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Mammalian cells contain two isoforms of RNA polymerase III (Pol
III) that differ in only a single subunit, with POLR3G in one form
(Pol IIIα) and the related POLR3GL in the other form (Pol IIIβ). Pre-
vious research indicates that POLR3G and POLR3GL are differen-
tially expressed, with POLR3G expression being highly enriched in
embryonic stem cells (ESCs) and tumor cells relative to the ubiqui-
tously expressed POLR3GL. To date, the functional differences be-
tween these two subunits remain largely unexplored, especially
in vivo. Here, we show that POLR3G and POLR3GL containing Pol
III complexes bind the same target genes and assume the same
functions both in vitro and in vivo and, to a significant degree, can
compensate for each other in vivo. Notably, an observed defect in
the differentiation ability of POLR3G knockout ESCs can be rescued
by exogenous expression of POLR3GL. Moreover, whereas POLR3G
knockout mice die at a very early embryonic stage, POLR3GL knock-
out mice complete embryonic development without noticeable de-
fects but die at about 3 wk after birth with signs of both general
growth defects and potential cerebellum-related neuronal defects.
The different phenotypes of the knockout mice likely reflect differ-
ential expression levels of POLR3G and POLR3GL across develop-
mental stages and between tissues and insufficient amounts of
total Pol III in vivo.
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Transcription of eukaryotic genomes is typically mediated by
three essential RNA polymerases (Pols I, II, and III) and two

plant-specific, specialized forms of Pol II (Pol IV and V). Among
these, Pol III transcribes genes specifying short untranslated
transcripts that include 1) cellular RNase P, RNase mitochon-
drial RNA processing (MRP), transfer RNAs (tRNAs), 5S RNA,
7SL RNA, 7SK RNA, U6 RNA, Vault RNAs, and Y RNAs and
2) viral VA-I, VA-II, and EBER RNAs (1). Pol III also tran-
scribes short interspersed nuclear elements (SINES), including
ALU genes that number over a million in humans (2). More
recent studies have identified Pol III functions in the synthesis of
other small noncoding regulatory RNAs and in the transcription
of genomic loci that are positioned close to Pol II-transcribed
loci and potentially involved in their regulation (3–9).
Pol III is the largest RNA polymerase with 17 subunits (1), 5

of which are specific to Pol III (10). Three of the five Pol III-
specific subunits (POLR3C/RPC62, POLR3F/RPC39, and POLR3G/
RPC32) form a stable subcomplex with a selective and critical
function in transcription initiation (11). Mammalian cells actually
contain two Pol III isoforms that differ in only a single subunit (12,
13), with POLR3G in one form (Pol IIIα) and the related
POLR3GL in the other form (Pol IIIβ) (14). These paralogues
present some differences in their interactions with POLR3C,
suggesting possible differences in the functions of the two Pol III
isoforms (15). Interestingly, POLR3G and POLR3GL are differ-
entially expressed, with POLR3G expression being more highly
expressed in undifferentiated embryonic stem cells (ESCs) and
tumor cells relative to the broad expression of POLR3GL (14).
However, POLR3G is also expressed in normal mouse liver and in
untransformed human fibroblasts (16), suggesting that this subunit
might not be strictly restricted to embryonic stem (ES) or cancer
cells. A genome-wide analysis identified POLR3G as one of the

most down-regulated genes during human ESC differentiation
(17). In a related study, chromatin immunoprecipitation (ChIP)
assays and small interfering RNA (siRNA)-mediated knockdown
of NANOG or OCT4 in human ESCs indicated that POLR3G is a
downstream target of these factors and is regulated by ERK1/2
signaling (18). Similarly, the oncoprotein c-MYC is found exclu-
sively on the POLR3G promoter but not at the POLR3GL locus in
human P493-6 Burkitt’s lymphoma cells (19). Altogether, these
results indicate that POLR3G and POLR3GL expression levels
are controlled by different mechanisms.
Despite the fact that both Pol III isoforms display different

expression levels in cells and are subject to specific regulation,
they have been reported to occupy largely the same loci in mouse
liver and Hepa 1-6 cells (16). While these results suggested that
POLR3G and POLR3GL are not involved in target gene se-
lection, and that both Pol III isoforms transcribe the same genes,
the lack of corresponding functional studies left open this ques-
tion. Here, we show that both POLR3G and POLR3GL can be
incorporated into Pol III complexes when overexpressed in mouse
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ESCs, with limited differences in the composition of the two types
of Pol III complexes. Genome-wide ChIP-seq experiments further
confirmed that both POLR3G- and POLR3GL-containing Pol III
complexes bind the same targets in mouse embryonic fibroblasts
(MEFs). We further generated individual Polr3g and Polr3gl
knockout (KO) mice. As anticipated, Polr3g KOmice died early in
development, between embryonic day (E3.5) and E6.5. Unex-
pectedly, Polr3gl KO mice were not only able to proceed through
embryonic development but also survived up to weaning. More
importantly, for each isoform the observed KO phenotype was
accentuated by genetic reduction (in heterozygous mice) of the
paralogous subunit, suggesting that these isoforms play redundant
functions in vivo. Moreover, the differentiation defects of Polr3g
knockout ESCs could be fully rescued by the exogenous expres-
sion of POLR3GL. Altogether, these experiments support a
model in which POLR3G and POLR3GL indeed fulfill the same
functions in ESCs and during mouse development. Hence, the
phenotypic differences observed in mice lacking one or the other
isoform likely result from the differential regulation of their ex-
pression during development and across tissues.

