cheon et al. 2020). Sgf73 connects the DUB mod
ule with the rest of SAGA (Köhler et al. 2006, 2008; Lee et al. 2009; 

Köhler et al. 2010; Durand et al. 2014; Morgan et al. 2016; Wang 
et al. 2020) and, hence, maintains SAGA’s overall structural integ
rity and DUB activity (Lee, Florens, et al. 2005; Shukla, Bajwa, and 
Bhaumik 2006; Köhler et al. 2010). Consistently, the loss of Sgf73 
impairs SAGA’s overall structural integrity (Shukla, Bajwa, and 
Bhaumik 2006; Köhler et al. 2008; Lee et al. 2009; Wang et al. 
2020), PIC formation (Shukla, Bajwa, and Bhaumik 2006), and 

transcription (Shukla, Bajwa, and Bhaumik 2006). Thus, function
al alteration/misregulation of Sgf73 is likely to develop cellular 
pathologies. Indeed, deletion of Sgf73 homologue in humans 
(known as ataxin-7/ATXN7 that maintains SAGA’s integrity) is 
found to impair retinal development, leading to early childhood 
blindness (Yanicostas et al. 2012; Mohan, Abmayr, and 
Workman 2014; Mohan, Dialynas, et al. 2014; Karam and 
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Trottier 2018). Ataxin-7 is also involved in neurodegenerative dis
eases through the modulation of chromatin structure and gene 
activation (Palhan et al. 2005; Helmlinger, Hardy, et al. 2006; 
Garden and La Spada 2008; McCullough et al. 2012; Yanicostas 
et al. 2012; Mohan, Abmayr, and Workman 2014; Mohan, 
Dialynas, et al. 2014; Karam and Trottier 2018). Further, impair
ment of SAGA’s DUB activity causes the defect in neuronal tube 
development and promotes oncogenesis (Weake et al. 2008; 
Zhang et al. 2008; Kapoor 2013; Schrecengost et al. 2014; 
Melo-Cardenas et al. 2018). Moreover, accumulation of 
polyglutamine-expanded ataxin-7 leads to the dysfunction and 
death of neurons in the retina, cerebellum, and brainstem, which 
cause blindness, progressive loss of coordination, and premature 
death (Holmberg et al. 1998; Lindenberg et al. 2000; Yvert et al. 2001; 
Yoo et al. 2003; Michalik et al. 2004; Helmlinger, Hardy, et al. 2006; 
Rüb et al. 2008; Karam and Trottier 2018). Furthermore, increased 
expression of ataxin-7 is associated with attention-deficit/hyper
activity disorder (Helmlinger, Tora, and Devys 2006; Dela Peña 
et al. 2019; Cornelio-Parra et al. 2021). On the other hand, the 
loss of ataxin-7 in flies is found to cause death at prepupation, 
but only a small number escapes death with having lesions in 
neuronal as well as retinal structures (Mohan, Dialynas, et al. 
2014; Niewiadomska-Cimicka and Trottier 2019). Also, inactiva
tion/lack of ataxin-7 causes ocular coloboma and elevation of 
hedgehog signaling in the forebrain in zebrafish (Carrillo-Rosas 
et al. 2019; Niewiadomska-Cimicka and Trottier 2019). Thus, the 
ataxin-7 subunit of SAGA plays important cellular functions, 
and its upregulation or downregulation is associated with various 
diseases.

Since alteration of ataxin-7 abundance is associated with vari
ous diseases, it is important to know the factors/mechanisms that 
change the cellular level of ataxin-7 toward understanding the 
disease pathogenesis and therapeutic interventions. However, 
the regulation of Sgf73/ataxin-7 is poorly understood. In view of 
this, we have carried out experiments to understand the regula
tion of Sgf73/ataxin-7 in yeast and human cells. Our results in 
yeast reveal that Sgf73 undergoes ubiquitylation and 26S protea
somal degradation, thus unveiling a novel ubiquitin–proteasome 
system (UPS) regulation of Sgf73. Alteration of such regulation 
changes Sgf73 abundance that affects the PIC formation and tran
scription. Thus, UPS fine-tunes Sgf73 in orchestrating the PIC for
mation and transcription. Therefore, our results reveal a novel 
UPS regulation of Sgf73 with physiological relevance in gene ex
pression in yeast. Likewise, we find in human cells that ataxin-7 
undergoes ubiquitylation and proteasomal degradation. 
Alteration of such regulation changes ataxin-7’s abundance that 
is associated with transcription aberration and cellular patholo
gies, thus implicating altered UPS regulation of ataxin-7 in dis
eases. Collectively, our results unveil a novel UPS regulation of 
Sgf73/ataxin-7 in yeast and human cells for normal cellular 
health and implicate the alteration of such regulation in diseases.

Materials and methods
Yeast strains, plasmids, and growth media
The plasmid, pFA6a-13Myc-KanMX6 (Longtine et al. 1998), was 
used for Myc epitope tagging at the C-terminal of Sgf73. The plas
mid, pRS406 (Sikorski and Hieter 1989), was used in the PCR-based 
disruption of SGF73. For N-terminal HA epitope tagging at the 
chromosomal locus of Sgf73 with replacement of its endogenous 
promoters by the GAL1 promoter, the plasmid pFA6a- 
KanMX6-PGAL1-3HA (Longtine et al. 1998) was used. The plasmid, 
pFA6a-3HA-His3MX6 (Longtine et al. 1998), was used for HA 

epitope tagging of Sgf73 and Ubp8 at the C-termini in their 
chromosomal loci. The plasmid (pUB221) expressing 
hexahistidine-tagged ubiquitin was obtained from the Finley la
boratory (Daniel Finley, Harvard Medical School) for ubiquityla
tion analysis. The plasmid, pRS416 (Sikorski and Hieter 1989), 
was used for the growth analysis in solid synthetic complete 
(SC)-uracil (plus 2% dextrose or galactose) with or without 
6-azauracil (6-AU) and mycophenolic acid (MPA).

The strain bearing temperature sensitive (ts) mutation in Rpt4 
(rpt4-ts or sug2-13, Sc677) and its isogenic wild-type (WT) equiva
lent (Sc599) were obtained from the Kodadek and Johnston labora
tories (Tom Kodadek and Stephen A. Johnston; UT Southwestern 
Medical Center) (Russell and Johnston 2001). SGF73 was deleted 
in W303a to generate ASY09, using the pRS406 plasmid (Sikorski 
and Hieter 1989). Multiple Myc epitope tags were added at the 
C-terminal of SGF73 in W303a to generate ASY03 (Shukla, Bajwa, 
and Bhaumik 2006). Similarly, multiple HA epitope tags were 
added at the C-terminal of SGF73 in W303a to generate ARY11a. 
Multiple HA epitope tags were added at the C-terminal of SGF73 
in the rpt4-ts and WT strains to generate ARY17 and ARY16, re
spectively. The plasmid, pUB221, for CUP1-inducible expression 
of hexahistidine-tagged ubiquitin was transformed into the 
ASY03 to generate ARY10. The endogenous promoter of SGF73 
was replaced by the GAL1 promoter in W303a to generate the 
ARY09b strain. For 6-AU-based experiments, pRS416 plasmid 
was introduced into W303a and ARY09b to generate PYY31b and 
PYY28b strains, respectively. For MPA-based experiments, 
pRS416 plasmid was introduced into ARY11a and ARY09b to gen
erate RCY05 and RCY06, respectively. Multiple Myc epitope tags 
were added at the C-terminal of SGF73 in its chromosomal locus 
in the GDY28 strain (that has HA-tagged Sub2 with null mutation 
of PDR5) to generate ARY05. Similarly, multiple HA epitope tags 
were added at the C-termini of SGF73 and UBP8 in a strain bearing 
PDR5 null mutation in BY4741 (obtained from Dharmacon) to gen
erate PYY86b and PYY91b strains, respectively. The ASY4 and 
ASY10 strains were generated by multiple Myc epitope tagging 
of Ubp8 and Spt20 at their C-termini at the chromosomal loci, re
spectively, in W303a (Shukla, Bajwa, and Bhaumik 2006; Shukla, 
Stanojevic, et al. 2006). The PYY99b and PYY100b strains were 
generated by replacing the endogenous SGF73 promoters in the 
ASY4 (Ubp8-Myc; Shukla, Stanojevic, et al. 2006) and ASY10 
(Spt20-Myc; Shukla, Bajwa, and Bhaumik 2006) strains, respect
ively, by the GAL1 promoter with multiple HA epitope tagging at 
the N-terminal of Sgf73. The PYY97b and PYY98b strains were 
generated by HA epitope tagging at the C-terminal of Sgf73 at 
the endogenous locus in the ASY4 and ASY10 strains, respectively. 
The W303-1a strain that contains ∼8-kb-long YLR454W open read
ing frame (ORF) under the control of GAL1 promoter was obtained 
from the Struhl laboratory (Harvard Medical School; Mason and 
Struhl 2005). The strain, RCY07b, was generated by replacing the 
endogenous SGF73 promoter in W303-1a by the GAL1 promoter 
with multiple HA epitope tagging at the N-terminal of Sgf73.

