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Promoter-Selective Properties 
of the TBP-Related Factor TRFI 

Michael C. ~ o l m e s  and Robert Tjian* 

The TATA-binding protein (TBP)-related factor 1 (TRFI) is expressed i n  a 
tissue-restricted fashion during Drosophila embryogenesis and may serve as a 
promoter-specific recognition factor that can replace TBP i n  regulating tran- 
scription. However, bona fide target promoters that would preferentially re- 
spond t o  TRFI have remained elusive. Polytene chromosome staining, chro- 
.matin immunoprecipitation, direct messenger RNA analysis, and transient co- 
transfection assays identified the Drosophila gene tudor as containing a TRFI- 
responsive promoter. Reconstituted in  vitro transcription reactions and deoxy- 
ribonuclease I footprinting assays confirmed the ability of TRFI t o  bind pref- 
erentially and direct transcription o f  the tudorgene from an alternate promoter. 
Thus, metazoans appear t o  have evolved gene-selective and tissue-specific 
components o f  the core transcription machinery t o  regulate gene expression. 

Diverse mechanisms have evolved to regulate rately directs transcription in vitro. Polytene 
the spatial and temporal patterns o f  gene ex- chromosome staining with an antibody to TRFl 
pression required for growth, differentiation, revealed its association in vivo with a small 
and response to environmental stimuli ( I ) .  Cell subset o f  genes within the Drosophila genome. 
type-specific transcriptional activators that in- However, there was no evidence that TRFl  
teract with enhancer D N A  sequences to control could differentially recognize distinct classes o f  
programs o f  gene expression in metazoans have promoters. 
received much attention. In contrast, the general To identify promoters regulated by TRFI, 
transcriptional apparatus has been viewed as a 
nonregulated "basal" component because the 
R N A  polymerase I1 (Pol 11) machinery was 
largely thought to be invariant in its composi- 
tion or expression. However, these earlier stud- 
ies did not anticipate the possibility that the Pol 
11 machinery itself might display tissue-specific 
or gene-selective properties. In 1993, a novel 
TBP-related gene product, TRF1, was isolated 
from Drosouhila and subseauentl~ found to . - 
display properties expected o f  a cell type-spe- 
cific TBP molecule (2, 3). In addition to being 
expressed in a tissue-restricted fashion, TRFl 
was able to interact with TFIIA and TFIIB to 
form a Pol I1 preinitiation complex that accu- 

Fig. 1. TRFl associates with the tudor core 
promoter in SL2 cells. DNA hybridization 
blots were probed with DNA isolated from 
chromatin immunoprecipitations of formal- 
dehyde-treated SL2 cells. Each blot contained 
restriction fragments of the tudor and Anten- 
napedia PI (AntPl) promoters, which were 
separated by agarose gel electrophoresis and 
transferred onto Gene Screen Plus nylon 
membranes (NEN Life Science Products). 
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we performed chromatin imrnunoprecipitation 
experiments with formaldehyde-treated SL2 
ceils (4). The tudor gene pr&iously identified 
by  TRFl chromosome staining was specifically 
tested for TRFl interaction. A 400-base pair 
(bp) fragment o f  the tudor promoter was probed 
by  Southern hybridization with 32P-labeled 
D N A  prepared from the chromatin irnmunopre- 
cipitations. As a control, we also probed a 
1.7-kb fragment o f  the Antennapedia P1 pro- 
moter (AntPl). D N A  sequences crosslinked 
and precipitated with TRFl hybridized strongly 
to the tudor promoter fragment, whereas no 
signal was detected for the AntPl fragment 
(Fig. 1, lanes 7 and 8). B y  contrast, D N A  
sequences coprecipitated with the transcription 
factor Adf-1 hybridized strongly to the AntPl 
promoter but not the tudor promoter (Fig. 1, 
lanes 5 and 6). Adf-1 had been previously 
shown to regulate the expression o f  Antennape- 
dia through the P1 promoter (5). Anti-TBP or 
control beads alone failed to precipitate either 
promoter fragment (Fig. 1, lanes 1 to 4). These 
studies taken together suggest that i n  vivo 
TRFl  associates selectively with D N A  se- 
quences within 500 bp o f  the tudor promoter. 