Results
Epitope-Tagged POLR3G and POLR3GL Are both Efficiently Incorporated
into Pol III Complexes of Comparable Compositions in Mouse Embryonic
Stem Cells. The surprising enrichment and apparent specific func-
tions fulfilled by POLR3G in ESCs (17, 18), combined with similar
genomic occupancies of the two Pol III isoforms in liver cells (16),
prompted us to evaluate whether POLR3G and its close paralogue
POLR3GL exist in Pol III complexes with different composi-
tions in ESCs. To this end, we established stable mouse
E14TG2a cell lines expressing either FLAG-AviTag–tagged
POLR3G or POLR3GL using a lentiviral-based delivery method.
First, we found that neither POLR3G nor POLR3GL over-
expression altered stem cell morphology or messenger RNA
(mRNA) levels of the pluripotency marker Pou5f1 (Oct4) (SI
Appendix, Fig. S1), which indicates that these cells are still in their
pluripotent states. Furthermore, the two types of Pol III com-
plexes, isolated by affinity purification from corresponding whole-
cell extracts, displayed similar compositions as revealed by the
band patterns obtained in Coomassie-stained gels (Fig. 1A). These
results are in agreement with analyses of the natural Pol III iso-
forms purified from mouse plasmacytoma cells (13) and the
POLR3G- and POLR3GL-tagged Pol III isoforms affinity-
purified from HeLa cells (14). We further confirmed by mass
spectrometry (MS) that both ESC preparations contain the
same set of well-characterized Pol III subunits, with 15 of the
17 Pol III subunits detected in both complexes and the other 2,
POLR2L (7.6 kDa) and POLR2K (7.0 kDa), missing due to
their small sizes. Importantly, only a few additional proteins
were identified in either preparation SI Appendix, Table S1)
and most of these proteins, such as GAPDH and PPIA, are
related to metabolic functions, expressed at very high levels
and probable contaminants based on considerations of com-
mon contaminants identified in other mass spectrometric
analyses (20). Other differences relate to proteins displaying
low MS scores and coverage, suggesting that they are not
stochiometric partners of the complexes. Therefore, and es-
pecially with respect to near-stoichiometric components, both
ESC-derived Pol III isoforms most likely differ only with re-
spect to the presence of POLR3G or POLR3GL. Furthermore,
although we cannot formally exclude the possibility that some
of the proteins differentially associated with the primary (17-
subunit) POLR3G- and POLR3GL-containing Pol III com-
plexes do not contribute to differential function, this is less
likely based on results (below) indicating common target genes
and functions.

Evaluation of POLR3G and POLR3GL Expression in ESCs and Primary
MEFs and during Early Mouse Embryonic Development. We next
evaluated the precise levels of expression of POLR3G and
POLR3GL in both ESCs (cultured E14TG2a line) and differ-
entiated primary MEFs (isolated and cultured from mouse em-
bryos at E12.5). For this purpose, we raised polyclonal antibodies
against the first 146 residues of POLR3G and the first 151 res-
idues of POLR3GL, respectively. Although these polyclonal
antibodies cross-reacted with additional proteins in immunoblots
of whole-cell extracts, they successfully distinguished the two
proteins in ESC lines overexpressing the mouse POLR3G or
POLR3GL proteins (Fig. 1B). Moreover, each antibody could
specifically immunoprecipitate its cognate Pol III subunit (Fig. 1C).
To quantify the absolute protein expression levels in different

cell lines, we compared the immunoblot signals obtained using
whole-cell extracts prepared from the same number of E14TG2a
ESCs and primary MEFs to the signals given by increasing
amounts of highly purified FLAG-tagged POLR3G and POLR3GL
(Fig. 1 D–F). Interestingly, we found that the POLR3G level
was 6-fold higher than the POLR3GL level in E14TG2a cells. In

Fig. 1. POLR3G and POLR3GL expression in mouse ESCs and MEFs. (A)
Coomassie-stained gels showing minor differences in polypeptide composi-
tion of Pol III complexes immunoprecipitated (with anti-FLAG antibody and
streptavidin beads) from the lysates of stable ESC lines harboring FLAG-
AviTag-empty vector (lane 1), FLAG-AviTag-POLR3G (lane 2), or FLAG-AviTag-
POLR3GL (lane 3). (B) Immunoblots of cell lysates from ESCs transduced with
FLAG-AviTag-empty vector (F-MT), FLAG-AviTag-POLR3G (F-3G), or FLAG-
AviTag-POLR3GL (F-3GL) showing the specificities of the raised antibodies.
Immunoblots with anti-FLAG antibody revealed the relative amounts of
overexpressed POLR3G and POLR3GL proteins in whole-cell lysates. Arrows
denote the overexpressed proteins and asterisks indicate nonspecific bands.
(C) Immunoprecipitation assay showing the specificities of anti-POLR3G and
anti-POLR3GL antibodies for cognate Pol III subunits in cell lysates of ESCs.
(D) Coomassie-stained gels showing the purities of recombinant FLAG-
tagged POLR3G and POLR3GL proteins that were used as standards to de-
termine the amounts of endogenous POLR3G and POLR3GL proteins in ESCs
and MEFs. (E and F) Immunoblots showing the relative levels, to recombi-
nant proteins, of POLR3G (E) or POLR3GL (F) in whole-cell lysates of ESCs and
primary MEFs. The recombinant protein amounts (in pg) and the cell-number
equivalents (1 million) of whole-cell lysate loaded in each lane are indicated.
Based on the recombinant protein standards, the calculated values for total
Pol III molecules per cell are ∼5 × 104 for ESCs and ∼4 × 104 for MEFs. Arrows
indicate endogenous POLR3G and POLR3GL proteins, and the asterisk indi-
cates a nonspecific band. (G) Calculated relative ratios of POLR3G and
POLR3GL proteins in ESCs and primary MEFs.
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contrast, POLR3G levels were significantly lower (∼2-fold) in
MEFs relative to ESCs, whereas POLR3GL levels were ∼3-fold
higher in MEFs relative to ESCs (Fig. 1G). Therefore, the ratio of
POLR3G to POLR3GL is dramatically decreased from 6:1 in
ESCs to 1:1 in MEFs, confirming previously reported results re-
garding the reduction of POLR3G-containing Pol III during
differentiation.
We also evaluated whether POLR3G and POLR3GL had

different expression patterns at the mRNA level during early
mouse development. To this end, we measured mRNA levels in
mouse embryos harvested from two-cell to blastula stages (SI
Appendix, Fig. S2). The low expression levels (reflected by high
cycle threshold [CT] numbers) of the two transcripts from the
earliest stage reflect the presence of maternal transcripts in these
embryos. These results indicate that, while POLR3G mRNA
expression rapidly increases at the early eight-cell stage to reach
its maximum at the blastula stage, the POLR3GL mRNA level
remains unchanged throughout development to the blastocyst
stage.