The yeast strains were grown in YPD (yeast extract peptone 
plus 2% dextrose) up to an OD600 of 1.0 at 30°C prior to 
formaldehyde-based in vivo cross-linking or harvesting for RNA 
analysis for the studies at the ADH1, PGK1, and PYK1 genes. For 
ubiquitylation analysis, yeast cells were grown in SC medium 
(yeast nitrogen base and complete amino acid mixture plus 2% 
dextrose) at 30°C up to an OD600 of 0.7 and then treated with 
250 mM of CuSO4 for 6 h. The WT and rpt4-ts mutant strains 
were grown at 23°C up to an OD600 of 0.85 and then switched to 
39°C for 1 h prior to harvesting. For Sgf73 underexpression, the 
yeast strain expressing Sgf73 under the control of the GAL1 
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promoter was initially grown in YPG (yeast extract peptone plus 
2% galactose) at 30°C to an OD600 of 0.6 and then transferred to 
YPD for 2 and 4 h. For Sgf73 overexpression, the yeast strain ex
pressing Sgf73 under the control of the GAL1 promoter was grown 
in YPG at 30°C. To look for the abundance of Sgf73 in the presence 
and absence of MG132, yeast cells with null mutation of PDR5 
were grown in YPD at 30°C to an OD600 of 0.7 and were then treated 
with MG132 (75 μM) for 2 h prior to harvesting. For growth curve 
analysis in YPD, yeast cells were grown in YPD at 30°C to an 
OD600 of 0.1, and then the OD600 was measured at different time 
points. For analysis of the last wave of RNA polymerase II, yeast 
strains with the ∼8-kb-long YLR454W ORF or coding sequence 
(under the control of the GAL1 promoter) expressing Sgf73 under 
its own promoter or GAL1 promoter were grown in YPG up to an 
OD600 of 1.0 and then switched to YPD for 1.5, 3, 4.5, and 6 min 
prior to formaldehyde-based in vivo cross-linking and harvesting 
for chromatin immunoprecipitation (ChIP) analysis.

The growth of the yeast cells was analyzed on solid SC-uracil 
(plus 2% dextrose or galactose) media with or without 100 μg/ml 
6-AU and 15 μg/ml MPA. The yeast strain expressing Sgf73 under 
the GAL1 promoter or its own endogenous promoter was trans
formed with a low copy number plasmid (pRS416) bearing the 
URA3 gene, inoculated in liquid SC-uracil medium (with 2% dex
trose or galactose), and grown up to an OD600 of 0.2 at 30°C. 
Subsequently, yeast cells were suspended in fresh liquid 
SC-uracil medium (with 2% dextrose or galactose) and grown up 
to an OD600 of 0.4 prior to spotting (3 μl) on solid SC-uracil medium 
(plus 2% dextrose or galactose) with or without 100 μg/ml 6-AU 
and 15 μg/ml MPA. Yeast cells were spotted with 10-fold serial di
lutions, grown at 30°C, and photographed after 2 or 3 days.

WCE preparation and western blot analysis
To analyze the protein levels, yeast cells were grown in 25-ml YPD to 
an OD600 of 1.0. Yeast cells were then harvested and lysed to prepare 
whole-cell extract (WCE), as described for the ChIP assay. The WCE 
was run on an sodium dodecyl sulfate (SDS)-polyacrylamide gel and 
then analyzed by western blot (WB) assay. The bands in the X-ray 
films with short exposures using diluted protein samples were 
scanned and quantitated by the National Institutes of Health 
Image 1.62 program.

Yeast RNA isolation and RT-PCR
Total RNA was prepared from yeast cell culture following the 
standard protocol as described previously (Durairaj, Lahudkar, 
and Bhaumik 2014). Briefly, 10-ml yeast culture of an OD600 of 
1.0 in YPD was harvested, suspended in 100-μl RNA preparation 
buffer (500 mM NaCl, 200 mM Tris–HCl, 100 mM Na2EDTA, and 
1% SDS) along with 100-μl phenol/chloroform/isoamyl alcohol 
and 100-μl volume equivalent of glass beads (acid washed; 
Sigma), and vortexed with a maximum speed (10 in a VWR mini- 
vortexer; cat. no. 58816-121) 5 times (30 s each). Subsequently, 
150-μl RNA preparation buffer and 150-μl phenol/chloroform/iso
amyl alcohol were added to the yeast cell suspension followed by 
vortexing for 15 s. The aqueous phase was collected for isolation 
of RNA via precipitation by ethanol.

Reverse transcriptase PCR (RT-PCR) analysis was performed ac
cording to the standard protocols, as described previously 
(Durairaj, Lahudkar, and Bhaumik 2014). Briefly, about 10 µg of to
tal RNA was used in the reverse transcription assay. RNA was 
treated with RNase-free DNase (M610A, Promega) and then 
reverse-transcribed to cDNA using oligo(dT). PCR was performed 
using synthesized first strand as template and the primer pairs 
targeted to the ORFs of ADH1, PYK1, PGK1, SGF73, ACT1, and 18S 

rDNA. RT-PCR products were separated by 2.2% agarose gel elec
trophoresis and visualized by ethidium bromide staining. The 
average signal of the 3 biologically independent RT-PCR experi
ments is reported with standard deviation (SD; Microsoft Excel). 
The Student’s t-test (with tail = 2 and types = 3) was used to deter
mine P value for statistical significance of the change in the 
RT-PCR signals. The changes were considered to be statistically 
significant at P < 0.05. The primer pairs used in RT-PCR are de
scribed in the Supplementary Material.

Ubiquitylation assay in yeast
The ubiquitylation assay was performed as described previously 
(Durairaj, Lahudkar, and Bhaumik 2014; Sen et al. 2016; 
Ferdoush et al. 2017). Briefly, the expression of hexahistidine- 
tagged ubiquitin from plasmid pUB221 was induced for 6 h by 
the addition of CuSO4 to a final concentration of 250 mM. Cells 
were harvested, suspended in buffer A (6 M guanidine-HCl, 
100 mM Na2HPO4/NaH2PO4 at pH 8.0, and 10 mM imidazole), and 
lysed by glass beads. Cell lysate was centrifuged; supernatant 
was collected and incubated with Ni2+-NTA agarose resin 
(Qiagen) for 1 h at 4°C and 45 min at room temperature. 
Following incubation, Ni2+-NTA resin was washed thrice by buffer 
A, thrice by buffer A/TI (1 volume of buffer A and 3 volumes of buf
fer TI), and once by buffer TI (25 mM Tris–HCl at pH 6.8 and 20 mM 

imidazole). Finally, hexahistidine-tagged ubiquitin/ubiquitylated 
proteins were eluted by heating for 5 min at 95°C with 2× 
SDS-polyacrylamide gel loading buffer containing 200 mM imid
azole and analyzed by WB assay.

ChIP assay in yeast
The ChIP assay for TBP and RNA polymerase II was performed as 
described previously (Bhaumik and Green 2003; Shukla, Bajwa, 
and Bhaumik 2006; Shukla, Stanojevic, et al. 2006). Briefly, yeast 
cells were treated with 1% formaldehyde for 15 min, quenched 
by glycine, collected, and suspended in lysis buffer. Following son
ication, cell lysate (400-μl lysate from 50-ml yeast culture) was 
precleared by centrifugation, and then 100-μl lysate was used 
for each immunoprecipitation. Anti-TBP (obtained from the 
Green laboratory; Li et al. 2000; Bhaumik and Green 2001, 2002) 
and anti-Rpb1 (8WG16; Biolegend) antibodies against TBP and un
phosphorylated Rpb1, respectively, were used for immunoprecipi
tation. Immunoprecipitated protein–DNA complexes were 
treated with proteinase K, the cross-links were reversed, and 
DNA was purified. Immunoprecipitated DNA was dissolved in 
20-μl TE 8.0 (10 mM Tris–HCl and 1 mM EDTA, pH 8.0) of which 
1 μl was used for PCR analysis (a total of 23 cycles). As a control, 
“input” DNA was isolated from 5 μl of lysate without going through 
the immunoprecipitation step and suspended in 100 μl of TE 8.0 to 
be used for PCR analysis. The PCR reactions contained [α-32P] 
dATP (2.5 μCi for each 25-μl reaction), and the PCR products 
were detected by autoradiography after separation on a 6% poly
acrylamide gel. Serial dilutions of input and immunoprecipitated 
DNA samples were used to assess the linear range of PCR amplifi
cation. For analysis of Spt20, Sgf73, and Ubp8, we have employed 
modified ChIP assay, as done previously (Shukla, Bajwa, and 
Bhaumik 2006; Shukla, Stanojevic, et al. 2006). The primer pairs 
used for PCR analysis are described in the Supplementary 
Material.

Autoradiograms were scanned and quantitated by the National 
Institutes of Health Image 1.62 program. Immunoprecipitated 
DNAs were quantitated as the ratio of immunoprecipitate to in
put. Results of the biologically independent experiments are re
ported with SD (Microsoft Excel). The Student’s t-test (with 
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tail = 2 and types = 3) was used to determine P value for statistical 
significance of the change in the ChIP signals. The changes were 
considered to be statistically significant at P < 0.05.

Cell line, plasmid, growth media, and transfection
Human embryonic kidney cell line, HEK293T, from American 
Type Culture Collection (ATCC) was used in this study. The plas
mid expressing HA-tagged ubiquitin (HA-Ub) was obtained from 
Manas Santra (National Centre for Cell Science, Pune, India) 
(Malonia et al. 2015) for this study. HEK293T cells were grown in 
Dulbecco’s modified Eagle medium (DMEM; HyClone) supplemen
ted with 10% fetal bovine serum (FBS; HyClone) and penicillin 
(100 U/ml)–streptomycin (100 μg/ml) antibiotics (Corning) in a hu
midified CO2 incubator at 37°C according to the standard proto
cols. Cells were subcultured using trypsin according to the 
standard procedures. To maintain the culture, cells were split 
when they reached 80% confluency by treating with 
trypsin-EDTA (0.25 and 0.01%, respectively). The plasmid expres
sing HA-Ub was transfected into HEK293T cells, using calcium 
phosphate method according to the standard protocols. At 24-h 
posttransfection, the growth medium was replaced with fresh 
medium. Cells were harvested at 48 h following transfection.