To determine whether TRFl could hnc- 
tionally modulate the expression o f  tudor, we 

Chromatin immunoprecipitations were car- 
ried out using antibodies to TBP (a-TBP), 
Adf-1 (a-Adf-1), or TRFl (a-TRF1). As a neg- 
ative control, mock immunoprecipitations 
were performed with protein A-Sepharose 
beads alone. On the a-TRF1 blot, the DNA 
crosslinked to  TRFl hvbridized to  the 400-b~  

1 

tudor 

Beads a-TBP a-Adf-1 a-TRF1 

4 5 6 

fragment (lane 

7 8 

indicating that 
TRFl binds a DNA sequence within 500 bp of the tudor core i i  vivo. T ~ ~ ~ D N A  

Howard Hughes Medical Institute, Department of Mo- precipitated with TRFl antibodies did not cross-react with the 1.7-kb AntP1 promoter fragment 
lecular and Cell Univenit~ California, (lane 8). Arrows denote the positions of the tudor and AntP1 promoters on the blots. The DNA 
Berkeley, CA 94720. USA. isolated in the Adf-I immunoprecipitation hybridized to  the AntPl promoter fragment (lane 6) but 
*To whom correspondence should be addressed. E- not to the tudor promoter fragment (lane 5). The a-TBP and beads-only control immunoprecipi- 
mail: jrnlirn@uclink4.berkeley.edu tations (lanes 1 to  4) failed to  efficiently precipitate either the tudor or AntP1 promoter fragments. 
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established stable cell lines that overexpressed 
TRFl  under control o f  the inducible metallo- 
thionein promoter in SL2 cells (6). After a 
6-hour induction with 400 p.M CuSO,, mRNA 
was collected from TRF1-expressing and con- 
trol cells. Protein imrnunoblot assays confirmed 
that maximal T W l  expression was achieved 
within 6 hours o f  &SO, induction (Fig. 2A). 
The tudor gene was consistently up-regulated 
(by a factor o f  >2.5) by T W l  expression, as 
determined by  primer extension analysis (Fig. 

-Tudor 
start site 2 

P' -Tudor 
start site 1 

HA-TOP HA.TRFI 

Fig. 2. The tudor promoter is induced in trans- 
fected SL2 cells expressing TRFI. Messenger RNA 
was purified from a cell line expressing TRFI 
under the metallothionein promoter and a con- 
trol cell line transfected with only the metallo- 
thionein promoter vector. (A) TRFI induction was 
monitored by protein immunoblot assays using 
monoclonal antibodies to  the hemagglutinin epi- 
tope tag. Cell lysates were prepared from both 
the TRFI expressing cells and the control cells 
collected at different time points; 0 refers to cells 
collected just before induction. Maximal TRFI 
expression was observed within 6 hours of CuSO, 
induction. (B) Messenger RNA was isolated using 
oligo(dT) cellulose (Ambion) and analyzed by 
primer extension and RNA hybridization blots. 
Arrows indicate the positions of start sites 1 and 
2 on the gel. The levels of transcription initiated 
at each of the two start sites are compared between 
the cell lines (lanes 1 and 2). The mRNA collected 
from the cell line expressing TRFI shows an in- 
crease in the level of tudor transcription (lane 2). 
However, the relative induction of start site 2 is 
higher than that of start site 1. (C) Transient 
transfections with the tudor-luciferase reporter 
show a dosage-dependent stimulation by TRFI 
on the tudor promoter with no effect by TBP 
(black bars, lef ty axis) (74). Conversely, the HSV 
TK promoter is strongly stimulated by cotrans- 
fecting in TBP, whereas TRFI poorly stimulated 
the HSV TK promoter (white bars, righty axis). 

2B). Interestingly, tudor transcription initiated 
from two start sites in vivo (7), but only start 
site 2 was stimulated efficiently by TW1. R N A  
hybridizations confirmed that control genes 
(hsp83) were unchanged between the two 
mRNA populations (7). Induction o f  T W l  in 
SL2 cells revealed a number o f  potential T W l  
target genes, including the tudor gene that was 
identified in both the chromatin staining and 
immunoprecipitation experiments, which sug- 
gested that TRFl  mediates tudor expression. 

