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ABSTRACT

Epigenetic, transcriptional and signaling processes
in the nucleolus regulate rRNA transcription and cell
growth. We report here that the tumor suppressor
ING1b binds rDNA, regulates rDNA chromatin modi-
fications and affects nucleolar localization of mTOR
to modulate rRNA levels. ING1 represses rDNA tran-
scription by recruiting HDAC1 to rDNA loci, increas-
ing its association with the NoRC complex and
deacetylating the histone H3K9 and H3K27 marks of
active transcription. Loss of ING1 enhances nucleo-
lar localization of phospho-mTOR and its association
with Raptor and GBL, even during rapamycin treat-
ment. ING1 inhibits rDNA transcription by inhibiting
UBF activity and its interaction with mTOR. Regula-
tion of rDNA heterochromatin and rRNA synthesis
by ING1 is also apparent during normal cell growth
and during cell stress. Moreover, this function was
also important during PMA induced differentiation
of THP1 cells, since knocking down ING1 affected
the process by inhibiting rRNA transcriptional re-
pression. These observations show that ING1 reg-
ulates the nucleolar epigenome and rDNA transcrip-
tion suggesting that regulation of protein synthesis
might serve as the basis for ING1 function as a type
Il tumor suppressor.

INTRODUCTION

The human nucleolar organizing region (NOR) contains
~400 copies of rDNA repeats distributed in five chromo-
somes in tandem arrays. RNA polymerase I transcribes
each rDNA repeat into a single 47S precursor rRNA, which
is subsequently processed into mature 18S, 5.8S and 28S
rRNA molecules (1,2). Synthesis of rRNA, which can ac-
count for up to 60% of total cellular transcription (3), deter-

mines the number of ribosomes in cells. The rate of rRNA
transcription is tightly coupled to nutrient availability, and
many positive (ERK, mTOR, CBP, c-Myc) and negative
(p53, Rb, PTEN, ARF, AMPK, GSK3B) growth regula-
tory pathways converge on RNA Pol I to couple rRNA syn-
thesis to the metabolic state of the cell (4,5). The upstream
binding factor UBF1 is the major Pol I transcription factor
(6,7). Binding of UBF1 to the rRNA promoter, regulated
by posttranslational modifications, is important for pre-
initiation complex assembly and efficient Pol I transcription
(8,9). UBF1 binds throughout the rDNA loci, determining
the number of transcriptionally active repeats (10,11). In
a normal diploid cell about 40-50% of these tandem units
are actively transcribed while the rest are maintained inac-
tive as heterochromatin (3). Active rDNA repeats typically
contain histone marks of active transcription while inac-
tive repeats harbor repressive marks associated with consti-
tutive heterochromatin. Heterochromatinization of rDNA
repeats is regulated by the spacer promoter that is located
within the intergenic spacer (IGS) region separating con-
secutive TDNA coding regions. Intergenic transcripts gen-
erated from the IGS recruit the nucleolar chromatin remod-
elling complex (NoRC) to silence rDNA in response to en-
vironmental cues and also during terminal differentiation
(12,13). Chromatin regulators like HDACI (14), DNMT1
(13), SMARCADI (15), PARP1 (16), SIRT1 and SUV39H]1
(17) are mediators of NoRC-mediated transcriptional si-
lencing of rDNA. The nucleolar proteome consists of core
structural components and proteins that shuttle between
the nucleus and nucleolus. Most nucleolar epigenetic and
transcription regulators are non-structural proteins that are
differentially targeted to the nucleolus depending on the
state of cell growth or phase of the cell cycle (2,18). The
mechanisms by which chromatin factors are recruited into
the nucleolus to modulate rDNA epigenetic state and cell
growth are only beginning to be characterized.

The mammalian target of rapamycin (mTOR), a criti-
cal regulator of cell growth, affects several processes dur-
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ing protein synthesis including rDNA transcription, rRNA
processing, expression of ribosomal proteins, ribosomal as-
sembly and activation of translation factors (19). mTOR
regulates rDNA transcription by activating TIF-IA, while
its inhibition reduces rRNA transcription (20). It also al-
ters nucleolar chromatin structure during stress responses,
establishing a Pol I-permissive environment (21). Effec-
tor proteins of the mTOR pathway, such as p70 S6K, are
thought to mediate its nucleolar effects (22). Recent reports
suggest a more direct role where mTOR translocates to nu-
cleoli to bind rDNA chromatin (23,24), but the mechanisms
by which it alters rDNA transcription is not known.

The inhibitor of growth (ING) family of proteins are
evolutionarily conserved members of HAT and HDAC
complexes that contain a plant homeodomain (PHD) that
specifically binds trimethylated H3K4, a mark of active pro-
moters (25-29). The five human ING genes encode type
IT tumor suppressors that are frequently downregulated or
mislocalized in cancer cells (30-32). Knockout of ING1
results in development of spontaneous B-cell lymphomas,
while its ectopic expression induces cell cycle arrest and
apoptosis (31). ING proteins serve as histone code readers,
regulating local chromatin architecture and gene expres-
sion, by targeting HAT and HDAC complexes to specific
loci (29,32-36). ING1 also bridges the Sin3 co-repressor
complex to DNMTT1 to maintain histone hypoacetylation at
pericentric regions (37) and to regulate GADD45-mediated
DNA demethylation (38). ING proteins localize mainly to
cell nuclei, but increased nucleolar translocation of ING1
has been described during UV induced apoptosis (39,40).
This translocation was dependent on two nucleolar target-
ing signals (NTS) on INGI1 (39), but the functions of ING1
in the nucleolus were unclear.

