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ABSTRACT

Liver is the central organ responsible for whole-body metabolism, and its constituent hepatocytes are the
major players that carry out liver functions. Although they are highly differentiated and rarely divide,
hepatocytes re-enter the cell cycle following hepatic loss due to liver damage or injury. However, the
exact molecular mechanisms underlying cell cycle re-entry remain undefined. Gdown1 is an RNA
polymerase Il (Pol Il)-associated protein that has been linked to the function of the Mediator transcrip-
tional coactivator complex. We recently found that Gdown1 ablation in mouse liver leads to down-
regulation of highly expressed liver-specific genes and a concomitant cell cycle re-entry associated with
the induction of cell cycle-related genes. Unexpectedly, in view of a previously documented inhibitory
effect on transcription initiation by Pol Il in vitro, we found that Gdown1 is associated with elongating Pol
Il on the highly expressed genes and that its ablation leads to a reduced Pol Il occupancy that correlates
with the reduced expression of these genes. Based on these observations, we discuss the in vitro and
in vivo functions of Gdown1 and consider mechanisms by which the dysregulated Pol Il recruitment

ARTICLE HISTORY
Received 24 August 2020
Revised Vxx xxx Xxxx
Accepted

27 September 2020

KEYWORDS

Gdown1; RNA polymerase II;
Mediator; transcription;
elongation; liver
regeneration

associated with Gdown1 loss might induce quiescent cell re-entry into the cell cycle.

Introduction

Cell division, which is crucial to cellular proliferation,
development, and self-renewal, is tightly regulated by
multiple factors that are coordinately expressed during
the cell cycle [1-3]. Controlled cell cycle progression
involves precisely regulated gene expression that is
governed by gene-specific transcription factors [4,5].
As demonstrated by the ability of small numbers of
such factors to genetically reprogram and convert one
cell type to another, of increasing importance for
regenerative medicine [6,7], some transcription fac-
tors (TFs) can be master regulators of cell fate. On the
other hand, transcriptional dysregulation caused by
mutations or deletions in TFs such as p53 can lead to
malignant tumors [8,9]. In response to signals that
result in the expression of specific sets of genes, TFs
bind selectively to cognate binding sites in the tran-
scriptional regulatory regions that include promoter
and enhancer regions. These bound TFs in turn inter-
act with diverse transcriptional coactivators, leading
ultimately to the recruitment of Pol IT and correspond-
ing general transcription factors (GTFs) to cognate
gene core promoters [below]. To initiate accurate
gene transcription, Pol II must be precisely positioned

at the transcription start site within core promoters
where the GTFs (TFIIA, -B, -D, -E, -F, and - H) play
essential roles, through interactions with core promo-
ter elements and Pol II, in facilitating pre-initiation
complex (PIC) formation [10-12]. The TBP subunit
of TFIID, TFIIB, and TFIIF are especially important
for initial interactions with core promoters. TFIIF is
composed of two subunits (Rap74 and Rap30) that
directly bind to the second largest subunit (RPB2) of
Pol II [13]. TFIIF binding to Pol II facilitates Pol II
recruitment, stabilizes the PIC, and promotes open
complex formation through interactions with other
GTFs (including TFIIB and TFIIE) [14]. While the
TFIIF requirement can be partially bypassed with
a pre-melted promoter DNA template in vitro [15],
TFIIB is absolutely essential for PIC formation
through its pivotal role in positioning promoter
DNA and determining the site of initial strand open-
ing through interactions with TBP and Pol II
[10,16,17].

Another factor that facilitates Pol II recruitment to
core promoters is the large (1-MDa) 25-30 subunit
Mediator complex that is essential for activator-
dependent transcription by Pol II [18,19]. Mediator
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acts principally in the regulation of transcription
through joint enhancer-bound activator and Pol II
interactions that facilitate both Pol II recruitment
and enhancer-promoter interactions [20-22]. In
addition to direct interactions of Mediator with Pol
11, recent structural studies of the PIC have revealed
Mediator interactions with TFIIB, suggesting a multi-
valent role for Mediator in PIC assembly [23,24].
However, Mediator function is not limited to the
transcription initiation step through these interac-
tions, but rather has expanding roles in various steps
in transcription, chromatin regulation, and mRNA
processing [24,25].