Proteasomal inhibition analysis in human cells
For inhibition of the proteolytic function of the 26S proteasome, 
cells were grown to 80% confluency and subsequently treated 
with MG132 or an equivalent volume of DMSO at 37°C. To harvest 
cells, growth medium was discarded, and cells were washed twice 
with ice-cold phosphate-buffered saline (PBS) (137 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4 at pH 7.4). 
Finally, cells were scraped in PBS and centrifuged at 6,000g for 2 
min at 4°C. The cell pellet was then lysed in radioimmunoprecipi
tation assay (RIPA) buffer (50 mM Tris–HCl at pH 8.0, 150 mM NaCl, 
0.1% SDS, 0.5% Na-deoxycholate, 1% NP-40, and 1 mM EDTA) sup
plemented with protease inhibitors (complete protease inhibitor; 
Roche Diagnostics) and dithiothreitol (DTT) (1 mM). Following a 
30-min incubation in ice with intermittent vortexing (10 s, every 
10 min), cell suspension was sonicated for 30 s at an amplitude 
of 40 for 10-s pulses (with incubation in ice for 2 m between 
pulses) using a Misonix S-4000 sonicator, and then the clear super
natant was collected after centrifugation at 6,000g for 30 min at 
4°C. Protein extracts were resolved on SDS-polyacrylamide gel 
and then transferred to polyvinylidene difluoride (PVDF) mem
brane. Subsequently, membrane was blocked in 5% nonfat 
milk in Tris-buffered saline [TBST (10 mM Tris–HCl at pH 7.4 and 
0.9% NaCl) plus 0.1% (vol/vol) Tween 20] for at least an hour and 
then incubated with the primary antibody overnight at 4°C. 
Membrane was then washed with TBST 3 times prior to incuba
tion with the secondary antibody conjugated with horseradish 
peroxidase (HRP) at room temperature for 2 h. Membrane was 
then washed again 3 times with TBST. The signal was detected 
with an ECL-Prime chemiluminescence substrate (Amersham) 
on an autoradiogram.

RNA isolation from human cells and real-time PCR
Total RNA isolation was performed using RiboZol RNA extraction re
agent (VWR) according to the manufacturer’s protocol. Following 
treatment with DNase (Promega), 2 μg of total RNA was reverse tran
scribed, as described previously (Kaja et al. 2021). Briefly, reverse 
transcription was performed using oligo(dT) as described in the 
protocol supplied by Promega (A3800). Such generated first strand 
cDNA was used for quantitative PCR (qPCR or real-time PCR) ampli
fication (Applied Biosystems) with SYBR green PCR master mix 

(Applied Biosystems). Samples with no reverse transcriptase were 
included for each RNA sample. The relative fold expression changes 
were calculated using the comparative threshold cycle (CT) method 
(Applied Biosystems). SDs of the means of the (Δ)CT values were cal
culated from at least 3 independent RNA samples. For measure
ments of relative gene expression, a fold change was calculated 
for each sample pair and then normalized to the fold change ob
served for hypoxanthine phosphoribosyltransferase 1 (HPRT1). 
Primers used for PCR in human cells are as follows: 5′-TGA 
CACTGGCAAAACAATGCA-3′ and 5′-GGTCCTTTTCACCAGCAAG 
CT-3′ for HPRT1, and 5′-CTGCCTGTCAACTCCCACGG-3′ and 
5′-CCTGGGATGGTGCCTGTGTG-3′ for ATXN7.

Ubiquitylation assay in human cells
For the ubiquitylation analysis, cells were transfected with either 
HA-Ub or an empty plasmid (pcDNA3.1 V5/His). Five micrograms 
of the plasmid was used for transfection in HEK293T cells. After 42 
h, cells were treated with 5 μM MG132 for 6 h and harvested at 48 
h. Cells were washed in chilled PBS, harvested, and lysed in RIPA 
buffer with 10 mM N-ethylmaleimide (Sigma-Aldrich) and prote
ase inhibitors (Roche Diagnostics). The lysate was vortexed for 
10 s and placed in ice for 10 min (vortexing a total of 3 times). 
The lysate was then sonicated for 30 s (3 cycles of 10 s each) at 
an amplitude of 40. The sonicated lysate was spun down at 
16,000g at 4°C for 30 min. The supernatant was collected, and 
1 mg of the total protein was used for immunoprecipitation with 
an anti-ataxin-7 antibody. Prior to immunoprecipitation, the ex
tract was precleared with protein A agarose beads at 4°C for 30 
min. Two micrograms of antibody was used for each immunopre
cipitation overnight, followed by incubation with equilibrated 
protein A agarose beads. Immunoprecipitation was carried out 
in the presence of 300 mM NaCl in RIPA buffer, and agarose beads 
were washed 5 times. The first wash was done using RIPA buffer 
containing 300 mM NaCl, and subsequently, the second and third 
washes were done using FA lysis buffer (50 mM HEPES at pH 7.5, 
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% 
Na-deoxycholate) with 1 M NaCl, the 4th wash was done using 
FA-W3 buffer (10 mM Tris–HCl at pH 8.0, 0.25 M LiCl, 0.5% NP-40, 
0.5% sodium deoxycholate, and 1 mM EDTA), and the last wash 
was done using RIPA buffer with 150 mM NaCl. 
Immunoprecipitate was eluted into 20-μl 1.5× SDS gel loading 
dye at 95°C for 20 min and analyzed by WB using anti-HA–HRP 
or anti-ataxin-7 antibodies.

Results
Sgf73 undergoes ubiquitylation and proteasomal 
degradation
Since Sgf73 has been found to interact with the 19S regulatory par
ticle (RP) subunit of the 26S proteasome in yeast (Lee, Ezhkova, et al. 
2005; Malik et al. 2009; Lee et al. 2011; Lim et al. 2013), Sgf73 may be 
regulated by the UPS in controlling transcription. To test this, we 
analyzed the stability/abundance of Sgf73 in the presence and 
absence of a peptide aldehyde, MG132 (carbobenzoxy-Leu-Leu- 
leucinal), which inhibits the proteolytic function of the proteasome. 
If Sgf73 is targeted for the 26S proteasomal degradation, pharmaco
logical inhibition of the proteolytic function of the proteasome by 
MG132 would increase the abundance of Sgf73. However, yeast cells 
can be resistant to MG132, as they are capable of multidrug resist
ance. For this purpose, we deleted the multidrug resistance gene, 
PDR5, in the yeast strain expressing Myc-tagged Sgf73 and then ana
lyzed the level of Myc-tagged Sgf73 with or without MG132 treat
ment, as done previously (Durairaj, Lahudkar, and Bhaumik 2014; 
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Sen et al. 2016; Ferdoush et al. 2017; Kaja et al. 2021). Myc epitope tag
ging at the C-terminal of Sgf73 at its chromosomal locus did not al
ter cellular growth (Fig. 1a) and transcription regulatory function of 
Sgf73, as the recruitment of RNA polymerase II (Rpb1; largest sub
unit of RNA polymerase II required for its structural and functional 
integrities) to the promoter of the Sgf73-regulated GAL1 promoter 
(Shukla, Bajwa, and Bhaumik 2006) was not changed with 
Myc-tagged Sgf73 [Fig. 1b; an inactive region within chromosome 
V (Chr.-V) was used as a nonspecific DNA control; and the Δsgf73 
strain was used as a positive control; Shukla, Bajwa, and Bhaumik 
2006]. Using Myc-epitope-tagged Sgf73 in the PDR5 null mutant, 
we analyzed the level of Sgf73 following proteolytic inhibition of 
the proteasome by MG132. We find that the abundance of 
Myc-tagged Sgf73 is significantly increased following MG132 treat
ment (Fig. 1c and d). However, similar increased abundance of 
Myc-tagged Sgf73 is not observed following the treatment with 
DMSO (solvent that was used to prepare MG132 solution) (Fig. 1c 
and d). As a loading control, we analyzed the level of actin that is 
not regulated by the 26S proteasome (Lipford et al. 2005). We find 
that the actin level is not changed following MG132 treatment 
(Fig. 1c and d). Thus, our results show that the proteolytic inhibition 
of the proteasome by MG132 increased the level of Myc-tagged 
Sgf73.

Like Myc-tagged Sgf73, the abundance of HA-tagged Sgf73 is 
also increased in response to MG132 treatment (Fig. 1e and f). 
HA epitope tagging did not alter the cellular growth (Fig. 1a) or 
transcription regulatory activity of Sgf73 (Fig. 1b). Further, the sta
bility of HA epitope is not regulated by the proteasome, as the 
abundance of HA-tagged Ubp8 (another component of SAGA’s 
DUB module) is not increased in response to MG132 treatment 
(Fig. 1g and h). Therefore, our results (Fig. 1) support that 26S pro
teasome is involved in the degradation of Sgf73, and hence, 
Sgf73’s abundance is increased following pharmacological inhib
ition of the proteolytic function of the 26S proteasome by 
MG132. Consistently, we observed increased abundance of Sgf73 
in response to MG132 treatment following pharmacological inhib
ition of translation by cycloheximide (CHX) (Fig. 2a). However, 
such increased level of Sgf73 is not due to enhanced mRNA level 
of SGF73 in response to MG132 treatment (Fig. 2b and c). 
Collectively, our results reveal that pharmacological inhibition 
of the 26S proteasome enhances the stability/abundance of Sgf73.