Genome-Wide POLR3C, POLR3G, and POLR3GL Occupancies in Mouse
ESCs and MEFs. Next, we identified target genes of POLR3G- and
POLR3GL-containing Pol III complexes in mouse E14TG2a
ESCs and MEFs using genome-wide ChIP-seq with antibodies
raised against POLR3C, POLR3G, POLR3GL, and Pol II
(RBP1) (21). We observed strong ChIP-seq signals of POLR3C,
POLR3G, and POLR3GL binding at tRNA clusters, but no
detectable levels of all Pol III subunits binding at most Pol II-
transcribed genes, indicating the specificity of the Pol III anti-
bodies for Pol III-transcribed genes (Fig. 2 A and B). Among
these antibodies, the POLR3C antibody displayed the greatest
specificity and sensitivity in ChIP-seq experiments. Therefore, we
always observed more POLR3C-binding sites than POLR3G- or
POLR3GL-binding sites (Fig. 2C and Dataset S1). Overall, ex-
cept for the POLR3GL subunit that was not readily detected on
ESC chromatin despite being expressed at a detectable level in
ESCs, all Pol III subunits tested were found at the same genomic
locations. The lack of POLR3GL ChIP-seq peaks in ESCs could
reflect either a failure of POLR3GL-containing complexes to be
used for Pol III gene transcription or, more likely, the lower level
of POLR3GL expression relative to POLR3G expression (1:6
ratio in ESCs) and a consequent level of POLR3GL binding that
falls below detection levels in ChIP-seq experiments.
POLR3C was detected at 317 loci in ESCs and 275 loci in

MEFs, respectively (Fig. 2C). Most of these loci mapped to
known Pol III target genes that include tRNA genes, 5S RNA
genes, 7SK RNA genes, U6 small nuclear RNA genes, RNase
MRP, Y RNA genes, vault RNA genes, and SINEs. We also
observed a total of 243 and 264 loci that were occupied by
POLR3G in ESCs and MEFs, respectively. Around 90% of these
loci overlapped loci co-occupied by POLR3C (as expected for
integral Pol III subunits) (Fig. 2C and Dataset S1), with the in-
complete overlap likely reflecting the greater affinity of the
POLR3C antibody (below). A total of 223 genes were commonly
targeted by POLR3G in both ESCs and MEFs, while only 20 and
41 genes were specifically bound, respectively, in these cell types
(Fig. 2D and Dataset S2) and could reflect cell-specific tran-
scription of Pol III target genes regulated by other factors. In this
regard, over half of the 61 outliers were tRNA genes that also
were bound by POLR3C, consistent with previous reports of cell-
type–specific expression of tRNA genes (22, 23). In contrast to
POLR3G, POLR3GL was detected at only very few loci in ESCs
(likely because of lower abundance and antibody affinity; but see
also discussion of Fig. 2E data below) but showed a dramatically
higher occupancy of 177 loci in MEFs (Fig. 2C). These POLR3GL
loci presented a significant level of overlap with the POLR3G loci

in MEFs (173 of 177 loci), indicating that both forms of poly-
merase were likely recruited to the same loci in these cells. The
apparent differences may again reflect differences in antibody
affinities (POLR3C > POLR3G > POLR3GL) and protein levels
leading to differences in detection limits. As an example, when
each of the apparent POLR3G-specific loci in MEFs was manu-
ally reviewed, many showed extremely low levels of POLR3GL
binding that had been filtered out during the original analysis
because the signals were closer to background.
The annotated mouse tRNA genes comprise 430 standard

tRNA genes, 2 selenocysteine tRNA genes and 1 possible sup-
pressor tRNA gene. More than half of these genes were occu-
pied by POLR3C and POLR3G in both ESCs and MEFs (Fig.
2E), whereas POLR3GL exhibited strong binding to these tRNA
loci only in MEFs. Although weak, the POLR3GL signals in
ESCs nonetheless appear significant but, being closer to back-
ground, would have been filtered out in the analyses in Fig. 2C.
Interestingly, these Pol III-dependent tRNA loci often displayed
significant levels of Pol II binding, raising the possibility of active
Pol II transcription units (Fig. 2E). Similar binding patterns were
also observed in non-tRNA target genes of POLR3C (Fig. 2F).
Altogether, these results suggest that the two Pol III isoforms

mediate expression of a very similar, if not the same, set of genes
and that they have limited specificity, if any, other than that
relating to levels of expression. These results are surprising in
view of the earlier suggestion that the POLR3G-containing Pol
III has a gene-specific role in the regulation of ESC differenti-
ation (18) but are in line with results of genomic analyses in the
mouse liver (16) and with current results of genetic analyses
(below) that fail to show any differences in intrinsic functions.

Generation and Characterization of POLR3G and POLR3GL Conditional
Knockout Mice. The apparent contradiction between the earlier
report proposing different functions of the Pol III isoforms in
regulating ESC differentiation and the current results indicating
that both isoforms are found primarily on the same loci in MEFs
prompted us to examine the functions of POLR3G and POLR3GL
subunits in vivo. To understand the physiological function of
POLR3G and POLR3GL during mouse development, we engi-
neered, first, knockout mice harboring large insertions at Polr3g
and Polr3gl regions. These insertions disrupt gene expression and
generate functional null mutants (fn/fn). The insertions flanked by
FRT/loxp sequences could later be removed to generate condi-
tional (fl/fl) knockout mice (SI Appendix, Figs. S3 and S4). The
initial crosses revealed that the complete loss of POLR3G is
embryonic lethal. Therefore, we monitored early embryonic de-
velopment more closely at specific time points (Fig. 3A). Indeed,
we detected a Mendelian ratio of 0.26 (24 of 93) Polr3gfn/fn em-
bryos at E3.5, although 8 embryos displayed delayed or arrested
development as shown in Fig. 3B. In contrast, no Polr3gfn/fn em-
bryos were observed at E6.5 from a total of 32 embryos, indicating
that Polr3gfn/fn embryos die between E3.5 and E6.5. To confirm
that Polr3gfn/fn embryos could survive to the blastocyst stage, we
also collected 20 two-cell stage embryos from a Polr3g+/fn het-
erozygous cross and cultured them in vitro for 3 d. All embryos,
including five Polr3gfn/fn homozygotes, were able to develop a
blastocyst cavity, with one of five Polr3gfn/fn homozygotes arrested
at the early blastocyst (Fig. 3A, last column).
The aforementioned results suggest either that POLR3G-

