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Synthesis of tRNA and 5S rRNA by RNA polymerase (pol) Ill is
regulated by the mTOR pathway in mammalian cells. The mTOR
kinase localizes to tRNA and 5S rRNA genes, providing an opportu-
nity for direct control. Its presence at these sites can be explained
by interaction with TFIIIC, a DNA-binding factor that recognizes the
promoters of these genes. TFIIIC contains a TOR signaling motif that
facilitates its association with mTOR. Maf1, a repressor that binds
and inhibits pol lll, is phosphorylated in a mTOR-dependent manner
both in vitro and in vivo at serine 75, a site that contributes to its
function as a transcriptional inhibitor. Proximity ligation assays
confirm the interaction of mTOR with Maf1 and TFIIC in nuclei. In
contrast to Maf1 regulation in yeast, no evidence is found for
nuclear export of Maf1 in response to mTOR signaling in Hela cells.
We conclude that mTOR associates with TFIIIC, is recruited to pol
lli-transcribed genes, and relieves their repression by Maf1.

pol Ill transcription | rapamycin

Synthesis of ribosomal components can monopolize 90% of all
transcription under conditions of rapid growth (1). It requires
RNA polymerase (pol) I to produce the large rRNAs, pol II to
produce the mRNAs encoding ribosomal proteins (RPs), and pol
III to produce 5S rRNA (2). The metabolic demands made by this
biosynthetic program necessitate tight coordination and the ability
to respond to energy status and nutrient availability. The target of
rapamycin (TOR) pathway performs this role in yeast and higher
organisms (3, 4). For example, inactivation of TOR in Saccharo-
myces cerevisiae using the drug rapamycin causes a rapid and co-
ordinated decrease in expression of virtually all genes involved in
ribosome production. This involves the down-regulated activity of
pols I and III, along with a more selective decrease in pol II
transcription of RP genes (5, 6). Exposure of this yeast to rapa-
mycin also triggers a decrease in expression of the Ribi (ribosome
biogenesis) regulon, which encodes many nonribosomal proteins
involved in the production and maturation of ribosomes (7). The
Ribi regulon is the largest set of coregulated genes in S. cerevisiae,
further illustrating the magnitude of the task of coordinating
ribosome production.

Expression of S. cerevisiae RP genes is controlled by the tran-
scription factors SFP1 and CRF1. TOR regulates the localization
of these factors and thereby dictates whether they can access RP
gene promoters in the nucleus (7, 8). This does not require that
TOR enter the nucleus itself, because SFP1 and CRF1 both traffic
into the cytoplasm (7, 8). The subcellular localization of the pol I1I
transcriptional repressor Mafl is also controlled through TOR
signaling, which can cause its nuclear exclusion (9-11). Here we
show that mammalian Mafl is subject to rapamycin-sensitive
phosphorylation as well, but that this has a minimal effect on its
distribution between nuclei and cytoplasm, in contrast to the sit-
uation in S. cerevisiae. Nuclear Mafl may be accessed directly by
mTOR, which is detected at tRNA and 5S rRNA genes in vivo. Its
presence can be explained by interaction with TFIIIC, a tran-
scription factor that binds to pol III promoters. Localization of
mTOR to these sites may allow tRNA and 5S rRNA expression to
respond rapidly and directly to the availability of nutrients and
growth factors.

www.pnas.org/cgi/doi/10.1073/pnas.1005188107

Results

Human Maf1 Is Dephosphorylated in Response to Rapamycin. Maf1 is
highly phosphorylated in actively growing yeast, but rapamycin
triggers its dephosphorylation, which correlates with its activation
as a repressor (12-18). To test for similar control in mammals,
HeLa cells expressing HA-tagged Mafl were labeled in vivo with
[**Plorthophosphate. Anti-HA antibody immunoprecipitated
phospholabeled Mafl from these cells, but incorporation of [**P]
into Mafl was substantially decreased by rapamycin (Fig. 14).