To obtain more direct evidence, we hsed 
the tudor promoter (-322 to + 100) to a lucif- 
erase reporter and performed transient transfec- 
tion experiments in SL2 cells expressing either 
TRFl  or TBP under control o f  the actin 5C 
promoter. When the tudor promoter was co- 
transfected with TRF1, there was a dose-depen- 
dent activation response resulting in a substan- 
tial stimulation o f  the promoter, whereas co- 
transfection o f  the tudor promoter with similar 
amounts o f  the TBP expression construct had 
little or no effect on the promoter (Fig. 2C). The 
well-documented TBP-responsive herpes sim- 
plex virus (HSV) thymidine kinase (TK) pro- 
moter was strongly stimulated by  increasing 
amounts o f  TBP, whereas TRFl  stimulated the 
TK promoter poorly (Fig. 2C) (8). These results 
suggest that in SL2 cells the tudor promoter is 

A TFllD rTBP rTRF1 

A A A  
1 2 3 4  56782-101112 

bW ** T --- -Start site 2 

-Start site 1 

Tudor Start site 2 Start site 1 

ADH-CAT TUDOR-CAT 
'3,- 

rTBP rTRFl rTBP rTRFl 

ADH 

Start site 2 

preferentially stimulated by TRFl  relative to 
TBP, whereas the T K  promoter is preferentially 
stimulated by TBP. This differential promoter 
selectivity o f  TRFl  over TBP on the tudor 
promoter is consistent with the notion that 
TRFl  may function as a promoter-selective 
transcription factor. 

To initiate a more mechanistic analysis o f  
TRF1, we carried out in vitro transcription with 
the tudor promoter. A combination o f  recom- 
binant basal factors and components purified 
from Drosophila embryo extracts was used to 
reconstitute transcription under conditions that 
were completely dependent on the addition o f  
TFIID, recombinant TBP (rTBP), or rTRFl 
(Fig. 3A, lane 1). Adding TFIID or rTBP stim- 
ulated transcription from start site 1 but had 
little effect on start site 2 (Fig. 3A, lanes 2 to 4 
and 5 to 8). In marked contrast, rTRFl strongly 
stimulated transcription from start site 2 but had 
little effect on start site 1 (Fig. 3A, lanes 9 to 
12). A construct containing only start site 2 was 
compared with the distal promoter o f  the alco- 
hol dehydrogenase (adh) gene (5). Once again, 
rTRFl strongly stimulated transcription from 
tudor start site 2, whereas rTBP had little or no 
effect (Fig. 3B, lanes 11 to 14 and 15 to 18). B y  
contrast, the adh promoter was strongly stimu- 
lated by rTBP, whereas the ability o f  r T W l  to 

Fig. 3. In vitro, TRFI stimulates transcription of 
tudor using an alternative promoter. Two in vivo 
start sites 77 bp apart, designated start sites 1 
and 2. were m a ~ ~ e d  for the tudor Dromoter using 
primer extension. (A) In vitro tran;cription assay; 
using recombinant and purified basal factors from 
embiyo nuclear extracts were used to reconsti- 
tute transcription in vitro on the tudor promoter 
(15). As shown in lane 1, the reactions are com- 
pletely dependent on addition of TFIID, rTBP, or 
rTRF1. Upon addition of either TFllD (0.5, 1, or 2 
pI of a partially purified fraction) or rTBP (5, 10, 
20, or 40 ng) (lanes 2 to 8), transcription is 
stimulated from start site 1. If rTRFl (5, 10,20, or 
40 ng) is added (lanes 9 to 12), transcription is 
initiated from start site 2. Arrows indicate the 
location of products initiated from the two tan- 
dem promoters (start sites 1 and 2). (B) In vitro 
transcription reactions were carried out compar- 
ing the relative activities of rTRFl (5, 10, 20, and 
40 ng) and rTBP (5, 10, 20, and 40 ng) on the 
tudor site 2 promoter and the distal promoter of 
the adh gene. On the tudor site 2 promoter, there 
was no effect by rTBP (lanes 11 to  14), whereas 
strong stimulation was observed by the addition 
of rTRF (lanes 15 to  18). The adh promoter was 
preferentially stimulated by rTBP (lanes 2 to 5) 
with rTRF showing weak stimulation (lanes 6 to 
9), demonstrating the promoter-selective activity 
of TRFI. The position of the primer extension 
products for each promoter is marked by arrows. 
The numbers in parentheses under the tudor site 
2 promoter construct indicate the nucleotide po- 
sitions relative to start site l shown in Fig. 4A. 
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direct transcription was rather attenuated (Fig. 
3B, lanes 2 to 5 and 6 to 9), consistent with our 
previous finding that TRFl can only partially 
substitute for TBP in vitro (3). As an additional 
control, this experiment was repeated with 
a-amanitin added to a fmal concentration of 1 
pg/ml to confirm that the stimulation is depen- 
dent on RNA Pol I1 (7). These studies support 
the conclusion that TRFl and TBPRFIID ex- 
hibit differential promoter selectivity in vitro 
and suggest that TRFl preferentially recognizes 
and mediates transcription from tudor promoter 
site 2. 