In this study, we characterize the effect of ING1 on rDNA
transcription in the nucleolus. We show that ING1 physi-
cally associates with rDNA repeats. ING1 is required for
efficient recruitment of HDACI to nucleoli and for its co-
operation with the nucleolar remodeling complex (NoRC)
to enforce heterochromatinization and silencing of rDNA
repeats. Furthermore, knockdown of ING1 increases nu-
cleolar localization of mTOR and its association with the
major Pol I transcription factor UBF1. ING1 affects acety-
lation of histones on rDNA chromatin, and regulates the
number of active rDNA repeats available for Pol I transcrip-
tion. Our results, therefore, identify rDNA chromatin mod-
ification and rRNA transcription as novel epigenetic regu-
latory targets of ING1.

MATERIALS AND METHODS
Cell culture & transfections

Hs68 fibroblasts, HEK 293, A431 and HeLa cells were ob-
tained from ATCC, cultured and maintained in DMEM
(Lonza) supplemented with 10% fetal bovine serum (Gibco,
Invitrogen) at 37°C under 5% CO,. The knock down sta-
ble cell lines were generated using the pINDUCER lentivi-
ral tool kit (a gift from Dr Steven Elledge, Harvard Med-
ical School) and were maintained in medium containing
puromycin (41). Induction of the knock down was car-
ried out using 100ng/ml of doxycycline for 72 h. THP-
1 (ATCC: TIB-202) cells were maintained in RPMI-1640,
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supplemented with 10% fetal bovine serum. Differentiation
of these cells to macrophages was achieved by treating them
with 10 nM PMA for 3 days. The differentiation process
was analyzed by monitoring the expression of CD14 pro-
tein. Electroporation of THP-1 cells were carried out with
0.3 kV and capacitance of 1.07 x 1000 wF using a Bio-
Rad electroporator. 3 x 107 cells were resuspended in 300
of RPMI 1640 growth medium supplemented with 20 mM
HEPES. The cells were electroporated with 20 g of plas-
mid DNA or 80 nM of siRNA and placed on ice for 5 min.
They were then placed in excess growth medium and ana-
lyzed for knockdown efficiency after 72 h.

RNA isolation and quantitative real-time PCR

Total RNA from cells were isolated using TRIzol (Invit-
rogen) according to the manufacturer’s instructions. After
treating with DNase I (Qiagen) to remove any genomic
DNA contamination, the RNA was reverse transcribed us-
ing a High-Capacity cDNA Reverse Transcription kit (In-
vitrogen). Real-time PCR was carried out in triplicate using
Maxima SYBR Green qPCR Mastermix (Fermentas) on
an Applied Biosystems 7900HT Fast Real-time PCR system
using standard protocol. B-Actin or GAPDH were used as
endogenous normalization controls. Relative fold changes
were determined using the comparative threshold (ACT)
method (42).

ChIP

Chromatin enrichment of proteins was analysed using a pre-
viously described protocol (43). Antibodies used for ChIP
experiments were purchased as indicated: anti-Flag (M2;
Sigma), UBF (F-9; Santacruz), HDACI1 (10E2; Cell Sig-
naling), Tip5 (Diagenode), acetyl-H3K9 (C5B11; Cell Sig-
naling), acetyl-H3K27 (DSE4; Cell Signaling). Monoclonal
antibodies to ING1 was generated in a local hybridoma fa-
cility (44). The rDNA locus primers used were those de-
scribed previously (45).

Protein synthesis assay

Global protein synthesis was measured using a recently de-
veloped non-radioactive, SUnSET protocol (46). Briefly,
the A431 cells stably expressing ING1 or scrambled shRNA
pulsed with 1g/ml puromycin and chased for 50 min at
37°C with 5% CO,;. The lysates were resolved on a gra-
dient gel and protein synthesis was monitored by western
blotting with anti-puromycin antibody (1:20 000) and light
chain specific IgG-HRP.

Stress conditions

The cellular stress conditions were imposed by either sub-
jecting cells to growth factor deprivation by serum starva-
tion for 48 h or by glucose deprivation, by growing them
in medium containing no glucose for 24 h. Translational
stress using rapamycin was by maintaining cells in serum
free medium overnight and releasing them in serum con-
taining growth medium after pre-treatment with or without
20 nM rapamycin. Cells were analyzed 24 h after release.
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Statistical analyses

All data are expressed as mean =+ standard deviation from at
least three independent experiments. The statistical analyses
were done using Student’s ¢ tests for two samples and one-
way analysis of variance (ANOVA) for differences among
groups, using GraphPad Prism software. A probability of P
< 0.05 was taken to be statistically significant.

RESULTS
Regulation of 47S pre-rRNA levels by ING1

We initially confirmed the nucleolar localization of ING1
(39), and analyzed whether it affects rRNA levels. A sig-
nificant fraction of both mCherry-ING1 and ING1-GFP
fusion proteins co-localized with the nucleolar proteins nu-
cleolin and fibrillarin in HelLa cells (Figure 1A and Sup-
plementary Figure S1). We also observed that endogenous
INGTI protein in both HeLa and HEK?293 cells coimmuno-
precipitated with nucleolar proteins nucleolin and fibrillarin
(Figure 1B). This co-precipitation was independent of RNA
since RNase A treatment of lysates did not affect the in-
teraction. Association of ING1 with nucleolin was DNA-
dependent as DNase I reduced the co-precipitation, but its
interaction with fibrillarin was unaffected by either nucle-
ase. Mutating the two ING1 NTS motifs (39) blocked nu-
cleolar, but not nuclear, localization (Figure 1C). Deletion
of the PHD motif of ING1, implicated in chromatin bind-
ing, did not affect its nucleolar localization and its cellular
distribution resembled overexpressed wild type ING1 (Fig-
ure 1D).