As discussed below, one of the newly discovered
functions of Mediator in transcription is to convert an
inactive form of Pol II, containing a tightly associated
inhibitory protein (Gdownl) and designated Pol
II(G), to an active form. However, whereas biochem-
ical and structural studies led to an understanding of
the mechanism by which Gdownl inhibits initiation
by Pol II, there had been no understanding of biolo-
gical functions of Gdownl. Toward that goal, and
most importantly, our Gdown1 knockout liver study
revealed an important and unexpected role for
Gdownl in the transcription of highly expressed liver-
specific genes and, further, that Gdownl ablation
induces hepatocyte cell cycle re-entry by down-
regulating these genes. Hence, transcriptional regula-
tion by Gdownl is directly coupled to cell cycle con-
trol. As a prelude to a discussion of these newer
findings on the biological functions of Gdownl, we
first discuss mechanistic aspects of the Gdownl-
mediated inhibition of Pol II initiation and its reversal
by Mediator-which must ultimately be linked to the
newly discovered functions. A subsequent discussion
of the new functions, especially in relation to the
control of cell cycle re-entry, is then followed by
perspectives on current and future studies.

Mediator-dependent transcriptional activation
by Pol 1I(G)

During purification of Pol II from animal tissues
(calf thymus or pig liver) by methods that included
affinity chromatography, a previously unidentified
form of Pol II, designated Pol II(G), was discov-
ered [26]. Beyond the conserved 12 subunits that
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comprise Pol II, this biochemically distinct Pol
II(G) contained an additional 43-kDa polypeptide
that was tightly associated with Pol II. Protein
sequencing analysis identified the polypeptide as
Gdownl, which was originally recognized as one
of the multiple proteins encoded in the GRINL1A
(glutamine receptor-like gene) locus of the human
genome [27]. Studies with biochemically defined
in vitro transcription systems (Pol II, GTFs,
Mediator, and PC4) that support accurate tran-
scription initiation from naked DNA templates
[28] revealed a very low activity of Pol II(G) rela-
tive to Pol II in the absence of Mediator and,
remarkably, an ability of Mediator to reverse the
repressed activity of Pol II(G) [26] - thus indicat-
ing a Gdownl-elicited Mediator function for the
regulation of transcription initiation. At the same
time, no inhibitory effect of Gdownl on elonga-
tion by Pol II was observed.

The mechanisms underlying Gdownl-mediated
repression of Pol II initiation activity were subse-
quently uncovered in studies with an in vitro tran-
scription system containing a minimal set of factors
(Pol II, TFIIF, TFIIB, TBP) that suffice for basal
(activator-independent) transcription from super-
coiled TATA-containing DNA templates [29].
These analyses revealed that Pol II-bound Gdownl
blocks a Pol II-TFIIF interaction that is critical for
PIC assembly [30] - thus indicating a repressive
effect of Gdownl at an early step in initiation and
suggesting a potentially simple mechanism for
reversal of the inhibition by Mediator-facilitated
removal of Gdownl from Pol II.

Architecture of Pol 1I(G) and molecular
mechanism of transcription repression by
Gdown1

The 368 amino-acid human Gdownl1 protein is com-
posed of highly conserved regions at the N- and
C-termini. However, there is no identifiable domain
that might suggest biological functions. Protein fold-
ing analysis predicts that Gdownl is mostly intrinsi-
cally disordered. Interestingly, however, a limited
proteolysis analysis suggests that there might be
a folded region at the N-terminus [31]. Biochemical
assays and CX-MS analysis revealed two functionally
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distinct regions containing sub-regions: two Pol II
binding regions and two transcription inhibitory
regions designated N-TIR and C-TIR Figure 1A [32].
The Pol II binding regions of Gdown1 are the major
sites of interaction with the RPB2 subunit protrusion
domain. TIRs only weakly bind to Pol II, although two
mutations, L303/ 304A and an NA33 deletion in TIRs,
cause a loss of the inhibitory activity of Gdownl.
Importantly, the combined TIR interactions with Pol
IT stabilize the binding of the Gownl C-terminal
domain to the RPB2 protrusion domain, which
explains the robust binding of Gdown1 to Pol II [26].