A mass spectrometry screen identified serine 75 (S75) of human
Mafl as being phosphorylated in vivo (19). We raised a phospho-
specific antibody that recognizes this site. The specificity of the
antibody was confirmed by the finding that it failed to detect
transfected HA-tagged Mafl if S75 is substituted by alanine
(S75A) or aspartate (S75D), although these mutants were ex-
pressed as efficiently as the wild type (Fig. 1B). This antibody
revealed that rapamycin treatment severely diminishes S75 phos-
phorylation in both transfected WT Mafl and endogenous Maf1,
indicating that the mTORC1 pathway controls phosphorylation
at this site in vivo. However, it is unlikely to be the only site
phosphorylated in response to mTOR signaling, given that the S75
mutants show a clear electrophoretic mobility shift after rapamycin
treatment. Multisite phosphorylation is also a feature of 4E-BPs
and S6Ks, the best-characterized mTOR substrates (20).

To assess the functional significance of S75, we compared the
expression of pre-tRNA™" after transfection of WT and mutant
Mafl1 (Fig. 1C). Under the conditions of our assay, WT Mafl was
not strongly repressive, decreasing pre-tRNA™T levels by only
10%. This might be because it is heavily phosphorylated in
growing HeLa cells. Consistent with this, phosphomimetic S75D
substitution had minimal effect on activity. In contrast, the
phosphoresistant S75A mutant suppressed pre-tRNA™" expres-
sion sijgniﬁcantly (P < 0.05), causing a 30% decrease in pre-
tRNAY". Similar results were obtained with tRNA;M*!, which was
19% suppressed by WT Mafl but 39% suppressed by the S75A
mutant (Fig. S1). These data demonstrate that S75 contributes to
Mafl function. Substitution of this residue does not overcome
sensitivity to rapamycin, consistent with our belief that additional
phosphoacceptor sites are also involved in controlling Mafl.
Nevertheless, we can conclude that S75 contributes to Mafl
function in vivo and is phosphorylated in response to mTOR.

Rapamycin Does Not Cause Nuclear Import of Maf1 in Hela Cells. In
S. cerevisiae, TOR-dependent phosphorylation of Mafl can cause
its dissociation from the pol III machinery and export from the
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Fig. 1. Serine 75 is a functionally significant site in Maf1 that is phos-
phorylated in a rapamycin-sensitive manner. (A) Hela cells transfected with
vector or HA-tagged Maf1 were labeled for 3 h with [3?P] orthophosphate
in the presence of vehicle or rapamycin, as indicated. Panels show autora-
diography (Upper) and Western blot analysis (Lower) after immunoprecip-
itation with anti-HA antibody. (B) Cells were transfected with empty vector
or with vector encoding WT, S75A, or S75D Maf1, as indicated, and treated
with vehicle or rapamycin. Western blots are shown with antibodies against
HA, S75-phosphorylated Maf1, total Maf1, and tubulin. The arrow indicates
transfected HA-tagged Maf1; the asterisk indicates endogenous Maf1. (C)
Expression of pre-tRNA™" was assessed by real-time qRT-PCR following
transfection with empty vector or with vector encoding WT, S75A, or S75D
Maf1. Data presented represent levels of pre-tRNA™" after normalization to
TFIIB mRNA, with empty vector assigned a value of 1.0. n = 3.