To complement above results genetically, we analyzed the le
vels of HA-tagged Sgf73 in the WT and ts mutant strains of Rpt4, 
an essential component of the 26S proteasome for its proteolytic 
activity (Rubin et al. 1998; Russell et al. 2001; Bhaumik and Malik 
2008). Rpt4 is an ATPase present at the base of the 19S RP subunit 
of the 26S proteasome, and the ATPase activity of the base plays 
important role to unfold the target protein for entry into the barrel 
of the 20S core particle (CP) of the 26S proteasome for proteolytic 
degradation. If Sgf73 is degraded by the 26S proteasome, the sta
bility/abundance of Sgf73 would be increased in the ts mutant 
strain of Rpt4 (also known as sug2-ts; Rubin et al. 1998; Russell 
et al. 2001) at the nonpermissive temperature. We find that the le
vel of Sgf73 is dramatically enhanced in the rpt4-ts mutant strain 
(Fig. 2d and e). However, the level of actin (loading control) is not 
similarly increased in the rpt4-ts mutant strain in comparison 
with the WT equivalent (Fig. 2d and e). Thus, Sgf73 has much high
er turnover than actin, and such turnover is impaired in the rpt4-ts 
mutant strain. Therefore, our results support that the 26S prote
asome is involved in the degradation of Sgf73, and hence, the sta
bility/abundance of Sgf73 is increased in the rpt4-ts mutant strain. 
Taken together, pharmacological and genetic inhibitions of the 
proteolytic function of the 26S proteasome dramatically enhances 

the abundance/stability of Sgf73, thus demonstrating the protea
somal regulation of Sgf73.

The 26S proteasome targets protein for degradation via its inter
action with ubiquitin attached to the host protein. Since Sgf73 is tar
geted for proteasomal degradation, it is likely to be ubiquitylated. To 
test this, we analyzed the ubiquitylation status of Sgf73, using Ni2 

+-NTA–based ubiquitylation assay, as done in our previous studies 
(Durairaj, Lahudkar, and Bhaumik 2014; Sen et al. 2016; Ferdoush 
et al. 2017). In this direction, we introduced a plasmid expressing 
hexahistidine-tagged ubiquitin under the CUP1 promoter (that is in
duced in the presence of Cu2+) in the yeast strain expressing 
Myc-tagged Sgf73. Using this strain, we performed the ubiquityla
tion assay, as described previously (Durairaj, Lahudkar, and 
Bhaumik 2014; Sen et al. 2016; Ferdoush et al. 2017). Ubiquitin and 
ubiquitylated proteins were precipitated from the WCE, using Ni2 

+-NTA agarose beads that bind to the hexahistidine tag attached 
to ubiquitin. The precipitate was analyzed by WB assay for the pres
ence of Sgf73 using an anti-Myc antibody against the Myc-tagged 
Sgf73. We observed Sgf73 in the precipitate (Fig. 2f), thus supporting 
the ubiquitylation of Sgf73. As a control, we performed similar ex
periments using the yeast strain that did not have the plasmid ex
pressing hexahistidine-tagged ubiquitin (but expressed 
Myc-tagged Sgf73) and did not find Sgf73 in the precipitate 
(Fig. 2f). Thus, our results support that Sgf73 is ubiquitylated, and 
hence, Ni2+-NTA agarose bead pulled down Sgf73 via its interaction 
with hexahistidine-tagged ubiquitin covalently attached to Sgf73.

Increased abundance of Sgf73 enhances TBP 
association with promoter
Our above results demonstrate that Sgf73 undergoes ubiquityla
tion and proteasomal degradation. In the absence of such protea
somal degradation, Sgf73’s abundance/stability would be 
increased, as observed following pharmacological and genetic in
hibitions of the proteolytic function of the 26S proteasome (Figs. 
1c–f and 2d and e). Since Sgf73 regulates the PIC formation at 
the SAGA–regulated genes (Shukla, Bajwa, and Bhaumik 2006), in
creased abundance of Sgf73 in the absence of its proteasomal deg
radation may have an effect on the PIC formation and hence 
transcription. To test this, we analyzed the effect of high abun
dance of Sgf73 on the PIC formation at the promoters of the 
Sgf73/SAGA–regulated genes such as ADH1, PGK1, and PYK1 
(Holstege et al. 1998; Bhaumik and Green 2002; Huisinga and 
Pugh 2004). For this purpose, we replaced the endogenous pro
moter of SGF73 by a galactose-inducible GAL1 promoter (that is re
pressed in dextrose-containing growth medium but induced in 
galactose-containing medium; Bhaumik and Green 2001; 
Bhaumik et al. 2004) and then overexpressed SGF73 in galactose- 
containing growth medium (Fig. 3a and b). Subsequently, we ana
lyzed the recruitment of TBP (as it nucleates the PIC formation) to 
the promoters of ADH1, PGK1, and PYK1, using the ChIP assay. Our 
ChIP analysis revealed that the association of TBP with the promo
ters of ADH1, PGK1, and PYK1 was increased in the presence of 
high abundance of Sgf73 (Fig. 3c–e). Such enhanced TBP associ
ation is not due to increase in global level of TBP (Fig. 3f). 
Moreover, the targeted recruitment of a DNA-binding protein is 
not correlated with its global level (e.g. TBP is not found to be re
cruited to the promoter in the absence of activator or coactivator, 
even with its high global level; Li et al. 2000; Bhaumik and Green 
2002). Further, when yeast strain expressing Sgf73 under its own 
promoter (PSGF73SGF73) was grown under similar growth condi
tions (Fig. 3b), the association of TBP with the promoters of these 
genes was not found to be increased (Fig. 3c–e). These results 
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demonstrate that increased abundance of Sgf73 enhances TBP as
sociation with the promoter (and hence PIC formation).

Increased abundance of Sgf73 impairs 
transcription elongation
Since TBP nucleates the PIC formation at the promoter and RNA 
polymerase II joins the PIC toward the end, the recruitment of 
RNA polymerase II to the promoter is likely to be increased in the 
presence of increased abundance of Sgf73. To test this, we analyzed 
the association of RNA polymerase II with the SAGA–regulated 
ADH1 core promoter in response to increased abundance of Sgf73. 
The largest subunit of RNA polymerase II, Rpb1, served as a 

representative component for ChIP analysis of RNA polymerase II. 
Our ChIP analysis revealed that the association of RNA polymerase 
II with the ADH1 promoter was increased in the presence of high 
abundance of Sgf73 (Fig. 4a; Supplementary Figs. 1 and 2), similar 
to the increased association of TBP (Fig. 3c), when compared with 
the yeast strain expressing Sgf73 from its own promoter (that does 
not overexpress Sgf73 in galactose-containing growth medium; 
Fig. 3b). However, the association of RNA polymerase II with the 
3′-end of the ADH1 ORF (3′ORF) is decreased in the presence of 
high abundance of Sgf73 (Fig. 4b; and Supplementary Figs. 1a and 
c and 3), but its global level was not changed (Fig. 4c). In contrast, 
we observed increased association of RNA polymerase II toward 

Fig. 1. Sgf73’s abundance is increased following pharmacological inhibition of the proteasome. a) Growth analysis of yeast cells expressing Myc 
epitope-tagged Sgf73, HA epitope-tagged Sgf73, Sgf73, or with SGF73 null mutation in liquid YPD (yeast extract peptone plus 2% dextrose) growth medium 
at 30°C. b) ChIP analysis of Rpb1 association with the GAL1 promoter in yeast strains expressing Myc/HA epitope-tagged and epitope-untagged Sgf73 or 
with SGF73 null mutation. An inactive region within Chr.-V was used as a non-specific DNA control. An anti-Rpb1 antibody (8WG16; Biolegend) was used 
against the unphosphorylated form of the largest subunit (Rpb1) of RNA polymerase II for immunoprecipitation. c and d) Western blot (WB) analysis of 
Sgf73’s abundance in the presence and absence of MG132 in the yeast strain expressing Myc epitope-tagged Sgf73. Yeast strain with a null mutation of 
PDR5 was grown in YPD at 30°C to an OD600 of 0.7 and then treated with MG132 (75 μM) for 2 h prior to harvesting. Anti-Myc (9E10; Santacruz 
Biotechnology, Inc.) and anti-actin (A2066; Sigma) were used as primary antibodies against Myc-tagged Sgf73 and actin, respectively, in the WB analysis. e 
and f) WB analysis of Sgf73’s abundance in the presence and absence of MG132 in the yeast strain expressing HA epitope-tagged Sgf73. An anti-HA (F-7; 
Santa Cruz Biotechnology, Inc.) was used as a primary antibody in the WB analysis. g and h) WB analysis of Ubp8’s abundance in the presence and 
absence of MG132 in the yeast strain expressing HA epitope-tagged Sgf73.