In more direct structural studies, a cryo-EM map
of Pol TI(G) at ~4 A resolution confirmed the pre-
sence of Gdownl on the RPB2 protrusion domain
as well as RPB3 and RPB10 localizations. The den-
sity that was observed on the RPB2 protrusion
domain perfectly matched the interaction site of
the linker domain of the Rap30 subunit of initiation
factor TFIIF Figure 1B. The Rap30 linker is an
unstructured region that is essential both for growth
in yeast [33] and for transcription initiation in vitro
[34]. Recent cryo-EM studies of the PIC showed that
the Rap30 linker contacts multiple sites that include
RPB2 (albeit not the protrusion), TFIIB, TBP, and

a downstream promoter region [35]. As these sites
are essential for PIC formation, it was proposed that
the linker interaction with the PIC might position
other essential TFIIF domains [35]. The linker inter-
action may thereby be critical for TFIIF binding to
Pol II, which would be perfectly consistent with Pol
I1(G)-mediated transcription repression via target-
ing TFIIF. The cryo-EM analyses also revealed that
the Gdownl density overlaps the Pol II interaction
sites (RPB1 dock and RPB2 wall domains) of the
TFIIB B-core and B-ribbon domains Figure 1B
[36,37]. Consistent with this overlapping interac-
tion, Gdownl was found to interfere with the
TFIIB-Pol II interaction and to inhibit transcription
initiation. Therefore, the mechanism of transcrip-
tion repression by Gdownl is to prevent TFIIF and
TFIIB from binding to Pol II, which contributes to
the maintenance of Pol II(G) an inactive state in the
absence of Mediator.

Molecular mechanism of the reversal of
Gdown1-mediated repression by Mediator

Further mechanistic studies showed that mutations in
both TIRs can bypass the Mediator requirement for
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Figure 1. Architecture of Pol 1I(G). (A) Schematic of Gdown1 functional domains. (B) Positions of TFIIF (blue) and TFIIB (yellow)
relative to Gdown1 (purple) on Pol Il (gray). (C) Location of Gdown1 functional domains determined by integrative structure

modeling. Models based on data in [32].



transcriptional activation. These results suggest that
TIRs play essential roles in the Gdownl inhibitory
activity [32] and, further, that disruption of the TIR
interactions might be involved in the natural process
by which Mediator reverses Gdownl-mediated
repression. Although the cryo-EM study could not
reveal the location of functional domains of
Gdownl, likely because of the high degree of disorder,
crosslinking-based integrative structure modeling
[38,39] showed that N-TIR localizes near Pol II sub-
units RPB10 and RPB3 and that the connected
N-terminal region (residues 65-94) localizes to the
Pol II binding region I Figure 1C. Thus, N-TIR inter-
acts with the Pol II binding region I through the
(65-94) region, explaining how N-TIR could stabilize
the Gdownl1-Pol II interaction. The Pol II binding
region I covers the RPB2 protrusion surface and the
Pol II binding region II also localizes to the RPB2
protrusion. The location of C-TIR was identified as
an overlapping region between regions (216-314) and
(300-335). Hence, TIRs are located near the Pol II
binding regions. Notably, N-TIR is positioned near
the Pol II RPB3 and RPB10 subunits that (in yeast)
may interact with Mediator [24]. This raises the pos-
sibility that a Mediator tail domain interaction with
RPB3 may lead to a concomitant N-TIR dissociation
and an associated de-stabilization of the Gdown1-Pol
IT interaction, which could be at least part of the
mechanism by which Mediator reverses Gdownl-
mediated transcription initiation inhibition.