containing Pol III complexes are not required until E3.5 or,
more likely, that the levels of maternal Polr3g, maternal Polr3gl,
and zygotic Polr3gl mRNAs were sufficient to maintain an ap-
propriate level of Pol III up to E3.5. An alternative possibility is
that POLR3GL is up-regulated (in embryos lacking POLR3G)
to an extent sufficient to maintain viability up to E3.5, seemingly
feasible in view of our demonstration (below) that cells can
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compensate, at least partially, for the loss of one subunit by
overexpressing the other. Regarding the basis for the embryonic
lethality post E3.5, we wondered if this arose because of a low
level of POLR3GL-containing Pol III that was insufficient to
compensate for the loss of POLR3G-containing Pol III or be-
cause POLR3G-containing Pol III was fulfilling a specific func-
tion at this developmental stage. To test these hypotheses, we
conducted a genetic analysis to determine whether a 50% re-
duction in the POLR3GL level in Polr3gfn/fn embryos could ag-
gravate the lethality phenotype. Indeed, our data show that the
observed 36% fraction of delayed Polr3gfn/fn E3.5 embryos in-
creased to 89% for Polr3gl+/fn; Polr3gfn/fn E3.5 embryos. There-
fore, most Polr3gl+/fn; Polr3gfn/fn embryos were incapable of
reaching the full blastocyst stage (Fig. 3C), whereas all wild-type
embryos were able to develop normally to the full blastocyst stage.
Notably, these results support the hypothesis that POLR3GL can
compensate for the loss of POLR3G up to E3.5. Moreover,
because POLR3GL is expressed at a low level during early em-
bryonic development, it is likely that the much less abundant
POLR3GL-containing Pol III complexes are not sufficient to
fully compensate for the loss of POLR3G after the E3.5 blastula
stage. The likelihood that the observed effects are due to dif-
ferences in overall Pol III levels rather than isoform-selective
functions is further supported by studies (below) showing functional

equivalence of POLR3G and POLR3GL in driving ESC
differentiation.
In stark contrast to Polr3gfn/fn mice, Polr3glfn/fn mice, to our

surprise, were able to complete embryonic development up to
birth without noticeable defects. However, postnatally, these
mice grew more slowly than heterozygous or wild-type mice (Fig.
4A) and eventually died between postnatal day 19 (P19) to P25
with only half of the body weight of their wild-type siblings
(Fig. 4B). Cell growth depends on protein production rates and,
therefore, is tied to the synthesis of ribosomal RNAs and tRNAs
by Pol I and Pol III (2). Hence, the observed phenotypes are
consistent with a reduction of Pol III functions. Most impor-
tantly, however, the fact that Polr3glfn/fn mice could undergo
development and even survive postnatally for a period of time
indicates that POLR3G-containing Pol III can fulfill the same
developmental functions as POLR3GL-containing Pol III. Sim-
ilarly, we also performed a dosage effect experiment for POLR3G
in Polr3glfn/fn mice. This analysis revealed that Polr3g+/fn; Polr3glfn/fn

mice die much earlier than Polr3g+/+; Polr3glfn/fn mice, with an
average life span of 10 d and more severe growth retardation
phenotypes (the average weight at death was 2.3 ± 0.1 g; Fig. 4B,
green line). These results confirmed that POLR3G can substitute
partially for POLR3GL in Polr3glfn/fn mice.

Fig. 2. Genome-wide POLR3C, POLR3G, and POLR3GL occupancy in mouse ESCs and MEFs. (A) Representative Integrative Genomics Viewer view showing the
ChIP-seq signals of POLR3C, POLR3G, POLR3GL, and Pol II at the tRNA cluster of Chr13. The binding profiles in ESCs are shown in red, while the profiles in MEFs
are shown in blue. (B) Heatmap showing no detectable POLR3C, POLR3G, and POLR3GL occupancy at most Pol II-transcribed genes, thereby indicating the
specificity of the antibodies for Pol III-transcribed genes. (C) Venn diagrams showing overlaps of POLR3C, POLR3G, and POLR3GL target sites in ESCs (Left) and
MEFs (Right). (D) Venn diagram showing overlap of POLR3G target sites in ESCs and primary MEFs. (E and F) Heatmaps showing the ChIP-seq signals of
POLR3C, POLR3G, POLR3GL, and Pol III at all murine tRNA loci (E) and non-tRNA targets of PLOR3C (F) in ESCs and MEFs.
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In their final days (post P16), in addition to their smaller size,
Polr3glfn/fn mice exhibited poor body balance and displayed lo-
comotor ataxia indicative of putative cerebellar function defects.
Indeed, whole-body phenotyping using eight Polr3glfn/fn mice and
eight wild-type mice at P20 to P22 indicated that most organs in
mutant mice were relatively normal morphologically and histo-
logically, except for the cerebellum, which appeared statistically
smaller than wild type when normalized to body weight (Fig. 4C).
We next probed the levels of total Pol III in the cerebellum and,
as a control, in liver in three wild-type and three Polr3gl knockout
mice by immunoblot. In addition to confirming that these mice
lacked POLR3GL expression in both tissues, these analyses
revealed, interestingly, that POLR3G levels were significantly
increased in all three mutant mice. This again suggests partial
compensatory effects via the up-regulation of the other Pol III
isoform in these tissues. However, the compensation was in-
complete as revealed by the significantly decreased expression of
POLR3C, POLR3D, and POLR3F subunits in both mutant or-
gans (Fig. 4D). Next, we further validated these results by eval-
uating the recruitment of total Pol III to cognate target genes by
performing ChIP-qPCR assays on pooled chromatin samples
from multiple mice. These experiments revealed that the levels
of total Pol III in the analyzed genes decreased by 50 to 75% in
KO mice when compared to results obtained for wild-type mice
(Fig. 4E).