nucleus (11-16). In contrast, ChIP assays with our phosphospe-
cific antibody demonstrated that human Mafl can be cross-linked
to tRNA and 5S rRNA genes when it is phosphorylated at S75
(Fig. 24). The pol II-specific transcription factor TFIIA served
as a negative control. This finding suggests that phosphorylation
of Mafl might not cause its export in mammalian cells. Conse-
quently, we used subcellular fractionation to examine the local-
ization of Mafl and to investigate whether this is affected by
rapamycin. Mafl was found predominantly in the nuclei irre-
spective of rapamycin (Fig. 2B). This was confirmed by immu-
nofluorescence (Fig. 2C). As controls against the selective loss of
cytoplasmic proteins, we confirmed the presence of S6 kinase in
the subcellular fractions (Fig. 2B) and the detection of cyto-
plasmic actin by immunofluoresence (Fig. S2). We conclude that
redistribution of Mafl from the cytoplasm is not a feature of the
response to rapamycin in HeLa cells. We extended our analysis
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Fig. 2. Phosphorylated Maf1 is retained in the nucleus. (A) ChIP assay
showing cross-linking in Hela cells of S75-phosphorylated Maf1 at tRNA and
5S rRNA genes, but not the cyclin D2 promoter. TFIIA serves as negative
control. (B) Western blots with equal amounts of protein from nuclear and
cytoplasmic fractions of cells treated with vehicle () or rapamycin (+). c-Jun
and S6 kinase serve as nuclear and cytoplasmic markers, respectively. (C)

Indirect immunofluoresence with antibody against Maf1 in HelLa cells trea-
ted with vehicle or rapamycin.

to several other cell types, including human osteosarcoma and
breast cancer lines, as well as murine fibroblasts. In each case,
Mafl immunofluorescence was predominantly nuclear and
showed minimal response to rapamycin (Fig. S3).

Endogenous mTOR Can Be Cross-Linked to pol llI-Transcribed Genes in
Vive. TOR1 was reported to ChIP on 5SS rRNA genesin S. cerevisiae
(18, 21). We tested whether mTOR can be cross-linked to such
genes in mammalian cells. ChIP assays showed that this is indeed
the case, in both HeLa cells (Fig. 34) and fibroblasts (Fig. S4). The
interaction appears to be specific, given that mTOR was not
detected at the promoter of the pol II-transcribed cyclin D2 gene.
This was not due to failure of the cyclin D2 ChIP, because TFIIA
was detected specifically at this site. Endogenous mTOR not only
was found at chromosomal 5S rRNA genes, but also was cross-
linked to tRNA genes. This contrasts with what was reported for S.
cerevisiae, where TOR1 was detected at 5S RNA genes but not at
tRNA genes (18). Although 5S rRNA has been reported to re-
spond more strongly than pre-tRNA following rapamycin treat-
ment of S. cerevisiae (18), this was not the case in the mammalian
cell lines that we examined (Fig. S5). Quantitation of multiple
experiments confirmed that cross-linking of mTOR to 5S and
tRNA genes is significantly above the background signal obtained
with control antibody to TFIIA, with P < 0.0001 for tRNA genes in
HelLa cells (Fig. 3B). The mTOR ChIP was rapamycin-sensitive,
providing additional evidence of its authenticity (Fig. 3C). It was
verified using an alternative mTOR antibody (Fig. S6).

The presence of mTOR at pol III templates may allow it to
regulate transcription of these genes directly. This possibility is
supported by the fact that bacterially expressed recombinant
Mafl can be phosphorylated in vitro on S75 using immunopre-
cipitated mTOR (Fig. S7). Because an associated or contami-
nating kinase might have coimmunoprecipitated with mTOR and
phosphorylate Mafl in this assay, we repeated the experiment
using a baculovirus-expressed recombinant C-terminal fragment
of mTOR (22). Again we found phosphorylation of Mafl, as
revealed by labeling with [**P], and blotting with the phospho-
specific antibody confirmed S75 as a phosphoacceptor (Fig. 3D).
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Fig. 3. mTOR is found at tRNA and 5S rRNA genes and may phosphorylate Maf1. (A) ChIP assays showing mTOR occupancy at tRNA and 55 rRNA genes in
HelLa cells. Antibody to pol Il was used as a positive control, and antibody to TFIIA and beads without antibody provide negative controls. (B) Quantification
of A and two additional independent experiments. (C) ChIP assays showing mTOR occupancy at tRNA and 55 rRNA genes in Hela cells treated with vehicle (-)
or rapamycin (+). Antibody to TFIIA provided a negative control. (D) Recombinant mTOR fragment (residues 1362-2549) was used to phosphorylate
recombinant Maf1 in vitro. Top three panels show Western blots using antibodies against mTOR, total Maf1, and phosphorylated S75 of Maf1, as indicated.

