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downl is a substoichiometric RNA

polymerase II subunit that modu-
lates effects of both Mediator and elon-
gation factors in vitro and is broadly
distributed across the human genome.
Here we assemble the existing informa-
tion on Gdownl, provide additional
bioinformatics analyses, and propose a
working model for Gdown1 function.

Regulating the level of expression of all
genes at any given moment is at the heart
of specifying the identity and function
of every cell in multicellular organisms.
Although DNA and chromatin modifica-
tions, as well as the initiation stage of tran-
scription are important, controlling the
elongation phase of transcription by RNA
Polymerase IT (RNAP II) has surfaced as a
critical, regulated step."* Hundreds of dif-
ferentially expressed transcription factors
are involved in the regulatory process, but
detailed mechanisms describing exactly
what these factors do are still lacking.
Information presented here supports the
hypothesis that a functional interaction
between Mediator and Gdownl is used
to bridge the regulatory factors with the
transcription complex to control the elon-
gation phase of transcription.

RNAP II elongation control is charac-
terized by the default action of negative
elongation factors that halt RNAP II in
promoter proximal positions and the regu-
lated release of this block by the positive
transcription elongation factor, P-TEFb.!
The DRB sensitivity inducing factor,
DSIF,? works with the negative elongation
factor, NELE* to slow the rate of elonga-
tion® and NELF is found over promoter
proximal paused (poised) polymerases that
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are prevalent across metazoan genomes.”®
Which of these poised polymerases enter
productive elongation is dictated by selec-
tive P-TEFb function."? After the transi-
tion into productive elongation, RNAP
II moves at about 4,000 bases per minute
until it passes the region encoding the
polyadenylation signal, at which point it
slows again and ultimately terminates.’

In 2006, Averell Gnatt’s lab discov-
ered that a little less than half of mam-
malian RNAP II has a 13" subunit
called Gdown1" that is encoded by the
GRINLIA gene,"" recently renamed
POLR2M. At that time, the Roeder lab
showed that Gdownl was required for
Mediator to function as a co-activator
in vitro."® Six years later, two papers pro-
vided many more details of the function
of Gdownl.”>® We will summarize the
current state of understanding of Gdown1
function and provide a revealing compar-
ison of the genome wide distributions of
Gdownl and Mediator. This information
links the role of Mediator in regulating
transcription’™” with that of Gdownl
during transcription elongation.

Biochemical Functions of Gdown1

Perhaps as expected for a tightly associ-
ated subunit of RNAP II, Gdownl has a
wide variety of effects on transcription by
RNAP II and on the factors that influence
RNAP II. First, a surprising finding was
made using a defined in vitro transcription
system comprising TFIIA, TFIIB, TFIID,
TFIHE, TFIF and TFIIH, along with
PC4. Most of the activator-dependent
stimulation in runoff required a Mediator
fraction only if the reactions were driven
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by RNAP II containing Gdownl, RNAP
I1(G).” In a more minimal in vitro sys-
tem, in which transcription was reconsti-
tuted on supercoiled templates with TBP,
TFIIB, TFIIF and RNAP II, Gdownl
had a strong negative effect attributed to
inhibition of binding of TFIIF to RNAP
IT by Gdownl, presumably at the level of
initiation.”® Inhibition of TFIIF binding
was confirmed by immunoprecipitation
experiments and a competition between
TFIIF and Gdownl was demonstrated in
that at 0.3 M KCI a 10-fold molar excess
of TFIIF could partially remove Gdownl
from RNAP II."® Far western assays dem-
onstrated that Gdownl could interact
with the largest and 5% largest subunits of
RNAP II. Interestingly, western blotting
using immobilized templates suggested
that RNAP II(G) could enter a pre-initi-
ation complex, but required an activator
and Mediator."

Gdownl dramatically affects the elon-
gation phase of transcription. It bound to
elongation complexes formed on immo-
bilized templates and the association
became completely resistant to extensive
washing at low salt or with 1.6 M KCL."2
This latter property suggests a hydro-
phobic interaction with the polymerase.
Because Gdownl is easily made as a sol-
uble recombinant protein in E. coli, the
hydrophobic faces needed for binding to
RNAP IT likely interact with each other in
such a way as to block formation of large
aggregates and this suggests that Gdownl
undergoes a large conformational change
upon binding to RNAP II. As was found
for free RNAP II(G), Gdownl also
blocked the association of TFIIF to RNAP
I in elongation complexes and eliminated
the 20-fold stimulation of elongation by
TFIIF.”? It modulated the individual and
combined effects of DSIF and NELF,
but did not influence either the capping
enzyme or TFIIS, both of which exten-
sively interact with RNAP I1."?