Overexpressing Either POLR3G or POLR3GL Can Rescue the
Differentiation Defect of POLR3G-Deficient ESCs. The dosage-
effect experiments performed in either Polr3gfn/fn embryos or
Polr3glfn/fn newborns suggested that POLR3G could partially
substitute for POLR3GL and vice versa. To further test this
hypothesis, we generated Polr3gfl/fl and Polr3gΔ/+ mice as described
in SI Appendix, Figs. S3 and S4. The “Δ” in these Polr3g and
Polr3gLmouse lines refers to the permanent deletion of the Polr3g
or Polr3gl gene region by CRE recombinase, which eliminates all
Polr3g or Polr3gl mRNA transcripts. We next established stable
Polr3gfl/+ and Polr3gfl/Δ ESC lines (hereafter referred to, respec-
tively, as 3gfl/+ and 3gfl/Δ) from E3.5 embryos by crossing Polr3gfl/fl

male and Polr3gΔ/+ female mice. Two stable 3gΔ/Δ ESC lines (Δ/Δ
#6 and #21) then were established by transient transfection of
3gfl/Δ ESCs with a plasmid expressing CRE recombinase. An im-
munoblot confirmed that neither of the 3gΔ/Δ ESC lines expressed

any POLR3G at the protein level (Fig. 5A). To our surprise, both
3gΔ/Δ ESC lines displayed the same cell proliferation rates as
Polr3g wild-type or heterozygous ESCs in vitro (Fig. 5B), sug-
gesting that POLR3G is dispensable for ESC growth. Next, we
stably expressed either POLR3G or POLR3GL under the control
of an EF1a promoter in the 3gΔ/Δ ESC lines via lentivirus-based
delivery (3gΔ/Δ; EF1a-3g and 3gΔ/Δ; EF1a-3gl ESC lines, respec-
tively) to evaluate whether both Pol III isoforms could compen-
sate for the loss of POLR3G in differentiation. Immunoblot
analysis confirmed the high levels of exogenous POLR3G or
POLR3GL overexpression in 3gΔ/Δ ESCs.
To see whether the differentiation ability was affected in ESC

lines lacking POLR3G and whether exogenous POLR3G or
POLR3GL could rescue the defect in POLR3G-deficient (3gΔ/Δ)
ESCs, we used the hanging drop method to form embryoid
bodies (EBs) from 3gfl/+, 3gfl/Δ, 3gΔ/Δ, 3gΔ/Δ;EF1a-3g, and
3gΔ/Δ;EF1a-3gl ESC lines in vitro (24). After 3 and 6 d of dif-
ferentiation, both wild-type (3gfl/+) and heterozygous (3gfl/Δ)
ESCs showed full differentiation into embryoid bodies (Fig. 5H).
In contrast, the POLR3G-deficient (3gΔ/Δ) ESCs could not
achieve differentiation under these conditions. As expected,
POLR3G fully rescued the differentiation defect of POLR3G-
deficient (3gΔ/Δ) ESCs. Notably, however, POLR3GL over-
expression could also achieve the same level of differentiation
(Fig. 5H), confirming that both Pol III isoforms can support the
same functions in cell-fate determination. We further confirmed
the rescue efficiency by measuring the mRNA expression levels
of several ESC pluripotency and differentiation marker genes
that included Oct4, Nanog, Gata4, Gata6, and Nestin. The results
indicate that both POLR3G and POLR3GL can fully rescue
the differentiation defect of POLR3G-deficient (3gΔ/Δ) ESCs
(Fig. 5 C–G). Altogether, our observations provide very strong
evidence to support the conclusion that the total Pol III level,
and not which Pol III isoforms are selectively expressed, is the
main factor regulating the transition between ESC proliferation
and differentiation.

Discussion
Redundant Functions and Differential Expression of the Two Pol III
Isoforms. Here, we have shown that the compositions of
POLR3G- and POLR3GL-containing complexes in mouse ESCs
are essentially the same, at least at the level of near stoichio-
metric components. In addition, both Pol III isoforms are found
largely at the same loci in MEFs. These results suggest that, in
these cell types and likely in many others (16), both types of
complexes generally fulfill the same function. This hypothesis is
further supported by genetic analyses indicating that the phe-
notype of either the Polr3g or the Polr3gl knockout mouse is
further enhanced by loss of one allele of the other isoform. Most
importantly, overexpression of either POLR3G or POLR3GL
can rescue the differentiation defect of Polr3gΔ/Δ ESCs. This
latter observation confirms that POLR3GL can functionally re-
place POLR3G in ESCs. Hence, the previous suggestions of a
specific function of POLR3G in ESCs (14, 17) are more likely
explained by the low expression of POLR3GL in these cells.
Indeed, our data show that the ratio of POLR3G to POLR3GL
in ESCs is about 6:1.
POLR3G and POLR3GL are highly similar in sequence, with

46% amino acid identities. Interestingly, invertebrates express
only one isoform that is more closely related to POLR3GL (16).
It therefore is possible that, during evolution, POLR3GL be-
came limiting with respect to an increasing demand for Pol III
during early embryogenesis, which could have favored gene du-
plication and fixation. The Polr3g gene is controlled by a pro-
moter that can drive acute and massive expression of Polr3g
mRNA during early development, whereas the Polr3gl gene is

Fig. 3. Complete loss of POLR3G in mice is early embryonic lethal. (A)
Summary of viability data indicating that Polr3gfn/fn embryos died between
E3.5 and E6.5. (B) An example of a Polr3gfn/fn embryo, compared to a control
embryo, arrested at the beginning of the blastula stage. (C) Summary of
data indicating that a 50% reduction of POLR3GL in Polr3gfn/fn embryos
results in an enhanced arrest (from 36 to 89%) of embryonic development at
the early blastula stage.
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expressed more ubiquitously and more stably later in develop-
ment. The difference in their regulation lies, at least in part, in
the specific recruitment of MYC to the Polr3g promoter (16).
The high level of MYC expression in ESCs probably accounts for
the increased production of POLR3G in these rapidly dividing
cells that present a high demand for Pol III activity. The latter
hypothesis would also explain the increased levels observed in
cancer cells that divide rapidly (14). The normal embryonic de-
velopment of Polr3gl knockout mice indicates either that POLR3G
is continuously expressed during embryogenesis or that a feedback
mechanism monitoring Pol III activity can reactivate Polr3g alleles
when needed. Very likely, POLR3G itself is not sufficient to meet
the growth demands of mice after birth, thereby leading to the
growth defect and early lethality phenotypes observed in Polr3gl
KO mice.