Biological functions of Gdown1/Pol 1I(G)

While Mediator and Pol II are highly conserved from
yeast to human, Gdownl is metazoan-specific [26].
Genomic sequence comparisons have revealed ortho-
logs of Gdown!1 in all mammalian species, and further
identified an ortholog of Gdownl1 in Drosophila mel-
anogaster but not in Caenorhabditis elegans. The obli-
gatory Mediator requirement for Pol II(G)-mediated
transcription in vitro clearly shows that Pol II(G) has
unique properties relative to Pol II, and the ubiquitous
expression of Gdown1 [40,41] suggests a global role in
transcriptional regulation. However, the actual biolo-
gical roles of Gdownl, and why higher metazoans
need two distinct forms of Pol II to regulate gene
transcription, remains largely unknown.
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Gdown1 is essential for early embryonic
development

Although it is present at all life cycle stages in
Drosophila, Gdownl is most abundant at the
embryonic stage [32]. Consistent with this obser-
vation, Gdownl nuclear localization is more evi-
dent in the embryo but not in the larval salivary
gland. More interestingly, Gdownl co-localizes
with Pol II in nuclei at the transcriptionally silent
syncytial blastoderm stage, but is detected only in
the cytoplasm and not in the nuclei that retain Pol
IT at the later cellular blastoderm stage at which
global transcription is initiated. Also, the pole cells
that are transcriptionally silent at this early
embryonic stage retain nuclear Gdownl, suggest-
ing a role for Gdownl, through the formation of
Pol II(G), in transcriptional repression at an early
embryonic stage. More importantly, in genetic
studies, adult flies were never obtained with
Gdownl mutation or siRNA-mediated Gdownl
knockdown in the embryo. Similarly, maternal
Gdownl knockout (KO) embryos also were not
detected. These observations indicate that
Gdownl plays a critical role in early embryonic
development in the fly.

Consistent with this demonstration of embryonic
lethality in the fly, Gdownl was also found to be
essential for early embryonic development in mice
[42]. In the mouse study, the number of Gdownl
null embryos began to decrease at embryonic day 3.5
(E3.5) and no nullizygous embryos were evident at
E10.5. Although Gdownl null blastocysts were
observed, a Gdownl KO embryonic stem cell line
was not obtained. These data clearly show that
Gdownl is critical for early embryonic development
in mammals, although underlying mechanisms
remain to be elucidated.

Gdown1 ablation induces quiescent hepatocyte
re-entry into the cell cycle

Unlike embryonic stem cells that proliferate rapidly,
hepatocytes rarely divide (a few times a year).
Hepatocytes are major players in carrying out liver
functions, such as nutrient metabolism and synthesis
of plasma proteins. Therefore, in normal hepatocytes,
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activation of transcription is mostly focused on liver-
specific genes [43]. Although they are highly differen-
tiated, hepatocytes possess a unique ability to re-enter
the cell cycle upon liver injury or loss to restore liver
mass [44]. Toward elucidation of the molecular
mechanism of liver regeneration, numerous studies
over the past decades have sought to identify factors
that regulate this process [44-48]. However, what
triggers hepatocytes to re-enter the cell cycle remains
undefined.

Despite the Gdownl KO embryonic lethality,
Gdownl is not essential for hepatocyte viability as
hepatocyte KO mice display whole body and liver
weights comparable to those of control mice [42].
However, GdownI hepatocyte KO leads to Cyclin D1
induction and cell cycle re-entry in 5-week (W) old
liver in the absence of obvious hepatic injury and is
followed by p21 induction through activation of a p53
signaling pathway. At 8 W, in addition to the contin-
uous expression of Cyclin D1, p21, and p53, the KO
liver shows histological abnormalities that include
Ki67-positive hepatocytes, apoptotic hepatocytes,
and the proliferation of SMA (smooth muscle actin)-
positive cells that are associated with collagen deposi-
tion, whose emergence is often triggered by hepatic
injury [49]. Consistent with the down-regulation of
genes involved in lipid metabolism, Gdown1 KO mice
show significantly lowered serum triglyceride levels. It
is possible that the up-regulation of both p21 and
Cyclin D1 for a long period (~ 3-weeks) causes the
injury-like reaction in the KO liver.