(Bottom) Autoradiograph of 32P incorporation.

These data provide evidence that S75 of Mafl can serve as
a substrate for mTOR in vitro and suggest that direct regulation
also might occur in vivo.

TFIIIC Interacts with mTOR in the Nucleus. To explain the presence of
mTOR at tRNA and 5S rRNA genes, we searched for interactions
with the pol III transcription machinery. A stable association was
detected with the promoter-binding factor TFIIIC. Thus, anti-
body against TFIIIC was found to coimmunoprecipitate endog-
enous mTOR (Fig. 44) and vice versa (Fig. 4B). These inter-
actions were confirmed with alternative antibodies (Fig. S8). In
the same way, association was detected with endogenous raptor,
which binds to mTOR in the mTORCI1 complex (23, 24). The
possibility that coimmunoprecipitation was mediated by con-
taminating DNA was excluded by treatment with DNase 1 (Fig.
4C). These data suggest that mTOR and raptor form a complex
with the pol III-specific transcription factor TFIIIC that is stable
to cell lysis. This complex can be detected without the need to
overexpress any of its components.

Proximity ligation assays (PLAs) provided additional evidence
for association of mTOR and TFIIIC in vivo. This less-invasive

Kantidakis et al.

technique allows detection of native complexes with minimal
cellular disruption (25, 26). A signal is obtained only if oligonu-
cleotides coupled to two separate antibodies are sufficiently close
to allow enzymatic ligation; detection then relies on amplification
from the ligated template, followed by hybridization with fluo-
rescent probe (25, 26). A strong signal is detected using anti-
bodies against mTOR and either of two TFIIIC subunits (Figs. 4
D and E). DAPI staining for DNA suggests that this in vivo in-
teraction occurs predominantly in nuclei. In contrast to the results
obtained with mTOR and TFIIIC, the low signal obtained with
antibodies against mTOR and the abundant pol I-specific factor
UBF is comparable to the background seen in the absence of
primary antibody (Fig. 4F). Function of the UBF antibody in this
assay was confirmed by detection of strong signals when it was
combined with a second UBF antibody (Fig. 4G). However, nu-
clear association was detected between endogenous mTOR and
Mafl, consistent with the latter being a substrate for the former
(Fig. 4H). Quantitation of images of >100 cells from each of three
independent experiments revealed that the mTOR/Mafl signal
was less pronounced than the mTOR/TFIIIC signals, but never-
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Fig. 4. TFIIIC associates with mTOR. (A) Western blot analysis using mTOR
and raptor antibodies of input and immunoprecipitates produced with
nonimmune 1gG or antibody to TFIIIC110. (B) Western blot analysis using
TFIIIC110 antibody of input and immunoprecipitates produced with non-
immune IgG and antibodies to raptor and mTOR. (C) Western blot analysis
using TFIIIC110 antibody of immunoprecipitates produced in the presence
(+) or absence (-) of DNase | with nonimmune IgG and antibodies to raptor
and mTOR. (D) PLA using antibodies against mTOR and TFIIIC220. (E) PLA
using antibodies against mTOR and TFIIIC110. (F) PLA using antibodies
against mTOR and UBF. (G) PLA using two antibodies against UBF. (H) PLA
using antibodies against mTOR and Maf1. (/) Quantification of PLA assays
conducted using antibodies against the indicated pairs of proteins or with-
out primary antibodies. The well-characterized interaction between TFIIIB
subunits TBP and Brf1 was included as a positive control. GFP provided
a negative control, because it is not expressed in these cells.

theless well above the background obtained with a GFP antibody
(Fig. 4I). These data suggest close proximity of endogenous
mTOR with both Mafl and TFIIIC in the nuclei of intact cells.