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
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the 5′-end of the ADH1 ORF (regions A and B as depicted in the bot
tom panel of Fig. 4a) in the presence of high abundance of Sgf73 
(Fig. 4d and e; Supplementary Figs. 1a and c and 3). These results in
dicate that RNA polymerase II is accumulated at the 5′-end of the 
ADH1 ORF, and thus less RNA polymerase II was observed at the 
3′-end of the ORF in the presence of increased abundance of Sgf73 
(Fig. 4f). However, similar decrease in RNA polymerase II level at 
the ADH1 3′ORF was not observed in the WT strain expressing 
Sgf73 from its own promoter (Fig. 4f). These observations indicate 
that increased abundance of Sgf73 impairs transcription elongation. 
Consistently, we also observed decreased level of RNA polymerase II 
at the 3′-end, but not 5′-end, of the ADH1 ORF in the presence of high 
abundance of Sgf73 at 120 min upon switching on the expression of 
Sgf73 under the GAL1 promoter in galactose-containing growth me
dium (Fig. 4g–j). Further, in agreement, our analysis of the last wave 
of RNA polymerase II at ∼8-kb-long ORF (YLR454W) under the GAL1 

promoter upon switching the carbon source in the growth medium 
from galactose to dextrose revealed slow movement/processivity of 
RNA polymerase II in the presence of high abundance of Sgf73 
(Fig. 5a and b). Together, these results indicate impairment of tran
scription elongation in response to increased Sgf73 abundance. 
Consistently, increased abundance of Sgf73 decreased ADH1 
mRNA level (Fig. 5c) and reduced cellular growth in solid SC-uracil 
medium containing 6-AU or MPA that lowers the nucleotide pool 
for transcription elongation by RNA polymerase II (Fig. 5d and e).

Like ADH1, SAGA–regulated PYK1 also shows decreased associ
ation of RNA polymerase II with the 3′-end of its ORF, but not with 
its core promoter and/or 5′-ORF in response to increased Sgf73 
abundance (Fig. 6a–c). Therefore, our results demonstrate more 
RNA polymerase II at the 5′-end, but less at the 3′-end, of the 
PYK1 ORF in the presence of increased abundance of Sgf73 
(Fig. 6d). However, similar decrease in RNA polymerase II level 

Fig. 2. Analysis of Sgf73’s abundance following inhibition of translation and genetic inhibition of the proteasome and its ubiquitylation. a) WB analysis of 
Sgf73’s abundance in the presence and absence of translational inhibitor, CHX (75 μg/ml), alone or both CHX (75 μg/ml) and MG132 (75 μM). Yeast strain 
with a null mutation of PDR5 was grown in YPD at 30°C to an OD600 of 0.7 and then treated with CHX or both CHX and MG132 for 0.5 h prior to harvesting. b 
and c) RT-PCR analysis of SGF73 and ACT1 mRNA levels in response to MG132 treatment. Cells were grown as in Fig. 1c. d and e) WB analysis of Sgf73’s 
abundance in the rpt4-ts mutant and WT strains. Both the WT and ts mutant strains expressing HA-tagged Sgf73 were grown in YPD at 23°C to an OD600 of 
0.85 and then switched to 39°C for 1 h before harvesting for WB analysis. f) Ubiquitylation analysis of Sgf73. Yeast strains expressing Myc-tagged Sgf73 
with or without hexahistidine-tagged ubiquitin were grown in SC medium at 30°C to an OD600 of 0.7 and then treated with CuSO4 at a final concentration 
of 250 mM for 6 h. Precipitation was carried out by the use of Ni2+-NTA agarose beads, and WB analysis was performed using an anti-Myc antibody against 
Myc-tagged Sgf73.

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
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at the 3′-end of the PYK1 ORF was not observed in the yeast strain 
expressing Sgf73 from its own promoter (Fig. 6d). These results in
dicate that transcription elongation of PYK1 is impaired in the 
presence of high abundance of Sgf73, leading to the accumulation 
of RNA polymerase II at its 5′ORF (Fig. 6b and c), consistent with 
slow movement of RNA polymerase II in response to increased 
Sgf73 level (Fig. 5a and b). Thus, PYK1 mRNA level is decreased, 
when the Sgf73 abundance is increased (Fig. 6e). Similar to the re
sults at ADH1 and PYK1, we also found decreased level of RNA 
polymerase II at the 3′-end in comparison with the 5′-end of the 
PGK1 ORF in the presence of high abundance of Sgf73 (Fig. 6f–i), in
dicating impairment of transcription elongation.

The decreased transcription elongation in the presence of in
creased abundance of Sgf73 could be mediated via altered associ
ation of Ubp8 (a key component of the DUB module of SAGA with 
histone H2B DUB activity; Henry et al. 2003; Shukla, Stanojevic, 
et al. 2006; Baker and Grant 2007; Rodriguez-Navarro 2009; 
Köhler et al. 2010; Samara et al. 2010; Bhaumik 2011; Lee et al. 
2011; Samara et al. 2012; Spedale et al. 2012; Cheon et al. 2020) 
with SAGA or upstream activating sequence (UAS), as both in
creased and decreased histone H2B ubiquitylation or loss of 
Ubp8 impairs transcription elongation (Wyce et al. 2007). 
Therefore, we next analyzed the effect of the increased abun
dance of Sgf73 on Ubp8 recruitment to the SAGA–regulated 
GAL1 UAS, using the ChIP assay in the strain expressing Myc 
epitope-tagged Ubp8 with and without overexpression of 
HA-tagged Sgf73 (Fig. 7a). We find that the recruitment of Ubp8 
to the GAL1 UAS is decreased in the presence of excess Sgf73 
(Fig. 7a–c). Unlike Ubp8, the recruitment of Sgf73 to the GAL1 
UAS was not decreased following Sgf73 overexpression (Fig. 7a 
and b). Similarly, the recruitment of a core scaffolding component 
of SAGA, Spt20, to the GAL1 UAS is not decreased in the presence 
of excess of Sgf73 (Fig. 7b and d). These results suggest that the as
sociation of the DUB module with the rest of SAGA is decreased in 
the presence of increased abundance of Sgf73, which could be as
sociated with decrease transcription elongation, as transcription 
elongation is impaired in Δubp8 (Wyce et al. 2007). Such 
DUB-depleted SAGA may be efficient in the PIC formation, as the 
SAGA’s DUB module is located closely to its TBP–interacting sur
face (Wang et al. 2020) and could interfere with SAGA’s interaction 
with TBP. In fact, we observed increased association of TBP with 
the promoter in the presence of high abundance of Sgf73 
(Fig. 3c–e) that does not enhance core SAGA recruitment, but re
duces DUB assembly with core SAGA (Fig. 7b).

Fig. 3. Increased abundance of Sgf73 enhances TBP association with the 
core promoter. a) Sgf73 expression analysis under the control of GAL1 
promoter (PGAL1SGF73) in galactose-containing growth medium (or YPG; 
yeast extract, peptone plus 2% galactose) by WB assay. Yeast cells were                                                                                                           

(continued) 

Fig. 3. (Continued) 
initially grown at 30°C to an OD600 of 0.4 and then were collected 
immediately (0 h) and after 2 and 4 h for WB analysis. b) Sgf73 expression 
analysis under its endogenous promoter (PSGF73SGF73) in 
galactose-containing growth medium by WB assay. Yeast cells were 
grown as in a). c, d and e) ChIP analysis of the association of TBP with the 
core promoter regions of ADH1, PYK1, and PGK1 in the yeast strains 
expressing SGF73 under the control of the GAL1 promoter (PGAL1SGF73) or 
its own endogenous promoter (PSGF73SGF73), using an anti-TBP antibody 
against TBP. Yeast cells were grown as in a) prior to formaldehyde-based 
in vivo cross-linking and harvesting. Immunoprecipitated DNA samples 
were analyzed by PCR using the primer pairs targeted to the core 
promoter regions of ADH1, PYK1, and PGK1. The ChIP signal at 4 h was 
normalized with respect to 0 h in each strain (i.e. PSGF73SGF73- and 
PGAL1SGF73-containing strains). Normalized ChIP signals at 4 h between 
these 2 strains were compared for analyzing the effect of increased 
abundance of Sgf73 on TBP association with the core promoter. f) The WB 
analysis of TBP in the yeast strain expressing Sgf73 under the GAL1 
promoter. Yeast cells were grown as in c).
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Fig. 4. Increased abundance of Sgf73 impairs transcription elongation. a and b) ChIP analysis of the association of Rpb1 with the core promoter and the 3′ 
end of the coding sequence (or ORF) of ADH1 in the strains expressing SGF73 under the control of the GAL1 promoter (PGAL1SGF73) or its own endogenous 
promoter (PSGF73SGF73), using 8WG16 antibody (Biolegend) against the carboxy-terminal domain of Rpb1. The comparison of the ChIP signals at 0 h in 
these 2 strains is presented in Supplementary Figs. 1–3. The ChIP signal at 4 h was normalized with respect to 0 h in each strain (i.e. PSGF73SGF73- and 
PGAL1SGF73-containing strains). Normalized ChIP signals at 4 h between these 2 strains were compared for analyzing the effect of increased abundance of 
Sgf73 on Rpb1 association. The ChIP signals without normalization are presented in Supplementary Figs. 1–3. Locations of the primer pairs are 
schematically shown at the bottom of a) with respect to translation start site. c) The WB analysis of Rpb1 in the PGAL1SGF73-containing strain under the 
growth condition as in a) and b). d and e) ChIP analysis of the association of Rpb1 with the promoter proximal region (A) and region B toward the 5′-end of 
the ADH1 ORF (a) in the strains expressing SGF73 under the control of the GAL1 promoter (PGAL1SGF73) or its own endogenous promoter (PSGF73SGF73) at 4 h                                                                                                                                                                                                                                                 

(continued) 

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
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Decreased abundance of Sgf73 impairs the PIC 
formation and transcription
Our above results demonstrate that Sgf73 level is increased fol

lowing impairment of proteasomal degradation and increased 

abundance of Sgf73 enhances the association of TBP and RNA 

polymerase II with the promoter and decreases transcription 

elongation. However, increased degradation of Sgf73 (e.g. via de

creased deubiquitylation or increased ubiquitylation) would 

lower the level of Sgf73. Since Sgf73 maintains SAGA’s overall 
structural integrity, decreased abundance of Sgf73 would affect 
the PIC formation and hence transcription. To address this, we 
analyzed the recruitment of TBP to the ADH1, PGK1, and PYK1 pro
moters after shutting down the expression of Sgf73 in dextrose- 
containing growth medium in the yeast strain expressing Sgf73 
under the GAL1 promoter (Fig. 8a and b). Our ChIP analysis re
vealed that the decreased abundance of Sgf73 lowers the recruit
ment of TBP to the ADH1, PGK1, and PYK1 promoters (Fig. 8c–e) but 