Differential Phenotypes of Polr3g and Polr3gl Knockout Mice and
Auto-Compensation of Two Forms In Vivo. Polr3g knockout mice
die between E3.5 and 6.5. To our surprise, however, it was
possible to establish Polr3gΔ/Δ ESC lines in vitro via transient

transfection of Polr3gfl/Δ cells with a CRE recombinase. Inter-
estingly, Polr3gfn/fn ESC lines could also be established by
crossing Polr3g+/fn mice and deriving ESCs from E3.5 embryos.
In both cases, these Polr3g knockout cell lines were found to
proliferate at rates similar to those of wild-type ESCs with no
significant changes in the expression of pluripotency marker
genes such as Nanog and Oct4. These results are contradictory to
previous conclusions drawn from POLR3G knockdown analyses
that suggested that this Pol III isoform was important for the
proliferation and pluripotency maintenance of ESC cells (14,
18). However, the previous studies relied exclusively on either
siRNA- or short hairpin RNA-mediated knockdowns, such that
the differences compared to the current results with knockout
cell lines could reflect either off-target effects of the interfering
RNAs or an acute effect of temporarily reducing POLR3G. In
our system, POLR3G was removed permanently and may have
induced an increase in POLR3GL expression that partially
compensated for the loss of POLR3G. Indeed, our immunoblot
data showed that POLR3GL protein was increased about two-
fold in a Polr3gΔ/Δ ESC line (Fig. 5A). Although this amount

Fig. 4. Complete loss of POLR3GL in mice results in pup death at the weaning stage. (A) A Polr3glfn/fn mouse with about half the body size of its wild-type
sibling at P21 after birth. (B) Growth curves of mouse pups with different dosages of Polr3g and Polr3gl genes from P1 to P25. Each mouse was weighed every
2 or 3 d in the morning. Genotypes and numbers of mice used for each genotype are described in the legend. Polr3glfn/fn mice are indicated by the red line
and Polr3g+/fn;Polr3glfn/fn mice by the green line. (C) Graph indicating that Polr3glfn/fn mice show a statistically smaller cerebellum, relative to body size, than
do control mice. (D) Immunoblots of liver and cerebellum protein extracts using POLR3C, POLR3D, POLR3F, POLR3G, and POLR3GL antibodies. Organs from
three wild-type and three Polr3glfn/fn mice were used, and each lane was loaded with the same amount of protein extract as indicated by Ponceau S staining
at the bottom. (E) POLR3C ChIP-qPCR assays were performed at several Pol III-targeted loci using liver and cerebellum tissues from wild-type and Polr3glfn/fn

mice at P21.
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appeared to be sufficient to maintain the proliferation of ESCs,
it proved insufficient to match the higher Pol III demand during
ESC differentiation, as evidenced by the inability of Polr3g knock-
out ESCs to differentiate into embryoid bodies. These results are
also consistent with the early embryonic lethality observed in Polr3g
knockout mice.
Unexpectedly, Polr3gl knockout mice displayed prenatal de-

velopment without notable defects, which clearly demonstrates
that POLR3G is not restricted to ESCs. However, Polr3gl
knockout mice did present clear postnatal growth defects and
eventually died at 3 wk after birth. Remarkably, compared to
their wild-type siblings, these mice showed a massive (5- to 10-

fold) induction of POLR3G expression at 3 wk of age. Never-
theless, this induction was insufficient to ensure long-term sur-
vival of Polr3gl knockout mice. The compensatory increase of
one protein upon reduction or loss of function of an isoform is
common in nature. For example, alpha 1-globin gene expression
is increased in individuals heterozygous for the alpha-2 globin
deletion (25). In mice heterozygous for a null mutation in Scn8a,
Nav1.2 increases to keep total sodium channel expression ap-
proximately constant despite partial loss of Nav1.6 channels (26).
The fact that the POLR3G and POLR3GL isoforms can com-
pensate for one another strongly suggests that they have similar
intrinsic functions in vivo.

Fig. 5. Overexpressed POLR3G or POLR3GL in Polr3gΔ/Δ ESCs equally rescue the phenotype of Polr3gΔ/Δ ESCs. (A) Immunoblots (Top five panels) of whole-cell
extracts of ESCs with different genotypes (indicated at the top) with POLR3C, POLR3D, POLR3F, POLR3G, and POLR3GL antibodies (indicated at the left). Each
lane was loaded with the same amount of protein extract as indicated by Coomassie blue staining at the bottom. (B) Cell proliferation assays of wild-type,
Polr3gΔ/+, and Polr3gΔ/Δ ESCs. Two Polr3gΔ/Δ stable ESC lines were used in this assay as shown by the green and purple lines. (C–G) Differentiation assays
performed with wild-type, Polr3gΔ/+, and Polr3gΔ/Δ ESC lines and with rescue lines Polr3gΔ/Δ;EF1a-3g and Polr3gΔ/Δ;EF1a-3gl. RT-PCR assays were performed on
Oct4, Nanog, Gata4, Gata6, and Nestin genes using three time points (ESCs at the differentiation start point, 3 d after EB formation and 6 d after EB for-
mation) individually. (H) Embryoid body differentiation analyses indicating that overexpression of either POLR3G or POLR3GL rescues the undifferentiated
phenotype of Polr3gΔ/Δ ESCs.
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Pol III/POLR3-Related Disorders. Mutations in Pol III subunits
POLR3A, POLR3B, POLR1C, or POLR3K in humans are
causative for various pathologies of the central nervous system.
Recently, because of their similarity and shared molecular func-
tion, these conditions have been designated POLR3-related leu-
kodystrophies (27, 28). Among all of the neurologic impairments,
cerebellar signs appear first and slowly worsen toward severe in-
tention tremor, dysarthria, dysmetria, and gait ataxia (29). In ad-
dition to mutations in the previously mentioned Pol III subunits,
mutations in CLP1 (a multifunctional kinase involved in tRNA
splicing) and BRF1 (one of three subunits of the Pol III tran-
scription initiation complex) also cause abnormalities in cerebellar
development and neurodegeneration (30, 31). The phenotypes
that we have observed in Polr3gl knockout mice are in line with the
cerebellar abnormalities in humans carrying mutations in Pol III-
related genes. Both immunoblot and ChIP analyses in Polr3gl
knockout mice confirmed reductions both in the total amount of
Pol III and in Pol III binding to target genes in vivo. There cur-
rently are no reported POLR3GL loss-of-function mutations in
humans, which may be due to their early lethality. However, a very
recent report described three individuals with biallelic Polr3gl
variants in which exon 2 or exon 5 of Polr3gl was skipped (32).
These three patients were characterized mainly by axial endosteal
hyperostosis, oligodontia, short stature, and mild facial dys-
morphisms. These phenotypes largely fit within the spectrum of
Pol III-related disorders and are supported by our mouse model.
It will be interesting to see if there are other Polr3gl mutations
leading to reductions of POLR3GL, thereby giving similar phe-
notypes as other POLR3-related disorders. In this regard, Polr3gl
mutations should be examined in early infant death cases and in
patients with impaired cerebellar development. Our Polr3gl
knockout mice could also constitute a convenient model to study
these pathologies in more detail.