It appears that the initial impact of Gdownl KO
on hepatocytes is to induce cell cycle re-entry,
although progression appears to be prevented by
p53-dependent activation of p21. In fact, Gdownl
and p53 double KO (DKO) promotes the cell cycle
progression that eventually leads to dysplastic cell
nuclei, incomplete mitoses, distortion of normal
liver architecture, and human hepatocellular carci-
noma-like RNA expression profile in DKO liver.
Although the precise mechanisms by which
Gdownl KO causes cell cycle re-entry in hepato-
cytes, the down-regulation of highly transcribed
genes that are involved in liver-specific functions
and lipid metabolism appears to be implicated as
a cause of cell cycle re-entry.

Gdown1 is associated with elongating Pol Il in
the liver

Consistent with the original discovery of Pol II(G)
in porcine liver [26], most of the Gdownl in
mouse liver is associated with Pol II. This further
suggests that Gdownl plays a direct role in tran-
scription as a component of Pol II(G) [42].
Because of the mutually exclusive Pol II interac-
tions with Gdownl and TFIIF observed in the
in vitro studies, it was predicted that Gdownl
should be dissociated from Pol II when the PIC
is assembled. However, ChIP-seq studies in mouse
liver revealed a strong association of Gdownl1 with
elongating Pol II on coding regions of highly
expressed liver genes such as those (e.g., Alb,
Cyp2el, and Serpina3k) encoding plasma proteins.
These genes play major roles in the maintenance
of normal liver functions. The number (222) of
identified Gdownl target genes seems low in view
of the dramatic effect of the KO. However, the
RNA transcripts of these Gdownl-targeted genes
account for approximately 30% of total liver tran-
scripts, which may explain the observed phenotype
in KO liver. Although the primary effect of
Gdownl KO is an induction of cell cycle-related
genes, including Cyclin D1 and p21, Gdownl
occupancy on these genes was not observed.
Therefore, the cell cycle re-entry by Gdownl KO
must be induced through secondary (indirect)
effects.

In view of earlier ChIP-seq results for Gdownl
in a cancer cell line [30] and an in vitro study
indicating TFIIF displacement by Gdownl in
early elongation complexes [50], it was suggested
that Gdownl might be involved in stabilizing
paused Pol II at proximal-promoter regions [51].
However, in mouse liver, Gdownl occupancy was
not observed on genes, such as immediate early
genes Jun, Fos, and Btg2 [42], that contain paused
Pol II. The expression of these immediate early
genes, which in normal liver are regulated by
paused Pol II at their proximal-promoter regions
[52], is induced within a few hours upon liver
injury or partial hepatectomy [53,54]. Whereas
promoter-proximal Pol II pausing is an important
transcription regulation strategy [55], it appears



unlikely that Gdownl plays a major role in Pol II
pausing, at least in the mouse liver.