The primary function of nucleoli, which contain rDNA
repeats, is TRNA synthesis. Hence, we analysed the effect of
INGI1 levels on rRNA synthesis using qPCR. HEK293 and
HeLa cells stably transfected with doxycycline-inducible
shINGI constructs, and Hs68 primary fibroblasts trans-
fected with ING1-targeting siRNA, showed consistent in-
crease in 47S pre-rRNA levels (Figure 1E), while overex-
pression of ING1 reduced pre-rRNA transcripts in the cells
(Figure 1F). This suggested that INGI regulated levels of
47S rRNA. INGI knockdown maintained the normal fib-
rillarin distribution in nucleoli of HeLa cells suggesting an
intact nucleolar structure (Supplementary Figure S2). Since
we have observed UV-dependent translocation of ING1 to
the nucleolus, we also asked if UV would counter the effects
of ING1 knockdown by directing residual INGI1 to the nu-
cleolus. However, UV treatment did not significantly reduce
the ability of ING1 knockdown to increase rRNA levels in
different cell lines (Supplementary Figure S3).

ING1 binds rDNA repeats and targets HDACI1 to the nucle-
olar remodelling complex (NoRC)

We next asked whether nucleolar ING1 functioned by bind-
ing the rDNA promoter. Chromatin immunoprecipitation
and quantitative PCR (qChIP) analysis of Hs68 diploid fi-
broblast strains showed that ING1 associated with rDNA
across the length of the repeats, although it was more abun-
dant in the coding and IGS region than the upstream con-
trol element (UCE) or the transcriptional start site (TSS)
(Figure 2A). Previous studies have suggested that intergenic

spacer repeat transcripts recruit the NoRC complex to reg-
ulate the epigenetic state of TDNA (12,47). As NoRC is a
major regulator of IDNA chromatin, we analyzed whether
INGI affected recruitment of the NoRC to the repeats.
gChlIP analysis showed no significant difference in the bind-
ing of the NoRC subunit Tip5 to rDNA when ING1 was
knocked down (Figure 2B).

As a component of the Sin3/HDAC complex, INGI
modulates local histone acetylation at Pol II promoters by
recruiting HDAC (28,29). Since NoRC-mediated silencing
of rDNA repeats requires HDACI (14), we tested the effect
of altering INGH levels on recruitment of HDACI to rDNA
loci, and the interaction of HDACI with Tip5. As shown
in Figure 2C, ING1 knockdown reduced the association of
HDACI1 with rDNA. Furthermore, ING1 knockdown also
reduced the association of HDACI with the Tip5 protein
(Figure 2D). This suggested that INGT1 acts as a scaffold to
affect the state of nucleolar DNA by recruiting chromatin
modifiers.

ING1 regulates UBF function in nucleoli

UBF is a transcription factor that is required for Pol I-
mediated rRNA synthesis. Since knockdown of INGT1 af-
fected rRNA levels and HDAC recruitment to rDNA,
we analyzed its effect on UBF binding to rDNA repeats.
Knockdown of INGI increased the nucleolar UBF sig-
nal without affecting its total protein levels, suggesting an
increase in binding of UBF to rDNA promoters (Figure
2E and F). ChIP assays with nuclear extracts of control
and INGI1 knockdown cells also showed 2- to 7-fold in-
crease in UBF binding at the rDNA repeats (Figure 2G).
Deacetylation of UBF by HDACI is known to inactivate
it, resulting in inhibition of rRNA transcription (6). Since
we observed reduced HDACT association when ING1 was
knocked down, we analysed the effect of INGI1 levels on
UBF-HDACI association. Co-immunoprecipitation anal-
ysis showed that knockdown of ING1 reduced the UBF-
HDACT association (Figure 2H) and western blotting of the
immunoprecipitated UBF using anti-acetyl lysine antibody
showed that it was maintained in a hyperacetylated active
state in these cells.

INGT1 affects the epigenetic state of rDNA

To test whether HDACT is required for ING1 to regulate
rRNA levels we treated GFP and INGI1 expressing cells
with the HDAC inhibitors trichostatin A (TSA) or suberoy-
lanilide hydroxamic acid (SAHA). As shown in Figure 3A,
while INGT1 expression repressed rRNA transcript levels in
HEK?293 and in HeLa cells, HDACi treatments abrogated
this effect and maintained rRNA levels similar to that of
GFP expressing cells undergoing the same treatment, con-
firming that HDACT is required for this regulation. HDAC1
mRNA levels during ING1 knockdown was comparable to
control conditions (Figure 3B). Furthermore, we found that
overexpression of HDAC1 during ING1 knockdown did
not increase HDAC]1 binding to rDNA promoters (Figure
3C), showing that ING1 was required for HDACI to bind
rDNA and to associate with UBF and NoRC.