One of the most profound effects of
Gdownl is that it completely blocks the ter-
mination activity of TTF2."? This property
prolongs the lifetime of promoter proximal
paused RNAP II(G)," but this results in a
potential dilemma. During mitosis TTF2
is responsible for termination of all poly-
merases as the chromosomes condense.'®
There must be a mechanism to reverse the
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influence of Gdownl during mitosis and
this would have to be globally applied dur-
ing this tight window of time. It is possible
that the proposed Mediator driven rear-
rangement of Gdownl during initiation
that lets TFIIF'? function could also occur
during mitosis to allow TTF2 to function.

Bioinformatic Analyses
of Gdown1 Distribution

The distribution of RNAP II and
Gdownl across the human genome was
determined using ChIP-Seq.'*"? Although
the conclusions in the two recent papers
concerning the generality of Gdownl
function were described as a controversy
in the Preview on the two papers,"” our
analysis of the ChIP-Seq data sets from
both studies indicates that there is no dis-
crepancy. We took the mapped reads from
the two published studies and analyzed
them in an identical manner by generat-
ing files that can be viewed on the UCSC
genome browser (GEO accession number
GSE35886). Extensive comparison of the
distribution of Gdownl in IMR90 and
HeLa cells was performed and a remark-
ably similar pattern across the genome was
found. In both cell types, Gdownl maps
to almost all positions of RNAP II, indi-
cating a general function for the factor in
both cell types. This conclusion was stated
in the study on HeLa cells'? but, because
of an errant input data set (see our com-
ment associated with Jishage et al. on the
Molecular Cell website), the global distri-
bution of Gdownl was not described for
IMROO0 cells.”® In both cell types it is clear
that the ratio of RNAP II to Gdownl is
not uniform at all sites of occupancy. This
was quantified in HeLa cells and RNAP IT
in promoter proximal paused positions of
genes experiencing more productive elon-
gation had relatively less Gdownl than
RNAP II in the same position in poorly
expressed genes."?

Using the newly derived IMR90 and
HelLa data sets, average signals were calcu-
lated as described in reference 12, around
the transcription start site (TSS) for all
genes with a TSS more than 1,000 bp from
another. In both cell types the major peaks
for RNAP II were downstream of the TSS
and a second peak or shoulder from diver-
gent transcription'® was present upstream
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(Fig. 1A and B). Forboth cell types Gdown1
peaked closer to the TSS than RNAP II. A
second, more prominent transition in the
profiles of RNAP II and Gdownl is seen
at +300 in both cell types (Fig. 1A and B,
dotted line) and the region from +300 to
about +1,000 has a relatively high occu-
pancy compared with further downstream.
Because of the functional connection
between Gdownl and Mediator, ChIP-Seq
data sets for the MEDI Mediator subunit'
as well as a subunit of NELF®?* were ana-
lyzed. These data sets were derived from
mouse cells, but the nature of the analyses
allows comparison across species. Data sets
from mouse embryonic fibroblasts MEFs or
mouse embryonic stem (MES) cells, which
closely match the growth rate of IMR90
and HelLa cells, respectively, demonstrate
that NELF is found primarily over pro-
moter proximal paused polymerases and
that Mediator peaks upstream of the TSS
(Fig. 1C and D). Significantly, the +300
transition was seen for Mediator in both
cell types. In fact, the patterns of Gdownl
and Mediator were remarkably similar to
each other in both cell types. This suggests
that Gdownl and Mediator are in close
proximity on the average gene and suggests
that the region downstream of +300 is
important for Mediator/Gdownl function.