Targeting of S6K1 and 4E-BP1 involves a TOR signaling (TOS)
motif in these substrates that is recognized by raptor (27-31). We
identified a similar motif in TFIIIC63, a subunit of TFIIIC (Fig.
5A). To test its relevance, we substituted the phenylalanine at
position 109 to isoleucine, because the equivalent substitution in
the TOS motif of 4E-BP1 was shown to significantly compromise
raptor binding (31). An HA-tagged version of this F1091 TFIIIC63
mutant was expressed as efficiently as WT when transfected into
cells (Fig. 5B). Its interaction with another TFIIIC subunit ap-
peared to be normal, indicating that its conformation was not se-
verely compromised by the substitution (Fig. 5C). However,
endogenous mTOR coimmunoprecipitated less efficiently with the
mutant than with WT TFIIIC63 (Fig. 5D). Evidence that the F1091
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Fig. 5. TFIIIC63 contains a TOS motif that contributes to the interaction
between TFIIC and mTOR. (A) Sequence and location of a putative TOS
motif in TFIIIC63 and comparison with TOS motifs in S6K and 4E-BP proteins.
(B) Western blot analysis with antibodies against TFIIIC63 and actin of lysates
from cells transfected with empty vector, vector encoding HA-tagged WT
TFINC63 (wt), or vector encoding HA-tagged mutant (mt) TFIIIC63 carrying
a F109I substitution. (C) Western blot analysis for TFIIIC110 and HA-TFIIIC63
coimmunoprecipitated with HA antibody or nonimmune 1gG from cells
transfected with vectors encoding HA-tagged WT TFIIIC63 (wt) or F109I
mutant TFIIIC63 (mt). (D) Western blot analysis with HA antibody for HA-
TFIIC63 coimmunoprecipitated with mTOR antibody or nonimmune IgG
from cells transfected with vectors encoding HA-tagged WT TFIIIC63 (wt) or
F1091 mutant TFIIIC63 (mt). (E) Quantification of the interaction between
mTOR and transfected WT or mutant (F1091) TFIIIC63 as determined by PLA
in three independent experiments. The signals were normalized to cell
number, and the WT signal was arbitrarily assigned a value of 100.

substitution compromises interaction with mTOR also was pro-
vided by PLA (Fig. 5E). Residual association of the mutant with
mTOR was more apparent on PLA than on coimmunoprecipita-
tion, probably because the latter is more disruptive of weak
interactions. Nevertheless, these data suggest that the TOS motif is
involved in bringing mTOR into close proximity with TFIIIC in
vivo. This could target mTORCI to pol III-transcribed genes.

Discussion

We have established that endogenous mTOR associates with
TFHIC and can be cross-linked to tRNA and 5S rRNA genes in
vivo. Such positioning may allow it to phosphorylate and regulate
the pol III transcription apparatus directly. Mafl appears to be
a substrate, given that we have identified S75 as a phosphoacceptor
site that is rapamycin-sensitive in vivo and can be phosphorylated
directly in vitro by recombinant mTOR. Although other residues
are phosphorylated as well, S75 clearly influences Maf1 activity, as
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indicated by the significant increase in its repressive effect on
tRNA expression by S75A substitution. Thus, we postulate that
TFIIC recruits mTOR to promoters, which then stimulates pol I11
transcription by inactivating the repressor Mafl. This allows a cell
to adapt pol III output to its energy status and the availability of
nutrients and growth factors.

While this work was under review and revision, two over-
lapping studies were published. Tsang et al. (32) demonstrated
that mTOR can be cross-linked to tRNA and 5S rRNA genes in
mouse B-TC6 pancreatic cells, and Shor et al. (33) showed the
same to be true in human MG63 osteosarcoma and HEK293
kidney cells. The latter study also found that raptor can be cross-
linked to these loci (33). From these studies, along with our
observations in HeLa cells and murine fibroblasts, the presence
of mTOR at pol III-transcribed genes has been established in
five distinct cell types of disparate origin, providing a strong in-
dication that the phenomenon is widespread. It is also note-
worthy that five different antibodies have been used among the
three studies to ChIP mTOR at these sites. Further evidence
against the possibility of fortuitous cross-reaction is the sensi-
tivity to rapamycin and the absence of cross-linking to various
control loci, including cyclin D2 (Fig. 3) and GAPDH (32). Thus,
this appears to be a very robust observation.