We next analysed the role of the Sap30 interacting
domain (SAID) of INGI, which associates with the
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Figure 1. INGH localization to the nucleolus requires the NTS. (A) HeLa cells transfected with mCherry-ING1b were immunostained for nucleolin and
fibrillarin. (B) HEK293 and HeLa cells were lysed using RIPA buffer or RIPA buffer containing DNAse, RNAse A or benzonase. Lysates were immuno-
precipitated with ING1 antibody (44) and precipitates were blotted for nucleolin and fibrillarin. (C) NTS motifs (red) found in the NLS of ING1. Residues
were mutated to asparagine in the NTS mutant. The GFP-INGI-NTS mutant (panel C) and GFP-ING1-PHD deletion mutant (D) were analyzed by
immunofluorescence. DAPI stained nuclear DNA. (E) HEK293 or HeLa cells stably expressing shControl or shING1 were induced with doxycycline for
3 days and checked for 478, 36S and 32S pre-rRNA levels by qRT-PCR (P < 0.05). Western blots show efficiency of ING1 knockdown. Hs68 fibroblasts
transfected with control or siING1 were analyzed for 47S levels by qRT-PCR (P < 0.04). The level of INGI mRNA shows knockdown efficiency. (F)
HEK?293 or HeLa cells infected with control-GFP or GFP-ING1 adenoviral constructs were analyzed for 47S levels after 48 h (P < 0.05).

mSIN3A/HDACI complex (34) in regulating rDNA ex-
pression. We observed that cells transfected with AN-ING1
(lacking the SAID) showed reduced association of HDAC1
with TDNA compared to cells expressing WT-ING1 (Fig-
ure 3D). Association of HDACI in cells expressing AN-
ING1 was comparable to that observed in ING1 knock-
down cells, demonstrating that ING1 mediated its effects
on rDNA through HDACI (Figure 3D). HDACI regulates
heterochromatin formation and promoter activity through

altering histone acetylation at target sites. Hence we anal-
ysed the acetylation status of H3K9 and H3K27 residues,
which are associated with increased transcription, at IDNA
loci. Knockdown of INGI1 increased acetylation of both
these residues along most of the rDNA repeats in all three
cell lines tested (Figure 3E). Although the acetylation status
at H3 was affected by knockdown of ING1, the density of
total histone H3 at the rDNA loci did not differ significantly
between the control and the ING1 knockdown lines (Sup-



1780 Nucleic Acids Research, 2017, Vol. 45, No. 4

1.59 HEK293

B8 CulshRNA
33 INGI shRNA

3 Ad-GFP
Ad-INGIb

Rel. binding of HDACT at the rDNA locus

rH429 rH4  rHS  rHI3  rHIS  rH27  rH32  rH42

Relative binding of ING1 at the rDNA locus

A Y

2 A1AANMNHIMETEDETAEDETESDEOOONNNY

I
[ L -

He2 Ha29

5 THTI

Hs68

2
E
z
g
S
z
B
B

. &
Bl CulsiRNA A >
SR
B3 INGI siRNA

W - INGL

[S— o Actin

Binding of HDAC] at the rDNA locus

(429 rH4  cHS  rHI3 fHIS  rH2T rH32

0
B 3 2.5 < Z

2 z &

p D £ =

Z 204 t 8

= . o £

2 g HDACI-Tip5 interact

= Tips "1-Tip5 interaction

= 15 E " P P

“ 3 CutlshRNA - HDAC1 100

£ :| ..

= Bl INGI shRNA

= 1.0 .

: -

S 50

£ H

§ K] - B NGi

3 0.0- - Actin Cirl Sh(RNA  ING1 shRNA

~ rH429 rH4  rH$ rHI3 rHIS rH27 rH32 rH42

F _A431 _Hela

shControl
E 0 ShINI n ING1 Ctrl ING1 Ctrl  shRNA

UBF

ING1

Actin

G 3, HEK293 ctrl  INGlb
shRNA _ shRNA
. HDAC1
@ CtrlshRNA :
3 INGI shRNA S| e — Ac-Lysine
&

o]
T = Ctrl ShRNA

S ING1 ShRNA

0
rH429 rH4  rHS  rHI3  rHIS  rH27  rH32  rH42

e ING1

Input

HDAC Ac-UBF
8 A431 — e Actin

@ Ctrl shRNA
3 INGI shRNA

rH429  rH4  rHS  rHI3  rHIS  rH27  rH32  rH42

Relative binding of UBF at the rDNA locus Relative binding of UBF at the rDNA locus
o

Figure 2. INGI co-operates with the NoRC to repress rRNA transcription. (A) Chromatin from Hs68 cells infected with Ad-GFP or Ad-ING1b were
analyzed for INGI binding at rDNA loci by ChIP (P < 0.04). Location of primer sequences in the rDNA locus used in all ChIP assays is shown. (B)
HEK?293 cells expressing control or shING1 were analyzed for Tip5 binding at the rDNA locus by ChIP. Binding was quantified by densitometry and
is shown in the graph (P < 0.05). (C) HDACI binding to rDNA was analyzed in HEK293 cells expressing control or shING1 (P < 0.05). Hs68 cells
transfected with control or siING1 were assayed by ChIP to check relative enrichment of HDACT at the rDNA locus. The blot shows efficiency of ING1
knockdown. (D) HeLa cells expressing shControl or shING1 were immunoprecipitated for HDACI and precipitates were blotted for Tip5 (270K Da) and
HDACTI as a control. (E) Control and ING1 knockdown HeLa cells were immunostained in parallel with UBF antibody and photographed using identical
settings. (F) Protein levels of UBF, ING1 and actin in A431 and HeLa cells expressing control or shING1. (G) ChIP analysis in HEK293 and A431 cells
to check UBF binding in the rDNA locus, with or without ING1 knockdown (P < 0.05). (H) HEK293 cells expressing control shRNA or shING1 were
immunoprecipitated with UBF antibody to analyze association with HDACI. The IP lysates were also blotted with anti-acetyl lysine (Ac-lysine) to check
for levels of acetylated UBF. The blots were quantified by densitometry (P < 0.04).