Fig. 5. Increased abundance of Sgf73 decreases movement/processivity of RNA polymerase II at the coding sequence. a and b) ChIP analysis of the 
association of Rpb1 with the 5′- and 3′-ends of the ∼8-kb-long ORF (YDR454W) under the GAL1 promoter upon switching the carbon source in the growth 
medium from galactose to dextrose. c) RT-PCR analysis of ADH1 mRNA levels in the strains expressing SGF73 under the control of the GAL1 promoter or 
its own endogenous promoter. 18S rRNA levels were monitored as control. d) Growth analysis of the yeast strains expressing SGF73 under the control of 
the GAL1 promoter (PGAL1SGF73) or its own endogenous promoter (PSGF73SGF73) in the solid SC-uracil medium containing 2% galactose with or without 
100 μg/ml 6-AU at 30°C. The right bottom panel is the shorter growth analysis in galactose-containing medium without 6-AU. e) Growth analysis of the 
yeast strains expressing SGF73 under the GAL1 promoter or its own endogenous promoter in the SC-uracil medium containing 2% galactose with or 
without 15 μg/ml MPA at 30°C.

Fig. 4. (Continued) 
in galactose, as done in the a) and b). The ChIP signals without normalization are presented in Supplementary Figs. 2, 3. f) Relative level of Rpb1 at the 
3′-end with respect to the 5′-end of the ADH1 ORF in the strains expressing SGF73 under the control of the GAL1 promoter (PGAL1SGF73) or its own 
endogenous promoter (PSGF73SGF73) at 4 h in galactose. g) The WB analysis of Sgf73 in the yeast strain expressing Sgf73 under the GAL1 promoter upon 
switching the carbon source in the growth medium from raffinose to galactose. h) The WB analysis of Sgf73 in the yeast strain expressing Sgf73 under its 
own promoter upon switching the carbon source in the growth medium from raffinose to galactose. i and j) The ChIP analysis of RNA polymerase II 
toward the 5′- and 3′-ends of the ADH1 ORF (5′ORF/B and 3′ORF) in the yeast strain expressing Sgf73 under its own promoter or under the GAL1 promoter 
upon switching the carbon source in the growth medium from raffinose to galactose. The fold changes of the ChIP signals in the yeast strain expressing 
Sgf73 under the GAL1 promoter with respect to the yeast strain expressing Sgf73 under its own promoter are plotted against the time in 
galactose-containing growth medium.

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
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not global level of TBP (Fig. 8f). Likewise, the recruitment of RNA 
polymerase II (Rpb1) to these promoters was also reduced 
(Fig. 8g–i), but not the global level of Rpb1 (Fig. 8j), when the abun
dance of Sgf73 was lowered (Fig. 8a and b). Thus, decreased abun
dance of Sgf73 impairs the PIC formation. Likewise, the levels of 

RNA polymerase II at the ORFs of these genes were reduced 
when Sgf73 level was decreased (Fig. 9a–c). Consistently, we ob
served reduced mRNA levels of ADH1, PGK1, and PYK1 in response 
to decreased Sgf73 level (Fig. 9d and e). Thus, decreased level of 
Sgf73 impairs the PIC formation and transcription.

Fig. 6. Analysis of Rpb1 association with PYK1 and PGK1 in response to increased abundance of Sgf73. a–c) ChIP analysis of the association of Rpb1 with the 
promoter and ORF regions (5′ORF and 3′ORF) of PYK1 in the yeast strains expressing SGF73 under the control of the GAL1 promoter (PGAL1SGF73) or its own 
endogenous promoter (PSGF73SGF73). d) Relative levels of Rpb1 at the 3′-end with respect to the 5′-end of the PYK1 coding sequence in the strains 
expressing SGF73 under the GAL1 promoter or its own endogenous promoter at 4 h in galactose. e) RT-PCR analysis of PYK1 mRNA levels in the strains 
expressing SGF73 under the control of the GAL1 promoter or its own endogenous promoter. 18S rRNA levels were monitored as control and are presented 
in Fig. 5c. f–h) ChIP analysis of the association of Rpb1 with the promoter and the coding regions (5′ORF and 3′ORF) of PGK1 in the yeast strains expressing 
SGF73 under the GAL1 promoter or its own endogenous promoter. i) Relative levels of Rpb1 at the 3′-end with respect to the 5′-end of the PGK1 coding 
sequence in the strains expressing SGF73 under the GAL1 promoter or its own endogenous promoter at 4 h in galactose.
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Ataxin-7 undergoes ubiquitylation and 
proteasomal degradation with implications in 
diseases
Our above results demonstrated a novel UPS regulation of Sgf73 
with physiological relevance in yeast. Since Sgf73 and UPS are 
conserved from yeast to humans, similar UPS regulatory mechan
isms are likely to exist in humans. To test this, we analyzed ubi
quitylation and proteasomal degradation of Sgf73’s homologue, 
ataxin-7, in human cells, HEK293T. We find that ataxin-7 level is 
increased in HEK293T cells following inhibition of the 26S prote
asome by MG132 (Fig. 10a and b). However, such increase was 
not observed at the level of ATXN7 mRNA (ATXN7 is the gene 
for ataxin-7) following MG132 treatment (Fig. 10c). These results 
support proteasomal regulation of ataxin-7. Since the 26S prote
asome targets ubiquitylated proteins for degradation, ataxin-7 is 
likely to be ubiquitylated. To test this, we introduced a plasmid 

expressing HA-Ub or an empty plasmid by transient transfection 
in HEK293T cells, grew for 42 h, and then harvested following 
MG132 treatment for 6 h. Subsequently, the WCE was prepared, 
followed by immunoprecipitation using an anti-ataxin-7 
antibody. The immunoprecipitate was analyzed by WB for the 
presence of ubiquitylated ataxin-7 using anti-HA–HRP (that recog
nizes HA epitope attached to ubiquitin) and anti-ataxin-7 [that re
cognizes ataxin-7 as well as ubiquitylated-ataxin-7 (if exists)] 
antibodies. We observed ubiquitylated ataxin-7 in the immuno
precipitate (Fig. 10d). Thus, like in yeast (Figs. 1 and 2), ataxin-7 
undergoes ubiquitylation and proteasomal degradation in human 
cells.

Alteration of UPS regulation would change the cellular 
abundance of ataxin-7, leading to altered transcription and cellu
lar pathologies, as ataxin-7 maintains SAGA’s integrity and 
DUB activity, thus controlling transcription and normal cellular 

Fig. 7. Analysis of the recruitment of Spt20, Sgf73, and Ubp8 to the GAL1 UAS in the presence of increased abundance of Sgf73. a) The WB analysis of Sgf73 
in the yeast strains expressing HA-tagged Sgf73 under the inducible GAL1 promoter (PGAL1SGF73-HA) or its own promoter (PSGF73SGF73-HA). Yeast cells 
were grown as in Fig. 3a. b) The ChIP analysis of Ubp8, Spt20, and Sgf73 at the GAL1 UAS. Cells were grown as in a). There are 2 GAL1 UASs in the yeast 
strain expressing Sgf73 under the GAL1 promoter. For the ChIP analysis at the endogenous GAL1 UAS, the specific primer pair that selectively amplified 
the endogenous GAL1 UAS was used. The ChIP signal at 4 h was normalized with respect to 0 h in each strain. Subsequently, the ChIP signal at 4 h in the 
yeast strain expressing Sgf73 under its own promoter was set to 100, and the ChIP signal at 4 h in the yeast strain expressing Sgf73 under the GAL1 
promoter was normalized with respect to 100 (i.e. ChIP signal at 4 hours in the yeast strain expressing Sgf73 under its own promoter). c) The WB analysis 
of Myc-tagged Ubp8 in the yeast strain expressing Sgf73 under the GAL1 promoter. d) The WB analysis of Myc-tagged Spt20 in the yeast strain expressing 
Sgf73 under the inducible GAL1 promoter.
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functions (Palhan et al. 2005; Ström et al. 2005; Weake et al. 2008; 
Furrer et al. 2011; Lang et al. 2011; Bonnet et al. 2014; Ristic et al. 
2014; Li et al. 2018). Indeed, transcription is found to be impaired 
when ataxin-7 is downregulated in HEK 293T cells (Palhan et al. 
2005), similar to the results in yeast, and decreased ataxin-7 level 

caused childhood blindness, ocular coloboma, neuronal and ret
inal lesions, and neurodegeneration (Yanicostas et al. 2012; 
Mohan, Abmayr, and Workman 2014; Mohan, Dialynas, et al. 
2014; Karam and Trottier 2018; Carrillo-Rosas et al. 2019; 
Niewiadomska-Cimicka and Trottier 2019; Guha et al. 2022). 