Biochemical experiments demon-
strated that Gdownl could enter pro-
ductive elongation in HeLa cells and
Gdownl was found downstream of the
paused polymerase and in regions down-
stream of 3' ends of genes."? The relative
distributions of Gdownl and RNAP II
in the interval from -4 kb to +4 kb indi-
cate that this is also the case in IMR90
cells (Fig. 1E). A clue to the functional
significance of the +300 transition is
seen when comparing the distribution
of the initiation factor TBP with that of
the PAF1 complex subunit CTR9. TBP
peaks slightly upstream of the TSS, as
expected, and rapidly declines on both
sides of the peak, while CTRY is mostly
far downstream and relatively absent
from the region of promoter proximal
pausing (Fig. 1F). CTRY is a prime can-
didate for a factor that becomes associated
with productive elongation complexes
and it travels with the polymerase and is
involved in co-transcriptional RNA pro-
cessing events.® The data are consistent
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Figure 1. Metagene analyses. The relative distribution of the indicated proteins around the average transcription start site (TSS) for a custom set of
genes in which genes with TSSs within 1,000 bp of another were excluded (20,799 mouse genes or 20,286 human genes). The profiles were generated
for regions -10 kb to + 10 kb, backgrounds were subtracted, and the curves were normalized as described earlier in reference 12. Relative amplitudes
within a given curve or between curves can be compared but absolute amplitudes between curves should not be compared. Cell types: human cervi-
cal cancer cells (HeLa), human fibroblasts (IMR90), mouse embryonic stem cells (MES), mouse embryonic fibroblasts (MEF). Data sets analyzed: human
(GSE35886),'>"* MEF (GSE24113, GSE22562),'92° MES (GSE20530, GSE22562 and GSE22303).2

with the transition of RNAP II(G) into
productive elongation occurring at and
slightly downstream of +300.

Model for Gdown1 Function

Together, these findings suggest that
Gdownl1 plays a major role in regulating
each step of transcription by altering the
interactions with initiation, elongation
and termination factors. The simplest
model shown in Figure 2 illustrates paral-
lel pathways for RNAP IT vs. RNAP II(G)
that have significant differences. In the
absence of Gdownl, RNAP II interacts
with TFIIF in the pre-initiation complex,
initiates, and then comes under the control
of DSIF and NELF leading to a transiently
paused polymerase. RNAP II(G) can also

enter a pre-initiation complex, but cannot

www.landesbioscience.com

initiate without Mediator. This was shown
directly in vitro® and was inferred from
the effect of flavopiridol on the genome-
wide distribution of Gdownl in HeLla
cells, which moved downstream over the
promoter proximally paused polymerase
when P-TEFb was inhibited."> Mediator
may “remodel” Gdownl such that TFIIF
can now function leading to initiation.
Alternatively, initiation of RNAP II(G)
might occur without TFIIF function,
similar to what was recently described by
the Luse lab.?' Either way, this leads to
promoter proximally paused RNAP II(G)
under the influence of negative elongation
factors including the Gdownl negative
accessory factor, GNAF. Because Gdownl
blocks TTF2 function, these polymerases
are stably bound compared with paused
RNAP II. NELF could be a component
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of the paused RNAP II(G) complex found
close to the promoter, but the RNAP II(G)
found in the +300 to +1,000 region has
significantly less NELF (Fig. 1C and D).
This region may represent an intermediate
in the transition of RNAP II(G) into pro-
ductive elongation. It is not clear if DSIF
is associated with paused RNAP II(G),
and the lack of DSIF is supported by bio-
informatic analyses demonstrating that
DSIF is substoichiometric with RNAP 11
in this region. Regardless of the presence
of Gdownl, P-TEFb can cause the transi-
tion into productive elongation. However,
on genes that do not experience much pro-
ductive elongation, RNAP II(G) builds
up in promoter proximal positions due to
termination of transiently paused RNAP

II and replacement with stably paused
RNAP II(G)."”? Examination of ChIP-Seq
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Figure 2. Model for Gdown1 function. The diagram illustrates the transcription cycles performed
by RNAP Il (blue) and RNAP II(G) (orange). As described in the text, both forms of polymerase can
initiate and ultimately enter productive elongation. RNAP II(G) requires Mediator (not shown) for
initiation. A major difference between the two cycles is that promoter proximal paused RNAP Il is
transient while paused RNAP II(G) is stable due to the ability of Gdown1 to block the termination

data provides thousands of examples of
polymerases with relatively high levels of
Gdownl. These types of polymerases may
be holding regions of the genome in a spe-
cial chromatin state* that might be uti-
lized to enhance or silence gene expression
neatby or to insulate promoters.*

In conclusion, Gdownl seems to play
a significant role in all phases of RNAP
Although  Mediator
was originally thought of as a factor that

IT  transcription.

affected initiation, it is becoming clear
that it also affects elongation.”>?*?” The
connections
and Gdownl suggest that Gdownl may
play a role in the intermolecular signal-
ing between remote activators and the
transcription complex and that the func-
tion of these activators may be to encour-
age P-TEFb function on RNAP II(G). In
the future, it is important to determine if
Mediator only works on RNAP II(G) or if
it has an effect on all polymerases in vivo.

made between Mediator
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