Relative enrichment at the rDNA locus

Relative enrichment at the rDNA locus

Enrichment at the rDNA locus

b

bd

4

rH42.9

B3 INGI shRNA

HI H4e  fHS fHI3

A431 H3K9ac

3 Ctrl shRNA
EE INGI shRNA

rH1 rH4 TH8 rHI13
Hs68 H3K9ac
@8 CurlsiRNA

EE INGI siRNA

rHI  rH4  rHS  rHI3

HI8

rH18

relative 478 levels

rH18

A HEK293
250,
= 200
o *
>
2 150
172
g
T 100
Z
=
& x&;y vgy S & f
LS A
$ Q‘l (,\“ S
¢ N
S
HDAC1
B =
S 150 ns
2
2 q00{ =
%
o 50
=
g 4
~ Ctrl shRNA ING1 shRNA
D 15
v
=
2 @8 WtINGI
<ZC EA AN-INGT
2 1.0]
-
o
=
=
g
5 0.5]
g
o0
o
=
=
& 0.0 : ;
rH42.9 rH4 rH8 rH13
E
3.54 HEK293 H3K9ac
3.0
2.54 3 CtrlshRNA

H27

rH27

250

200

150

100

50|

0

HeLa

2

relative 478 levels

S g &
&

H32

rH32

rH27

Enrichment at the rDNA locus

X

&

Relative binding at the rDNA locus

Relative enrichment at the rDNA locus

rH42.9

ment at the rDNA locus

-
o
]

-
o
1

rH32

A

rH42.9

R

O &
S

e

N
&

@\ CtrlshRNA+HDAC1
EE INGIshRNA+HDACI

rH1 rH4 rH8

rH42

HEK293 H3K27Ac

3 CulshRNA
B3 INGI shRNA

3 CulshRNA
B3 INGI shRNA

4 HS fHI3 HIS

A431 H3K27Ac

HA29  (HI  H4  GHS  fHI3 HIS
4q
Hs68 H3K27Ac¢
3
BB CulsiRNA

rH42.9

E3E INGI siRNA

rH1

rH4  rHS  rHI3  rHI8

rH13

H27

H27

rH27

Nucleic Acids Research, 2017, Vol. 45, No. 4 1781

rH18

H32

rH32

Hs68

rH27

S

Relative enrichment at the rDNA locus

Relative enrichment at the rDNA locus

rH32 rH42

HDAC1 KD - H3K9Ac

@R Ctrl siRNA

EZE  HDACI siRNA

rH42.9  rH1 rH4 rH8  rH13 rHI8 rH27 rH32

HDAC1 KD - H3K27Ac¢

@l Ctrl siRNA

E=3 HDACI siRNA

rH42.9 rH1 rH4 rH8 rH13 rH18 rH27 rH32



1782 Nucleic Acids Research, 2017, Vol. 45, No. 4

G
‘\“ $
3 Active
100 Inactive
B <— active
. <«—inactive 80
= 60
2
= 40
20
Control SlRNA  INGI shRNA
EtBr
staining
1
H \(0\ [
INGI shRNA C°° S
- Control SlRNA 3 INGI sh &
M ﬂﬂ puromycin
Mnase - Mnase -

~ Coomassie
Blue

Figure 3. INGI affects the epigenetic state of rDNA. (A) HEK293 and HeLa cells transfected with control GFP or ING1 plasmid were treated with DMSO,
TSA or SAHA for 24 h and checked for 47S rRNA levels by qRT-PCR (P < 0.05). Lower panel: Hs68 cells infected with Ad-GFP or Ad-ING1 for 24 h
were treated with DMSO, SAHA or TSA. 47S rRNA levels were assayed using qRT-PCR (P < 0.05). (B) mRNA levels of HDACI in control and ING1
knockdown cells by qRT-PCR. (C) HEK293 cells treated with control or shINGI1 for 48 h were transfected with pcDNA-HDACI1-flag. Relative enrichment
of HDACI was analyzed at the rDNA locus by ChIP (P < 0.05). (D) HEK293 cells transfected with pCI-Wt-ING1-flag or pCI-ING1AN-flag (lacks aa
1-125 constituting the SAID domain) were assayed for HDAC]1 binding at rDNA by ChIP using HDACI antibody (P < 0.04). (E) HEK293 and A431
cells expressing shING1 and Hs68 cells transfected with control or siING1 were assayed by ChIP for relative enrichment of acetyl H3K9 and acetyl H3K27
at the rDNA locus. (F) Hs68 cells transfected with either control siRNA or HDACI1 siRNA were analysed for acetylation at H3K9 and K27 residues by
ChIP assay (P < 0.05). (G) Nuclei of A431 cells stably expressing control or shING1 were crosslinked with psoralen and analyzed by biotin-labelled probe
to the core rDNA promoter. The agarose gel stained with ethidium bromide serves as a loading control. The graph shows the means for quantification
of active versus inactive rDNA repeats from three experiments (P < 0.05). (H) Nuclei from A431 control or shING1 cells were digested with MNase to
estimate relative amounts of accessible rDNA repeats. Amplicons of the MNase digested samples were normalized with respect to undigested controls (P
< 0.05). (I) A431 cells expressing control or shING1 were checked for puromycin incorporation as a measure of protein synthesis. The membrane stained
with Coommassie Brilliant Blue serves as a loading control.