Fig. 8. Decreased abundance of Sgf73 impairs the PIC formation. a) Analysis of Sgf73 expression under the control of GAL1 promoter in dextrose-containing 
growth medium by WB assay. Yeast cells were initially grown in galactose-containing medium at 30°C to an OD600 of 0.6 and then were collected immediately 
(0 h) and after switching to dextrose-containing medium at 2 and 4 h for WB analysis. b) Analysis of Sgf73 expression under its endogenous promoter in 
dextrose-containing growth medium by WB assay. Yeast cells were grown as in a). c–e) ChIP analysis of TBP association with the core promoter regions of 
ADH1, PYK1, and PGK1 following decreased expression of Sgf73. Yeast cells expressing SGF73 under the GAL1 promoter or its own endogenous promoter were 
grown as in a) prior to formaldehyde-based in vivo cross-linking and harvesting. f) The WB analysis of TBP under the growth conditions as in the a) in the yeast 
strain expressing Sgf73 under the GAL1 promoter. g–i) ChIP analysis of Rpb1 association with the core promoter regions of ADH1, PYK1, and PGK1 following 
decreased expression of Sgf73 in dextrose-containing growth medium. Yeast cells were grown as in a). j) The WB analysis of Rpb1 under the growth conditions 
as in a) in the yeast strain expressing Sgf73 under the GAL1 promoter.
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Further, like in yeast, increased ataxin-7 level is found to reduce 
transcription (Ström et al. 2005) and is associated with attention- 
deficit/hyperactivity disorder (Helmlinger, Tora, and Devys 2006; 
Dela Peña et al. 2019; Cornelio-Parra et al. 2021). Furthermore, 
our cBioPortal analysis (https://www.cbioportal.org/; Cerami 
et al. 2012; Gao et al. 2013; Davis et al. 2014) revealed that ataxin-7 
is modulated via gene amplification or depletion in various cancer 
patient samples (Fig. 10e), indicating the association of the altered 
levels of ataxin-7 in cancer. However, it is unknown whether the 
change of ataxin-7 level in these disease states or patient samples 
can occur via the alteration of its proteasomal degradation. 
Intriguingly, our UALCAN web portal (http://ualcan.path.uab. 
edu/; Chandrashekar et al. 2017; Chen et al. 2019) analysis revealed 
that ataxin-7 is upregulated at the protein, but not mRNA, level in 

cancer patient samples (Fig. 10f and g). Such increased level of 
ataxin-7 protein could be resulted via impairment of its proteaso
mal degradation, which remains to be further investigated. 
Nonetheless, our results unveil a new UPS regulation of ataxin-7 
with possible implications in diseases.

Discussion
Sgf73 plays a pivotal role in maintaining SAGA’s integrity (Shukla, 
Bajwa, and Bhaumik 2006; Köhler et al. 2008; Lee et al. 2009; Wang 
et al. 2020) and hence PIC formation and transcription (Shukla, 
Bajwa, and Bhaumik 2006). Thus, Sgf73 is an important point of 
regulation of SAGA. However, it remains unknown how Sgf73 itself 
is regulated. Here, we show that Sgf73 undergoes ubiquitylation 

Fig. 9. Decreased abundance of Sgf73 impairs transcription. a–c) ChIP analysis of Rpb1 association with the ORFs of ADH1, PYK1, and PGK1 following 
decreased expression of Sgf73 in dextrose-containing medium. Yeast cells were grown as in Fig. 8a. d) RT-PCR analysis of ADH1 mRNA levels in the strains 
expressing SGF73 under the GAL1 promoter or its own endogenous promoter in dextrose-containing growth medium. e) RT-PCR analysis of PYK1 and 
PGK1 mRNA levels in the strains expressing SGF73 under the GAL1 promoter or its own endogenous promoter in dextrose-containing growth medium.

https://www.cbioportal.org/
http://ualcan.path.uab.edu/
http://ualcan.path.uab.edu/
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Fig. 10. Proteasomal regulation of ataxin-7/ATXN7 in HEK293T cells. a and b) Inhibition of the proteolytic activity of the 26S proteasome by 20 μM MG132 
for 10 h increases the stability/abundance of ataxin-7. When cells reached 80% confluency, they were treated with MG132/DMSO for 10 h before 
harvesting. Proteins were extracted and analyzed by WB using anti-ataxin-7 (Catalogue no. PA1-749; Thermo Fisher Scientific) and anti-tubulin 
(Catalogue no. E7; Developmental Studies Hybridoma Bank) antibodies. The WB signals of ataxin-7 following 10-h treatment with MG132 and DMSO were 
normalized with respect to the ataxin-7 WB signal of the untreated cells. c) RNA analysis. HEK293T cells were grown to 80% confluency before treatment 
with 20 μM MG132 for 10 h. DMSO-treated cells were used as a control by the addition of the equal volume of DMSO as the MG132 solution. Following the 
treatments, RNA was isolated for cDNA synthesis. Subsequently, real-time PCR was performed to measure relative ataxin-7/ATXN7 gene (ATXN7) 
expression as described in Materials and Methods. d) Ubiquitylation analysis of ataxin-7 in HEK293T cells under high stringency washing conditions, as 
described in Materials and Methods. HEK293T cells were transfected with a plasmid expressing HA-Ub or an empty plasmid that does not express HA-Ub 
and treated with 5 μM MG132 for 6 h at 42-h posttransfection, and subsequently, the WCE was prepared for immunoprecipitation (IP) to pull down ataxin-7 
using an anti-antaxin-7 antibody. Immunoprecipitates were then analyzed by WB using anti-HA–HRP and anti-ataxin-7 antibodies. +, HEK293T cells with 
a plasmid expressing HA-Ub; −, HEK293T cells with an empty plasmid; and Ubn, polyubiquitin. e) Cross-cancer analysis of copy number alterations (CNA) 
in ATXN7 based on the patient samples in the cBioPortal database. All patient samples (a total of 110,747 patients/115,399 samples from 262 studies) were                                                                                                                                                                                                                                                

(continued) 
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and 26S proteasomal degradation, thus unveiling a novel regula
tion of Sgf73 by the UPS in controlling its abundance/stability. 
Increased or decreased abundance of Sgf73 alters the association 
of TBP and RNA polymerase II with the active genes and hence 
transcription. Thus, our results reveal that Sgf73 is fine-tuned 
by UPS in orchestrating transcription.

Transcriptionally active genes are associated with histone H2B 
monoubiquitylation (Xiao et al. 2005; Bhaumik et al. 2007; Shukla 
and Bhaumik 2007; Shukla et al. 2009; Sen and Bhaumik 2013; 
Sen et al. 2013) which occurs via the sequential catalytic actions 
of E1 ubiquitin activating enzyme, E2 ubiquitin conjugase, and 
E3 ubiquitin ligase (Bhaumik and Malik 2008). In yeast, Rad6 and 
Bre1 are the E2 ubiquitin conjugase and E3 ubiquitin ligase for his
tone H2B monoubiquitylation, respectively (Xiao et al. 2005; 
Bhaumik et al. 2007; Shukla and Bhaumik 2007; Tanny et al. 
2007; Fleming et al. 2008; Shukla et al. 2009; Sen and Bhaumik 
2013; Sen et al. 2013). Such histone H2B ubiquitylation facilitates 
transcription elongation (Xiao et al. 2005; Shukla and Bhaumik 
2007; Tanny et al. 2007; Fleming et al. 2008; Sen et al. 2013). 
Histone H2B ubiquitylation is reversed by ubiquitin protease (or 
DUB), Ubp8, present within the DUB module of SAGA (Köhler 
et al. 2010; Samara et al. 2010; Bhaumik 2011; Samara et al. 2012; 
Cheon et al. 2020). Thus, histone H2B ubiquitylation is increased 
in the Δubp8 strain (Henry et al. 2003; Shukla, Stanojevic, et al. 
2006). Intriguingly, increased level of histone H2B ubiquitylation 
in the absence of Ubp8 impairs transcription elongation (Wyce 
et al. 2007), even though histone H2B ubiquitylation is known to fa
cilitate transcription elongation (Xiao et al. 2005; Shukla and 
Bhaumik 2007; Tanny et al. 2007; Fleming et al. 2008; Sen et al. 
2013). Thus, histone H2B ubiquitylation is fine-tuned by E3 ubiqui
tin ligase, Bre1, and DUB, Ubp8, for optimal transcription elong
ation. Alteration of this balancing act impairs transcription 
elongation (Shukla and Bhaumik 2007; Wyce et al. 2007; Sen and 
Bhaumik 2013; Sen et al. 2013). Thus, increased or decreased deu
biquitylation of ubiquitylated histone H2B would alter the level of 
histone H2B ubiquitylation to reduce transcription elongation. 
Histone H2B deubiquitylation can be decreased via the downregu
lation of the DUB activity of Ubp8. Sgf73 is required for the DUB ac
tivity of Ubp8 (Lee, Florens, et al. 2005; Köhler et al. 2008; Köhler 
et al. 2010) and, thus, decreased abundance of Sgf73 would lower 
Ubp8’s DUB activity, leading to increased histone H2B ubiquityla
tion (Köhler et al. 2008). Indeed, increased histone H2B ubiquityla
tion was observed in the absence of Sgf73 (Kohler et al. 2008; Lee 
et al. 2009). Such increased level of histone H2B ubiquitylation 
would reduce transcription elongation, as increased histone H2B 
ubiquitylation in the absence of Ubp8 has shown reduced tran
scription elongation (Wyce et al. 2007). In agreement, we also ob
served cellular growth defect in 6-AU (Supplementary Fig. 4a), 
when the cellular abundance of Sgf73 was reduced (Fig. 8a and 
b), leading to decreased DUB activity of Ubp8 (Lee, Florens, et al. 
2005; Kohler et al. 2008, 2010) and increased histone H2B ubiquity
lation. Consistently, the Δsgf73 strain also shows the growth de
fect in 50 μg/ml 6-AU as well as reduced association of RNA 
polymerase II and Sus1 with the active gene (Pascual-García 
et al. 2008). Unlike the growth defect phenotype of the Δsgf73 