Materials and Methods
Generation of Polr3g and Polr3gl Conditional Knockout Mice. The Polr3g tar-
geting vector was obtained from EUCOMM (Polr3gtm1a [EUCOMM]Wtsi
HTGR04004_Z_1_E09) (SI Appendix, Fig. S3). The Polr3gl-targeting Bac vector
was generated by recombination (SI Appendix, Fig. S4). Both mouse lines
were generated by the Rockefeller Gene Targeting Center in a C57BL/6
background. B6(Cg)-Tyrc-2J/J (#000058), Actin-Flp (#3005703), and EIIA-CRE
(#003724) mice were obtained from The Jackson Laboratory. All mice were
maintained according to institutional guidelines. Transgenic mice with single
onsite recombination were confirmed by Southern blot analysis using
32P-labeled external probes and neoprobes. The “knockout-first” alleles (fn
alleles) were later crossed to transgenic FLP mice to generate conditional
knockout mice (fl allele). The fl allele mice were further crossed to transgenic
EIIA-CRE mice to obtain heterozygous Δ alleles. All animal experiments were
approved and performed in accordance with the Institutional Animal Care
and Use Committee at The Rockefeller University.

Mouse Embryo Isolation, Culture, and Genotyping. After mating, plugged
females were euthanized at certain time points. Embryos were flushed out or
isolated from oviducts or uteri as described in Manipulating the Mouse
Embryo (33). Viagen DirectPCR solution (#102-T) was used to lyse embryos
followed by regular PCR and agarose gel isolation. For embryos on and
before 3.5 d, two-round nested PCR analyses were used to amplify the signal.
A table listing all primers is provided in Dataset S3. To culture two-cell-stage
embryos, 1.5-d embryos were flushed out using fresh EmbryoMax medium
(Millipore #MR-121-D) and cultured in 20 μL EmbryoMax medium drops in a
37 °C, 5% CO2 incubator until they reached the blastocyst stage.

Cell Culture. E14TG2a cells were cultured on 0.1% gelatinized tissue-culture
plates in complete ESC growth medium (Gibco) supplemented with mouse
leukemia inhibitory factor (LIF) (Millipore) and 15% fetal bovine serum (FBS).
Primary MEFs were derived from E12.5 embryos, maintained in ESC growth
medium supplemented with 10% FBS (without LIF), and passaged three to
five times prior to immunoblot or ChIP-seq analyses. Mouse embryonic stem
cell lines used for Fig. 5 were derived from E3.5 blastocyst embryos and

cultured in Glasgow’s modified Eagle’s medium (Sigma) supplemented with
10% FBS, 0.1 mM 2-mercaptoethanol, 1 mM nonessential amino acids, 1 mM
sodium pyruvate, 1% L-glutamine, 1,000 U/mL of mouse LIF, and 2 inhibitors
(1 μM MEK inhibitor PD0325901 and 3 μM GSK3 inhibitor CHIR99021). Stable
Polr3gΔ/Δ ESC lines were established by temporarily transfecting Polr3gfl/Δ

ESCs with a plasmid expressing a CRE recombinase for 36 h (the Cre-CAG-Ires
Puro plasmid was a kind gift from Hiromitsu Nakauchi, Institute of Medical
Science, The University of Tokyo, Tokyo, Japan (34). After puromycin selec-
tion, single clones were picked and confirmed by PCR genotyping.

EB Formation and Spontaneous Differentiation. EBs were formed using the
hanging drop method (24, 35). EBs were later transferred to gelatin-coated
plates to initiate spontaneous differentiation toward three germ lineages
(endoderm, mesoderm, and ectoderm). The first day on which formed EBs
were transferred to gelatin-coated plates was defined as EB 0 d. Medium
was changed daily afterward. At EB-3 and EB-6 d, three EBs from each ge-
notype were lysed and subjected to qRT-PCR assays.

Antibodies, Immunoblots, and Immunoprecipitation. GST-tagged POLR3G
(residues 1 to 146), GST-tagged POLR3GL (residues 1 to 151), and 6 His-
tagged POLR3C (full length) were expressed in Escherichia coli and, after
purification, used as antigens to generate polyclonal antibodies in rabbits
(Covance). POLR3D (RPC53) and POLR3F (RPC39) antibodies were as de-
scribed before (11). Corresponding sera were diluted 5,000-fold for immu-
noblot and 200-fold for immunoprecipitation (IP). Anti-FLAG M2 antibody
and M2 beads were obtained from Sigma. For IP, samples were lysed, in-
cubated with M2 beads, and washed in BC300+1% Triton X-100.

POLR3G and POLR3GL Pull-Down and Mass Spectrometric Assays. E14TG2a cells
were first transfectedwith a lentiviral vector expressing BirA-neomycin under
the EF1α promoter pEF1a-BirA-IRES-neo. Neomycin-positive clones were se-
lected and transfected with lentiviral vectors expressing FLAG-AviTag-
POLR3G or -POLR3GL and puromycin-N-acetyltransferase under the EF1α
promoter PL-SIN-EF1α-Fb-IRES-puro. Stable cell lines expressing exogenous
POLR3G or POLR3GL were selected and confirmed by streptavidin-IP and
FLAG immunoblot. For pull-down assays, whole-cell lysates were extracted
with 0.42 M KCl + 0.2% Triton X-100 and washed four times with BC300 +
0.2% Triton X-100, followed by purification on M2-Agarose and streptavidin
beads. Final samples were eluted with sodium dodecyl sulfate (SDS) buffer at
room temperature and analyzed by SDS/polyacrylamide gel electrophoresis
(PAGE). For MS, each gel lane was excised and cut into 16 pieces that were
denatured and digested with trypsin at 37 °C overnight. Peptides were
separated by liquid chromatography followed with tandem MS. All proce-
dures were performed and analyzed by the Rockefeller University Mass
Spectrometry facility.