plementary Figure S4). This suggested that reduced levels
of ING1 increased the signatures associated with open chro-
matin and efficient Pol I transcription on rDNA. We further
compared the histone acetylation pattern at the rDNA loci
induced by knockdown of INGI1 to the pattern induced by
siRNA-mediated knockdown of HDACI itself. As shown
in Figure 3F, HDAC1 knockdown also resulted in increased
acetylation of H3K9 and K27 residues, but the patterns ob-
served were distinct from that of ING1 knockdown. This
difference might be due to the presence of HDAC2, which
is functionally redundant with HDACT1 in many conditions,
while ING1 targets both HDAC]1 and 2 to chromatin as the
part of mSIN3A/HDACI complex.

We analyzed whether these modifications altered the or-
ganization of rDNA chromatin and increased the number
of active rDNA repeats available for Pol-1 transcription.
We used two assays, psoralen crosslinking and micrococ-
cal nuclease (MNase) digestion, which are based on suscep-
tibility of open chromatin to the intercalating agent pso-
ralen and MNase activity, respectively. A431 cells showed
an increased proportion of slower migrating, psoralen-
crosslinked active rDNA units (from 28% to 43% of the to-
tal, ~1.7-fold increase), suggesting decondensation or re-
duced heterochromatinization of rDNA when ING1 was
knocked down (Figure 3G). MNase digestion of rDNA
chromatin confirmed the increase in susceptibility of IDNA



in ING1 knockdown cells (Figure 3H). Hence, ING1 pro-
motes establishing the heterochromatinization of rDNA re-
peats by facilitating NoRC-HDACT association.

Since rRNA levels are a limiting factor in ribosome bio-
genesis and protein synthesis (48), we tested if increased
rRNA levels seen during ING1 knockdown affected protein
synthesis. Using the recently developed SUnSET protocol
which measures incorporation of puromycin into nascent
peptides, we observed an almost 2-fold increase in global
protein synthesis in A431 cells expressing ING1 shRNA
(Figure 3I). This suggested that regulation of rRNA expres-
sion by INGI affects cell growth through regulating total
protein synthesis.

INGI1 regulates rRNA expression during glucose deprivation
and rapamycin treatment

Cells respond to several stresses by reducing rRNA syn-
thesis either by inhibiting Pol I machinery through post-
translational modifications or by increasing heterochro-
matin content of TDNA repeats. Stress conditions such as
glucose deprivation and rapamycin treatment lead to epi-
genetic modifications that increase rDNA heterochromatin
formation and reduce rRNA synthesis (17,18,21,49). We
used these conditions to test the role of INGI in rDNA
heterochromatinization during stress. Both rapamycin and
glucose deprivation reduced rRNA levels in A431 cells and
Hs68 primary diploid fibroblasts, and knockdown of ING1
during stress inhibited this effect (Figure 4A—C). This fail-
ure of transcriptional repression was mainly due to lack
of decondensation of rDNA chromatin, as evident from
the susceptibility of these cells to MNase digestion (Fig-
ure 4D). Interestingly, we noted marginal increases in ING1
mRNA levels during these stress conditions, consistent with
INGI1 functioning as part of a cellular stress response pro-
gram (50) (Supplementary Figure S5) that can be altered by
changing subcellular localization (32).

ING1 regulates nucleolar translocation and activity of
mTOR

mTOR is a critical node in a cell signalling network that
links cellular metabolic state to TDNA transcription and
protein synthesis. Since we observed that ING1 was re-
quired for efficient rRNA repression during rapamycin
treatment and glucose deprivation, two conditions that in-
hibit mTOR function, we tested whether knockdown of
INGI affected mTOR-mediated regulation of rRNA levels.
Immunofluorescence analysis showed that ING1 knock-
down and TSA treatment increased mTOR staining in the
nucleoli of A431 cells (Figure 5A). Western blotting of puri-
fied nucleoli of A431 cells transfected with control or ING1-
specific siRNA, or treated with TSA, showed that ING1
knockdown induced a 2-fold increase in the nucleolar lev-
els of mTOR (Figure 5A, right panels). Both ING1 knock-
down and TSA treatment increased the levels of mTOR
phosphorylated on the S2448 residue in nucleoli. Consis-
tent with our previous observations, increased UBF levels
and reduced HDACI levels were also evident in these nu-
cleolar lysates (Figure 5A).
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We also observed that knockdown of INGI increased
association of mTOR with the TORCI1 components, Rap-
tor and GBL in the presence of rapamycin (Figure 5B),
consistent with ING1 being required for efficient inhibi-
tion of mTOR by rapamycin. Recent reports have sug-
gested that, in addition to regulating downstream effec-
tor kinases, mTOR can directly interact with rDNA chro-
matin (23,24,51). Activation of UBF is one of the mecha-
nisms by which mTOR increases rRNA synthesis, and since
knockdown of INGI increased nucleolar localization and
association of UBF with rDNA chromatin, we tested for
UBF-mTOR association by co-immunoprecipitation. As
shown in Figure 5C, knockdown of ING1 increased associ-
ation of UBF with mTOR. Consistent with the immunoflu-
orescence data on mTOR localization (Figure 5A), knock-
down of HDACT also increased mTOR—-UBF association,
but mTOR inhibitors Torin and rapamycin reduced this as-
sociation (Figure 5D). In order to analyze whether ING1
inhibited the mTOR-UBF interaction during rapamycin
treatment, we immunoprecipitated UBF from rapamycin-
treated cells after ING1 or HDAC1 knockdown. Blotting
these immunoprecipitates showed that rapamycin-mediated
inhibition of mMTOR-UBF association was reduced when
either ING1 or HDACI1 was knocked down (Figure SE).
This suggests that the INGI-HDAC1 complex and mTOR
have opposing roles in regulating rDNA transcription and
that rapamycin-mediated rDNA transcriptional repression
requires ING1/HDACI activity.