strain in 6-AU (Pascual-García et al. 2008), Δsgf73 is not sensitive 
to MPA (Malik et al. 2017). Likewise, we do not observe the growth 
defect in MPA, when cellular Sgf73 level was reduced 
(Supplementary Fig. 4b). MPA depletes guanosine triphosphate 
(GTP) by inhibiting the inosine monophosphate dehydrogenase 
(IMPDH) activities encoded by 2 MPA-sensitive IMPDH paralogs, 
namely IMD3 and IMD4. Decreased level of GTP in the presence 
of MPA induces the expression of IMD2 via switching of the tran
scription start site, which contributes to the MPA resistance 
(Malik et al. 2017). Like MPA, 6-AU is also involved in inhibiting 
IMPDH (as well as orotidylate decarboxylase) to limit nucleotide 
pool for transcription elongation (Riles et al. 2004). However, the 
mechanism of action of 6-AU is less understood in comparison 
with well-known mechanism of uncompetitive inhibition of 
IMPDH by MPA (Riles et al. 2004). Since 6-AU and MPA have differ
ent inhibition activities, not all mutants are equally sensitive to 
6-AU and MPA (Riles et al. 2004), as was observed for Δsgf73 
(Pascual-García et al. 2008) or in the absence of Sgf73 
(Supplementary Fig. 4). Yet, there is a large of overlap of the mu
tants showing growth sensitivities to both 6-AU and MPA (Riles 
et al. 2004).

We find that increased abundance of Sgf73 reduced transcrip
tion elongation (Figs. 4–6). As mentioned above, Sgf73 is required 
for SAGA’s integrity and the DUB activity of Ubp8 (Lee, Florens, 
et al. 2005; Köhler et al. 2006; Shukla, Bajwa, and Bhaumik 2006; 
Köhler et al. 2008; Lee et al. 2009; Köhler et al. 2010; Durand et al. 
2014; Morgan et al. 2016; Wang et al. 2020). Thus, increased abun
dance of Sgf73 could enhance Ubp8’s DUB activity, leading to de
creased histone H2B ubiquitylation and consequently reduced 
transcription elongation (as decreased level of histone H2B ubi
quitylation impairs transcription elongation; Shukla and 
Bhaumik 2007; Sen and Bhaumik 2013; Sen et al. 2013). 
Alternatively, SAGA–associated Sgf73 interacts with the DUB 
components to assemble whole SAGA during transcription, and 
increased abundance of free Sgf73 could compete with SAGA–as
sociated Sgf73 to form DUB module outside SAGA, leading to im
pairment of DUB-containing whole SAGA assembly and hence 
altered transcription elongation. According to this model, one 
would expect to observe less recruitment of the DUB component, 
but not Sgf73 or core SAGA component (e.g. Spt20), to the UAS of 
the SAGA–regulated gene in response to increased abundance of 
Sgf73, and existence of DUB module without SAGA. Indeed, we ob
served decreased recruitment of the key DUB module component, 
Ubp8, but not core SAGA component (Spt20) or Sgf73, to the 
SAGA–regulated GAL1 UAS in response to increase abundance 
of Sgf73 (Fig. 7), and the DUB module is found to exist without 
SAGA (Köhler et al. 2008). Thus, our results indicate 
DUB-depleted SAGA in the presence of high abundance of Sgf73, 
which would alter histone H2B ubiquitylation, leading to the de
fect in transcription elongation (as both increased and decreased 
levels of histone H2B ubiquitylation impair transcription elong
ation; Xiao et al. 2005; Shukla and Bhaumik 2007; Wyce et al. 
2007; Fleming et al. 2008; Sen and Bhaumik 2013; Sen et al. 2013; 
Durairaj, Sen, et al. 2014). Indeed, we observe the defect in tran
scription elongation in the presence of high abundance of Sgf73 

Fig. 10. (Continued) 
analyzed in cBioPortal. The frequencies of 0.1% and above were plotted with a minimum sample number of 3.  f) Ataxin-7 levels were analyzed in kidney, 
lung, and uterine cancer patients based on Clinical Proteomic Tumor Analysis Consortium (CPTAC) samples using the UALCAN web portal. The Z values 
for ataxin-7 in normal and cancer samples are plotted. KIRC, kidney renal clear cell carcinoma; LUAD, lung adenocarcinoma; and UCEC, uterine corpus 
endometrial carcinoma. g) ATXN7 mRNA levels in kidney, lung, and uterine cancer patients based on The Cancer Genome Atlas (TCGA) samples using the 
UALCAN web portal.

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad071#supplementary-data
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(Figs. 4–6). Further, it is possible that DUB module might be inter
fering the interaction of SAGA with TBP, as DUB and TBP–interact
ing modules of SAGA are located closely to each other (Wang et al. 
2020). In fact, we observe increased TBP association with the pro
moter in the presence of high abundance of Sgf73 (Fig. 3c–e) that 
reduces recruitment of DUB module, but not core SAGA, to the 
gene (Fig. 7). Further, it may be possible that impairment of tran
scription elongation in the presence of high abundance of Sgf73 
might be slowing down the PIC disassembly (or transitioning of 
transcription initiating RNA polymerase II to elongation), thereby 
enhancing the PIC’s residence time at the promoter (and hence 
formaldehyde-based cross-linking and consequently increased 
ChIP signal). Nonetheless, our results reveal the defect in tran
scription elongation in the presence of high abundance of Sgf73 
(Figs. 4–6), consistent with decreased gene association of Ubp8 
(Fig. 7b), and such defect in transcription elongation might be in
directly enhancing the association of TBP with promoter. In add
ition or alternatively, DUB-depleted SAGA in the presence of 
high abundance of Sgf73 might be more efficient to recruit TBP 
to the promoter in comparison with the whole SAGA, which re
mains to be further elucidated.

Our results show that alteration of Sgf73 abundance/stability 
affects the association of TBP and RNA polymerase II with the ac
tive genes and hence transcription. Thus, Sgf73 abundance needs 
to be fine-tuned for its optimal function. Our results reveal the 
fine-tuning of Sgf73 by UPS (Figs. 1 and 2). Consistent with our re
sults, previous global analysis also indicated ubiquitylation of 
Sgf73 (Swaney et al. 2013), but its regulation by the 26S proteasome 
was unknown. Our results reveal the ubiquitylation and proteaso
mal degradation of Sgf73. Further, the K48 (lysine 48)-linked poly
ubiquitin chain undergoes 26S proteasomal degradation 
(Bhaumik and Malik 2008), and thus, Sgf73 is likely to be polyubi
quitylated through K48 linkage for proteasomal degradation. 
Moreover, since Sgf73 and UPS are conserved in humans, Sgf73’s 
human homologue, ataxin-7, is likely to be regulated by ubiquity
lation and proteasomal degradation. Indeed, we find that ataxin-7 
undergoes ubiquitylation and proteasomal degradation (Fig. 10a– 
d). Increased or decreased level of ataxin-7 in response to alter
ation of such UPS regulation would affect transcription. Indeed, 
increased or decreased level of ataxin-7 is found to alter transcrip
tion in human cells (Palhan et al. 2005; Ström et al. 2005; Guha et al. 
2022), similar to the results in yeast. Further, ataxin-7 is found to 
complement the function of Sgf73 in yeast (McMahon et al. 2005). 
Thus, our results reveal a conserved UPS regulation of Sgf73/ 
ataxin-7 in yeast as well as humans with physiological relevance. 
Further, ataxin-7 is found to be up and downregulated in various 
cancer patient samples (Fig. 10e–g) and other diseases such as 
childhood blindness, neurodegenerative disorder, attention def
icit/hyperactivity disorder, and ocular coloboma (Holmberg et al. 
1998; Lindenberg et al. 2000; Yvert et al. 2001; Yoo et al. 2003; 
Michalik et al. 2004; Palhan et al. 2005; Helmlinger, Hardy, et al. 
2006; Helmlinger, Tora, and Devys 2006; Garden and La Spada 
2008; Rüb et al. 2008; McCullough et al. 2012; Yanicostas et al. 
2012; Mohan, Abmayr, and Workman 2014; Mohan, Dialynas, 
et al. 2014; Karam and Trottier 2018; Carrillo-Rosas et al. 2019; 
Dela Peña et al. 2019; Niewiadomska-Cimicka and Trottier 2019; 
Cornelio-Parra et al. 2021). Thus, our results implicate the alter
ation of UPS regulation of ataxin-7 in these diseases. In agree
ment, ataxin-7 protein level, but not mRNA, is found to be 
increased in different cancer patient samples (Fig. 10f and g).

In summary, our results demonstrate that increased or de
creased abundance of Sgf73 is linked to altered association of 
TBP and RNA polymerase II with genes and hence transcription 

in yeast. Thus, Sgf73 needs to be fine-tuned for optimal transcrip
tion. We show here that UPS maintains the cellular level of Sgf73 
in yeast. Like in yeast, human ataxin-7 undergoes ubiquitylation 
and proteasomal degradation. Alteration of such regulation is 
likely to be associated with cancer, neurodegenerative disorder, 
attention deficit/hyperactivity disorder, ocular coloboma, child
hood blindness, and other diseases (as ataxin-7 is found to be up
regulated or downregulated in various cancer patient samples 
and disease states), which remains to be further elucidated to
ward searching for new etiologies of these diseases. 
Nevertheless, our results unveil here a novel UPS regulation for 
Sgf73/ataxin-7 in maintaining normal cellular health and open a 
new avenue for future research with implications in disease 
pathogenesis and therapeutic interventions.
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