Quantification of POLR3G and POLR3GL Levels in Cells. DNA sequences
encoding FLAG-tagged full-length POLR3G and POLR3GL proteins were
cloned into the pFastBac expression vectors. Baculoviruses were generated
and amplified in Sf9 cells and transduced to High Five cells for protein ex-
pression. POLR3G and POLR3GL proteins were purified on M2-Agarose
beads and eluted in PBS+0.1% Triton X-100 buffer containing 150 μg/mL
3xFLAG peptide. Final concentrations of full-length POLR3G and POLR3GL
were measured by SDS/PAGE with reference to bovine serum albumin
standards (Sigma A4503) in the linear range. To prepare the whole-cell ly-
sates, E14TG2a cells and primary MEFs were carefully counted and lysed
directly in SDS loading buffer. Immunoblots were carried out with either
anti-POLR3G or anti-POLR3GL. Signals were detected and analyzed with a
LI-COR Odyssey imaging system. Protein amounts in cell lysates were de-
termined by reference to purified recombinant POLR3G or POLR3GL pro-
teins. The size differences between recombinant and endogenous proteins
reflect the presence of the FLAG tag.

Cell Proliferation Assay. A 96-well plate was precoated with 0.1% gelatin
overnight. A total of 2,000 cells in 100 μL of ES medium were added to each
well on the next day. A Promega CellTiter 96 AQueous cell proliferation
assay kit was used to measure cell growth.

Quantitative RT-PCR. Complementary DNA (cDNA) was synthesized using 1 μg
of total RNA and the qScript cDNA synthesis kit (Quanta Biosciences #95047)
as per manufacturer’s instructions. A table listing all primers is provided in
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Dataset S3. For qPCR, QuantiTect SYBR Green was used in triplicate for three
biological repeats.

Single-Cell-to-CT. Embryos at two-cell, four-cell, eight-cell, and blastula stages
were lysed and subjected to single-cell-to-CT analyses using an Ambion single-
cell-to-CT kit according to the prescribed protocol. The preamplification mix
contained primer sets for Gapdh, Oct3/4, Nanog, Sox2, Klf4, Polr3g, Polr3gl,
Rn5S, Rn7SK, and RnU6. Second-round qPCR assays were performed with
Applied Biosystems Real-Time PCR Instruments 7100.

ChIP-Seq Assays. For each ChIP assay, 30 to 50million E14TG2a cells or primary
MEFs were used. Cells were cross-linked in growth medium with 1% form-
aldehyde for 10 min at room temperature. Chromatin was prepared from
isolated nuclei and sonicated to an average size of 200 to 700 bp in lysis
buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetra-
acetic acid [EDTA], 0.1% SDS, 0.1% Na-deoxycholate, and 1× complete
Protease Inhibitor [Roche]). Soluble chromatin (∼200 μg DNA) was immuno-
precipitated with 10 μg of rabbit polyclonal Pol II (N-20, Santa Cruz sr-899),
POLR3G, POLR3GL, and POLR3C antibodies/100 μL Dynal protein G matrix at
4 °C for overnight. Bound materials were extensively washed, eluted,
treated with RNase A and proteinase K, and reverse-cross-linked overnight
at 65 °C. ChIP’ed DNA fragments were recovered using a PCR purification kit
from Qiagen and submitted to the Epigenomic Core Facility at Weill Cornell
Medical College for library construction (TruSeq preparation kit from Illu-
mina) and for 50-bp single-read high-throughput sequencing in an Illumina
HiSeq2000.

Analysis of ChIP-Seq Data. ChIP-seq data were analyzed as previously de-
scribed (36). Briefly, the 50-bp sequence tags generated for each ChIP-seq
assay were aligned to mouse genome mm9 assembly by Bowtie pipeline
1.0.1 release using parameters -m 1, -n 2, and -best. The SAMtools was used
to sort the aligned reads and remove PCR duplicates. Peak calling was per-
formed using the MACS software (37) or HOMER package (38). The final
numbers of peaks were manually determined by comparison to the input
gene track in Integrative Genomics Viewer. Clustering heat maps of the
ChIP-seq results were performed using the seqMINER program (39) with the

transcription start site dataset of murine tRNA and RefGene from University
of California at Santa Cruz genome table browser. The annotated mouse
tRNA genes are previously described (40). Statistics of ChIP-seq experiments
are in SI Appendix, Table S2.

ChIP. Liver and cerebellum samples were collected from either wild-type or
mutant mice and fixed in 1% formaldehyde for 5 min at room temperature.
Fixed samples were lysed in 50 mM Hepes (pH 7.5), 140 mM NaCl, 1 mM
EDTA, 10% glycerol, 05% Nonidet P-40, 0.25% Triton X-100 with proteinase
inhibitors for 20 min at 4 °C. After centrifugation, pellets were washed two
times with 10 mM Tris·HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, and 0.5 mM
ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA).
After washing, pellets were resuspended in 10 mM Tris·HCl (pH 8.0),
200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5%
N-lauroylsarcosine, and proteinase inhibitor and sonicated to fragments
with an average size of 200 to 800 bp. For each IP, ∼30 μg of soluble chro-
matin was incubated overnight with 1.5 μL POLR3C antibody and 30 μL
Dynal protein G beads. Dynal beads were then washed four times with
20 mM Tris·HCl (8.0), 1 mM EDTA, 0.1% SDS, 1% Triton-X100, and 500 mM
NaCl. After cross-link reversal, ChIP’ed DNA fragments were recovered using
a PCR purification kit from Qiagen. Final data were generated from three
biological repeats.

Data Availability. The ChIP-seq dataset has been deposited under accession
no. GSE143969 in the National Center for Biotechnology Information Gene
Expression Omnibus database on January 22, 2020 (21).
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