To biochemically characterize the basis for 
this promoter selectivity, we carried out de- 
oxyribonuclease I (DNase I) footprinting exper- 
iments with the tudor promoter site 2 region. 
When purified rTRFl was incubated with the 
promoter DNA fragment, little or no specific 
binding was apparent (Fig. 4A, lane 9). How- 
ever, upon addition of rTFIIA and rTFIIB, we 
observed a clear footprint that spans nucleotides 
-22 to -33 in relation to start site 2 (Fig. 4A, 
lanes 10 and 11). By contrast, there was no 
binding of TBP to this region, even upon addi- 
tion of rTFIIA or rTFIIB (Fig. 4A, lanes 4 to 6), 
consistent with the fmdimg that TBP inefficient- 
ly mediated transcription from tudor site 2. This 

tudor start site 2. (A) The &': +vx;hQ A 
binding of TRF1 to the up- 1 - 

TRFl binding region was designated a TC-box, 
analogous to the TATA-box, because of the 
TC-rich nature and relative upstream position 
(-25) of this sequence. 

To fiuther substantiate the role of the TC- 
box, we generated four mutant constructs and 
tested their ability to support TRF1-dependent 
transcription in vitro (Fig. 4B). Transcription 
directed by the rnut 1, 2, and 4 templates was 
completely abolished (Fig. 4B, lanes 4 to 7, 10, 
and 1 I), whereas the mut 3 template (Fig. 4B, 
lanes 8 and 9) supported transcription at one- 
fourth of the wild-type level (Fig. 4B, lanes 2 
and 3). Mut 1 and rnut 2 also failed to show any 
binding to TRFl in footprinting assays (7). 
These studies suggest that the promoter selec- 
tivity of TRFl may be at least partly achieved 
through its differential recognition of TC-boxes. 

Using multiple in vivo and in vitro assays, 
we have identified a candidate Drosophila 
gene, tudor, that contains two tandem pro- 
moters, one of which is targeted by TRF1. In 
vitro, TRFl preferentially nucleated the re- 
cruitment of the basal machinery to an alter- 
nate promoter upstream of the start site used 
by TBPiTFIID. This tudor site 2 start posi- 
tion cbntains an upstream TC-box element 
that is selectively recognized and bound by 

stream promoter region of ? 
tudor start site 2 was ana- 
lyzed by DNase I footprinting 
as described (16). The pro- 
teins were incubated with 
the template for 30 min at 
room temperature and then 
digested with DNase I. When 
rTRF1 (40 ng) was added to 
the template (Lane 9). no spe- 
cific binding was readily ap- 
parent. Upon addition of 
TFllA (50 ng) and TFllB (30 
ng) with rTRFl (20 and 40 
ng) (lanes 10 and 1 I), a clear 
footprint spanning the -22 to  
-33 region of the tudorsite 2 ' ' l o  " l 2  l 3  I 
promoter was observed. This - 
element was designated the TC-box because of the 
TC-rich nature of the sequence and relative position to  11111 
the start site of transcription. Neither rTBP (40 ng) nor TRF1 

rTBP (20 and 40 ng) with TFllA and TFllB showed ISF 
binding to  the TC-box-(lanes 4 to 6). No binding to  the W I  

promoter was detected with TFllA and TFllB alone (lane 
3). 0 refers to  control reactions with no protein added 1 2 3 4 5 6 7 8 9 1 0 1 1  