The mTOR kinase domain is considered to have little inherent
sequence specificity (34). Substrate preference instead appears to
be conferred by targeting through mTOR-associated proteins,
such as raptor, which recognizes the TOS motif (29-31). The
presence of a functional TOS motif in TFIIIC63, which contrib-
utes to TORCI1 binding, suggests that TFIIIC63 may be bound
directly by raptor. Additional interactions are likely involved as
well, given that diminished binding remains detectable by PLA
with the F109I mutant of TFIIIC63.

When bound to TFIIIC, mTOR might be close enough to
phosphorylate several components of the pol III machinery.
Phosphorylation of Brfl and Bdp1 has been shown to respond to
PTEN (35), an effect that may be mediated by mTOR. We have
found that rapamycin reduces phosphorylation of TFIIIC, al-
though we have no evidence that this effect is functionally sig-
nificant. Pol IIT output remains sensitive to rapamycin in cells
transfected with the phosphomimetic S75D mutant of Mafl.
Control may be complex and involve multiple targets. We chose to
focus on Maf1 because of the genetic evidence that it is required
for the response of pol III transcription to rapamycin in yeast (36).
Strong evidence that Mafl is a key target in higher organisms has
come from the finding that pre-tRNA expression becomes in-
sensitive to mTOR inhibitors when Maf1 is depleted from MG63
cells by RNAi (33). We found that human Mafl is phosphorylated
in vivo at serine 75 in a rapamycin-sensitive manner, although
mobility shifts of an S75A mutant point to the existence of addi-
tional phosphoacceptor sites. Serine 75 was found to be relevant
to transcriptional repression by human Mafl; however, it likely is
only one component of a complex control system, given that pol
IIT transcription remains responsive to rapamycin in cells trans-
fected with the S75A mutant. In a global proteomic analysis in
MDA361 breast cancer cells, Shor et al. (33) identified S75 of
Mafl as being phosphorylated in an mTOR-dependent manner.
This phosphorylation decreased by >99% when the cells were
treated with WYE-132, a potent and specific mTOR active site
inhibitor with a different mode of action to rapamycin (33). These
authors also showed that an S75A substitution enhances the
ability of transfected Mafl to suppress expression of pre-tRNAs
(33). Despite using a different cell type, their findings are entirely
consistent with our own data (Fig. 1C). Repression of pre-tRNA
expression was further enhanced by combining the S75A mutation
with alanine substitutions at three additional phosphoacceptor
sites (33); however, whether these additional sites are responsive
to mTOR signaling has yet to be confirmed.

Kantidakis et al.

We have shown that mTOR can phosphorylate Maf1 directly in
vitro. Although this might be true in vivo as well, we would not
rule out S6 kinase (S6K) as an intermediary. Woiwode et al. (35)
found that a constitutively activated S6K1 mutant could reverse
the repression of pol III activity seen when PTEN is overexpressed
in glioblastoma cells, but that S6K1 did not promote pol III output
in the absence of PTEN overexpression. Interpretation is complex,
because a feedback loop allows S6K1 to influence the pathway
regulated by PTEN (37-39). Perhaps S6K1 regulates pol III
transcription in a manner controlled by mTOR, but this mecha-
nism might show redundancy with mTORCI acting directly when
bound to TFIIIC. Such a situation might occur in S. cerevisiae;
there is strong evidence that ScMafl is regulated by Sch9, a yeast
kinase with functional similarities to mammalian S6Ks (16, 17, 40).
However, ScMafl is subject to redundant control, with protein
kinase A and Sch9 targeting the same phosphoacceptor sites (17).
In addition, immunoprecipitated TOR1 has been found to phos-
phorylate recombinant ScMafl in vitro, although a phos-
phoacceptor has not been identified, and the possibility that
PKA or Sch9 coimmunoprecipitate with TOR1 has not been ex-
cluded (18). The resemblance between Sch9 and S6Ks obviously
strengthens the possibility that S6Ks might mediate an effect of
mTOR on mammalian Maf1; however, all eight phosphoacceptor
sites identified for Sch9 and PKA in ScMafl lie within domains that
are absent from Mafl in mammals, which is shorter than its yeast
orthologs (Fig. S9). Thus, this aspect of the pathway might be
fundamentally different in yeast and mammals. A serine is found in
ScMafl (S166) at the equivalent position to S75 in humans when
the sequences are aligned, but the surrounding residues are not
conserved, again suggesting that regulation is distinct. TFIIIC also
is poorly conserved through evolution (41), and the ortholog of
TFIIC63 in S. cerevisiae, TFC1p, does not contain the TOS motif,
which appears to be important for mTOR interaction in humans.