Potential mechanism of Gdown1 KO-induced cell
cycle re-entry

The loss of Gdownl in the liver leads to substantial
decreases in elongating Pol II on the coding regions of
genes that are highly transcribed in the liver, resulting
in the down-regulation of RNA expression. In the
absence of p53, the down-regulation of Gdown1 target
genes immediately up-regulates genes encoding pro-
teins involved in poly(A) binding, spliceosome func-
tion, and mitochondrion function, which are essential
cellular components. The transcription of Cyclin DI
also is activated in an unknown and apparently non-
canonical manner [42].
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The exact mechanism leading to the activation of
cell cycle-related genes remains unclear. However,
a reduction of Pol II recruitment to the liver-specific
genes in the absence of Gdownl may lead to hepato-
cyte re-entry into the cell cycle. In normal liver, hepa-
tocytes are committed to the expression of highly
selected genes that are involved in the synthesis of
plasma proteins or in metabolism, while other genes
that include cell cycle-related genes are not expressed.
Since it prevents Pol II recruitment to promoters in
the absence of Mediator, Gdownl plays a role in
restricting Mediator/activator-independent transcrip-
tion (at selected genes) and may thereby establish
a more favorable situation for active transcription of
liver-specific genes in normal liver Figure 2A. In the
absence of Gdownl where the restriction no longer
exists, Pol II recruitment to promoters could be less
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Figure 2. Model for Gdown1 KO-induced cell cycle re-entry in liver. (A) A potential role of Gdown1 for gene transcription in normal
liver. (B) A model for Gdown1 KO-induced cell cycle re-entry. Models based on data in [42].
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competitive, which could make Pol II available for
other genes. Also, the liver-specialized genes may
heavily depend on Mediator/activator for their active
transcription. The albumin gene is the most highly
expressed gene in the liver, and its transcriptional
activation depends on an enhancer region that lies
around 10 kb upstream from the transcription start
site [56] and closely resembles super-enhancers.
Super-enhancers are extremely sensitive to perturba-
tion of associated components [57], such that loss of
Gdownl might contribute to the prompt reduction of
Pol II recruitment to the albumin gene. Consequently,
the expression of heavily Mediator/activator-
dependent genes would be decreased, while genes
whose transcription is maintained at the basal level
might be activated. We speculate that this Pol II re-
allocation to other genes might underlie hepatocyte
re-entry into the cell cycle Figure 2B.

The above model also provides a basis for how
tumorigenesis might be initiated in the liver.
Genomic mutations in the human ALB gene,
which may down-regulate its expression, are fre-
quently observed in hepatocellular carcinoma |[-
58-61]. Thus, dysregulated gene expression
resulting from loss of transcriptional control of
Pol II by Gdown1 could result in Pol II realloca-
tion and induce quiescent cells to re-enter into the
cell cycle, thereby triggering tumorigenesis.

Perspective

Following the discovery of Gdownl as a Pol II-
associated inhibitor of transcription initiation
in vitro over a decade ago, further biochemical
studies have provided a basic understanding of
the initiation inhibition mechanism. More recent
genetic analyses have provided evidence for phy-
siological functions - including potentially direct
functions in transcription elongation on highly
expressed liver-specific genes as well as functions
in restricting cell cycle progression and cell prolif-
eration in quiescent cells. The combined studies
raise many questions regarding the relationship of
the in vitro results to the in vivo results and the
potential generality of the genetic analyses indicat-
ing gene-specific effects. In particular, since
Gdownl inhibits PIC assembly and must be

dissociated from Pol II, at least partially, for initia-
tion by Pol II, it will be important to understand:
the fate and dynamics of Pol II-associated Gdown1
during initiation and the transition to productive
elongation, how the initiated Pol II regains its
association with Gdownl following promoter
clearance, and the role of the Mediator in these
processes. Related, the presumed role of Gdownl
in transcription elongation on occupied genes will
need to be confirmed and associated mechanisms,
including potential interactions with other elonga-
tion factors, established. Beyond this mechanistic
question, another key question relates to the link
between the loss of Gdownl on highly expressed
liver genes and the ultimate reactivation of cell
cycle-related genes leading to cell cycle re-entry -
including, especially, identification of intermediary
pathways involving other genes/gene products. It
will also be important to investigate potentially
more general effects of Gdownl in regulating cell
cycle progression in other cell types as well as
possible gene specificity for Pol II(G) recruitment
and function. Answers to these open questions will
help us understand the biological role(s) of
Gdownl, including its role in cell cycle control,
as well as metazoan-specific and cancer-related
aspects of transcriptional regulation related to
Gdownl.
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