To confirm that mTOR activity increased rRNA tran-
scription during ING1/HDACI knockdown, we analyzed
the 47S rRNA transcript levels in ING1 knockdown cells
in the presence or absence of the mTOR kinase inhibitor,
Torin. The increase in 47S transcript levels that we previ-
ously observed upon ING1 knockdown was inhibited by
Torin (Figure S5F and G), confirming that loss of ING1 and
HDACI increased the localization and activation of mTOR
in the nucleolus, where it associated with UBF to increase
rDNA transcription.

Epigenetic silencing during monocyte differentiation is medi-
ated by ING1

Cells exiting the cell cycle during terminal differentiation
often have reduced requirements for protein synthesis, and
they turn off a fraction of their rRNA genes through epige-
netic modifications (52-55). We used phorbol 12-myristate
13-acetate (PMA)-induced differentiation of THP-1 mono-
cyte cells to macrophages as a model to analyze the role
of INGI in this process. The PMA-induced differentiation,
confirmed by the expression of macrophage-surface marker
CD14 (Figure 6A) using immunofluorescence and flow cy-
tometry, resulted in reduced rRNA levels in THP-1 cells
by day 3 (Figure 6B). ChIP analyses showed that associa-
tion of ING1 with rDNA increased several fold on the sec-
ond day of PMA treatment, with a concomitant decrease
in UBF binding (Figure 6C). This difference corroborated
the observation that ING1 and UBF showed reciprocal as-
sociation and function on rDNA loci. Moreover, adenovi-
ral overexpression of ING1 in undifferentiated THP-1 cells
reduced UBF binding to rDNA (Figure 6D). Conversely,
PMA treatment of siINGI-transfected THP-1 cells failed
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to repress rDNA transcription, with cells showing higher
levels of 47S and 18S rRNA (Figure 6E), resulting in re-
duced differentiation of THP-1 cells as shown by flow cyto-
metric analysis of CD14 surface marker (Figure 6F) and in-
creased THP1 cell proliferation (Supplementary Figure S6).
This alleviation of rRNA repression in cells with reduced
ING1 levels, concomitant with defective HDACI recruit-
ment and increased UBF binding to rDNA, was evident in
qChIP analysis (Figure 6G). These observations show that
the nucleolar ING1-HDAC axis is a significant regulator of
rDNA epigenetics and transcription.

DISCUSSION

In this study, we describe a novel role for INGI1 in reg-
ulating rRNA transcription by modulating nucleolar lo-
calization and function of HDACI and mTOR. INGI
bound throughout the rDNA loci, but was enriched at in-
tergenic spacer regions. Knockdown of ING1 reduced bind-
ing of HDACI1 to rDNA, resulting in attenuated NoRC-
mediated transcriptional silencing, and increased H3K9
and H3K27 acetylation, rDNA decondensation, and the
number of active rDNA copies. Increase in the acetylation
status of rDNA chromatin that we observed correlates with
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active transcription (56) while silent NORs have repressive
methyl H3K9 (57). ING1 knockdown altered chromatin
structure and alleviated HDAC1-mediated deacetylation,
increasing UBF binding across the rDNA locus. Knock-
down of HDACT also resulted in hyperacetylation of his-
tones at the rDNA loci, although in a different pattern com-
pared to ING1 knockdown, most likely due to the activ-
ity of the closely related HDAC?2 in these cells. We also ob-
served increased nuclear localization of mTOR and its in-
teraction with UBF upon ING1 knockdown. Furthermore,
INGI1 knockdown partially alleviated the inhibitory effect
of rapamycin on mTOR in the nucleolus, suggesting func-

tional antagonism between nucleolar ING1 and mTOR.
The effect of ING1 on rRNA levels during stress and differ-
entiation, and increase in protein synthesis observed during
ING1 knockdown, suggest that nucleolar ING1 is an im-
portant regulator of cell growth.