Another key difference between yeast and mammals is that
phosphorylation of ScMafl causes it to dissociate from pol III in
yeast cells (13). In contrast, mammalian pol III, TFIIIB, and
TFIIIC remain associated with Mafl after its phosphorylation in-
duced by serum stimulation (42). This can explain our finding that
S75-phosphorylated Mafl can be cross-linked to tRNA genes in
HelLa cells (Fig. 24).

Rapamycin treatment of budding yeast can cause Mafl to be-
come dephosphorylated and concentrated in the nucleus (12-17).
However, pol III transcription remains responsive to rapamycin
in mutant strains with constitutively nuclear Maf1 (12, 15, 18). This
indicates that yeast TORC1 can regulate Maf1 without excluding it
from the nucleus. Using microscopy and subcellular fractionation,
we found that human Maf1 concentrates in the nuclei of HeLa cells
irrespective of mTOR signaling. The same was true for each of the
various other cell lines that we examined (MCF-7, U20S, DU145,
and A31 cells). Controls confirmed the efficacy of rapamycin
treatment in each case. In contrast, Shor et al. (33) reported sig-
nificant Mafl staining in the cytoplasm of MG63 osteosarcoma
cells, and noted that the nuclear content increased in response to
WYE-132 or the rapamycin analog CCI-779. This discrepancy
might reflect the use of different cell types and is reminiscent of the
situation in yeast, where Mafl is constitutively nuclear in one strain
but not another (18). Our data demonstrate that this aspect of Mafl
regulation is dispensable for its function in some mammalian cell
types, consistent with its inessential contribution in budding yeast.

Pol III is responsible for ~10% of all nuclear RNA production,
but its impact on biosynthetic capacity goes far beyond this.
Translation is a primary determinant of the rate of cell growth,
given that 80-90% of a cell’s dry mass is protein (43). By providing
tRNA and 5S rRNA, pol III has a major impact on translational
capacity. Indeed, tRNA availability might be rate-limiting for
protein synthesis under some conditions, as suggested by the in-
creased translation observed in fibroblasts transfected with
tRNAM® genes (44). Direct control of pol III transcription by
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mTOR bound to TFIIIC might facilitate a rapid and efficient
response to changes in growth conditions. This resembles the
location of mTOR at genes involved in mitochondrial function
through its interaction with the DNA-binding protein YY1 (45).
Recruitment to key target genes may prove to be an important
aspect of mTOR biology.

Materials and Methods

Cell Culture and Transfections. Cell lines and culture and transfection con-
ditions are described in S/ Materials and Methods. Rapamycin was applied for
4 h at a final concentration of 100 nM.

Mutagenesis. Mutations were introduced using the QuikChange I Site-Directed
Mutagenesis Kit (Stratagene), as detailed in SI Materials and Methods.

Cell Lysis and Fractionation. S/ Materials and Methods provides detailed
descriptions of the preparation of cell extracts and subcellular fractions.
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