Epigenetic modifications mediated by the energy-sensing
complex eNoSC is known to repress rDNA transcription
during nutrient stress. The SIRT1 deacetylase, which as-
sociates with the eNoSC protein complex, deacetylates hi-
stone H3 and inhibits Pol I transcription during nutrient
stress (17). Similarly, inhibition of TORCI1 by rapamycin
leads to association of the Sir2-containing RENT com-
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plex to rDNA loci, leading to increased deacetylation and
rDNA silencing in yeast (58). Here we report that ING1
is a chromatin regulator that recruits HDACI to modify
the epigenetic state of nucleolar DNA by histone acetyla-
tion. We analysed the role of INGI1 as an epigenetic regu-
lator under conditions of stress and THP-1 differentiation.
As in normal cells, knockdown of INGI in differentiating
THP-1 cells inhibited transcriptional repression of rRNA
and increased UBF binding at the rDNA locus. We ob-
served that HDACI binding was reduced at rDNA promot-
ers when ING1 was knocked down, further confirming that
INGTI is required for NoRC-mediated silencing of rDNA
repeats during monocyte differentiation. We also observed
that PMA-induced differentiation of THP-1 cells was abro-
gated when ING1 was knocked down, suggesting a physio-
logical role for this process. ING1 knockdown also resulted
in increased proliferation of PMA-treated THP1 cells com-
pared to control cells. A role for NoRC in mouse adipocyte
differentiation has also been reported (59), suggesting that
ING1-HDACI-Tip5 association might function in silenc-
ing rDNA loci during terminal differentiation of multiple
cell types.

This role of nucleolar ING1 on rRNA via effects of
mTOR and the NoRC partly explains its role as a cell
growth regulator and tumor suppressor. We have previously

reported that UV increased nucleolar INGI translocation
(39), and its association with PCNA (50). This suggests that
INGT1 can modulate nucleolar chromatin during both tran-
scription and repair.

Two distinct functional chromatin states of rDNA, re-
flecting transcriptional activity of individual repeats, are
faithfully propagated epigenetically during cell division
(60). Psoralen crosslinking assays suggest that at least half
of the NORs in mouse cells are maintained in a transcrip-
tionally inactive state though histone modifications and
CpG methylation (13). The increase in transcriptionally ac-
tive TDNA repeats during ING1 knockdown seen estab-
lishes a role for INGI as an epigenetic regulator that can
alter the ratio of active:inactive  DNA repeats by modulat-
ing nucleolar chromatin architecture.

The nucleolar remodeling complex (NoRC) is important
to establish the heterochromatin state of rDNA repeats. Re-
cruitment of Tip5, a NoRC subunit, to rDNA promoters
was not affected by ING1, suggesting indirect modulation
of NoRC function and epigenetic status of rDNA by INGI.
This is achieved when ING1 recruits HDACI1 to rDNA, fa-
cilitating its interaction with the NoRC complex. The re-
quirement of the SAID of INGI in this process is remi-
niscent of the role of INGI as an adaptor that recruits the
Sin3/HDAC co-repressor complex to Pol I promoters (34).
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This was supported by TSA and SAHA-mediated allevi-
ation of reduced rRNA levels seen in ING1 overexpress-
ing cells. We suggest that while the PHD domain of Tip5
is sufficient to target NoRC complexs to rDNA clusters,
INGT1 was required for HDACI to bind NoRC and sup-
press rDNA transcription. A model of the interactions oc-
curring between ING1 and other nucleolar proteins within
the rDNA clusters is shown in Figure 7.

Knockdown of INGI increased the nucleolar localiza-
tion of mTOR and its interaction with UBF. Signal- and
nutrient-initiated pathways converge on mTOR to regulate
rRNA synthesis and processing, ribosome assembly, and
protein synthesis (19). Although mTOR is reported to af-
fect nucleolar transcription through its downstream effector
p70 S6K, recent reports have also described nucleolar local-
ization of mTOR and its association with rDNA (23,24).
Consistent with this, we observed that both ING1 knock-
down and TSA increased nucleolar mTOR. The increase in
rRNA when INGI is knocked down is at least partly me-
diated through mTOR kinase activity since Torin blocked
this process. This suggests functional antagonism between
the ING1 and mTOR pathways.

While we describe here that ING1 and HDACI1 regu-
late nucleolar localization and function of mTOR, some re-
ports suggest an upstream role for mTOR where it controls
Rpd3-Sin3 histone deacetylase to modulate rDNA hete-
rochromatinization (51,61). Knockdown of INGI reduced
rapamycin-, but not Torin-mediated inhibition of mTOR.
We did not observe physical interaction between ING1 and
mTOR (data not shown) and so the mechanism by which
INGI affects mTOR activation and localization is not clear.
INGI did not affect levels of FKBP12, which modulates in-
hibition of mTOR by rapamycin (62). However, the effect of
INGI knockdown and HDACI inhibition on mTOR sug-
gest either a chromatin-based or a posttranslational mech-
anism.

Nucleolar function is impacted by cancer-related proteins
such as p53, which can affect rRNA transcription by inter-
acting with SL1 (63). Other tumor suppressors that have
been reported to affect rRNA levels and Pol I function in-
clude VHL (64), PTEN (65) and p14ARF (66,67). Here we
show that in addition to the effect on rDNA chromatin,
INGI1 suppressed nucleolar mTOR activity. In summary, we
report that the epigenetic regulator ING1 cooperates with
the NoRC at rDNA loci, and affects mTOR localization
and its interaction with UBF in nucleoli to regulate rRNA
synthesis. Both HDACI and mTOR integrate several sig-
nals to determine cell growth and response to stimuli. Our
observation that ING1 regulates rDNA through these path-
ways during normal cell growth, cell stress and differentia-
tion suggests that the regulation of rDNA may constitute
the major tumor suppressor function of INGI.
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