(ianes 2, 7, 8, 12, and 13). The CA Ladder is a CA 
cleavaee reaction with the footorintine  robe usine w.t.-AlTGCllllCiT- 
~ a x a i  and Gilbert sequencing p;otoco[; (77). (0)  he mut 1 - A T T G C & & ~ C ~ -  

dependence of TRFl on'the T C ~ ~ O X  was tested by boint * * 
mut 2 - ~ m c r r ~ ~ c n -  

mutation analysis of the TC-rich sequence. Four mu- * * 
tants were compared with the wild-type (w.t.) promot- rnut 3 -ATGCTTTTGGT- 

er in reconstituted in vitro transcription reactions using ****** 
mut 4 -A~GCGGGCGGT- 

20 and 40 ng of rTRF1. The sequences of the wild-type 
and mutant constructs are listed (an asterisk denotes 
the nucleotides mutated). TRF1-dependent transcription was completely abolished from the mutated 
mut 1, 2, and 4 templates (lanes 4 to 7, 10, and 1 I), whereas the rnut 3 template weakly supported 
TRF1-dependent transcription (lanes 8 and 9) at one-fourth of the wild-type level (lanes 2 and 3). 

TRFl but fails to bind TBP, whereas site 1 
responded to TBPiTFIID but not TRF 1. Such 
an arrangement of tandem promoters pro- 
vides a mechanism by which TRFl could 
substitute for TBP in regulating specific sub- 
sets of genes to establish cell type-specific 
gene expression. 

The ability of TRFl to discriminate between 
different core promoter sequences may not be 
solely due to its intrinsic DNA recognition prop 
erties. TRFl has been found complexed with 
other proteins [designated neuronal TRFl -asso- 
ciated factors (nTAFs)], and therefore promoter 
specificity may depend in part on these associ- 
ated factors (3). The other likely possibility is 
that promoter-specific transcriptional activators 
may help recruit TRFl to the subset of genes it 
regulates. Thus far, partially purified TRF1- 
containing complexes have not been transcrip- 
tionally active, and our efforts to further char- 
acterize the putative nTAFs have been unsuc- 
cessful. Recent evidence suggests that TRFl is 
also involved with RNA Pol I11 transcription in 
Drosophila, consistent with our previous poly- 
tene chromosome staining studies that revealed 
multiple tRNA genes associated with TRFl (3, 
9). However, a more extensive analysis of how 
TRFl functions both in vivo and in vitro would 
be required to determine the distinct modes by 
which TRFl may modulate the expression of 
different classes of genes. Future efforts to iden- 
tify TRF1-responsive genes would benefit fiom 
an analysis of high-density microarrays con- 
taining several thousand Drosophila cDNAs. A 
preliminary but incomplete gene expression ar- 
ray analysis suggests that -5% of Drosophila 
mRNAs become up-regulated within 6 hours of 
TRFl induction in SL2 cells (10). 

TRFl is the founding member of a family of 
TBP-related molecules. A more distantly relat- 
ed TBP-like factor (designated TRF2, TLF, or 
TRP) was recently identified in Caenorhabditis 
elegans, Drosophila, mouse, and humans, but 
not in yeast (11). Curiously, TRFl has thus far 
only been found in Drosophila. In addition to 
cell typerestricted TBP-related factors, studies 
have also identified the existence of tissue- 
specific TAFII's, including TAFI1lO5 (which is 
associated with TFIID in B lymphocytes) as 
well as cannonball and no hitter, two sper- 
matocyte-specific TAFs related to Drosophila 
TAF,,80 and TAFII1 10, respectively (12). The 
existence of cell type-specific components of 
the general machinery is reminiscent of bacte- 
rial sigma factors that are required for assem- 
bling different RNA polymerase holoenzymes 
dedicated to the selective transcription of dis- 
tinct classes of bacterial genes (13). We imag- 
ine that specialized components of the wre 
machinery, such as cell type-specific TAFs and 
TRFs, may provide multicellular organisms 
with additional levels of specificity and control 
to execute the elaborate programs of gene ex- 
pression required during growth, differentia- 
tion, and development. 
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The c-Jun NH,-terminal kinase (JNK) is activated when cells are exposed t o  
ultraviolet (UV) radiation. However, the functional consequence of JNK acti- 
vation i n  UV-irradiated cells has not  been established. It is shown here that JNK 
is required for UV-induced apoptosis in  primary murine embryonic fibroblasts. 
Fibroblasts with simultaneous targeted disruptions of al l  the functional I nk  
genes were protected against UV-stimulated apoptosis. The absence of INK 
caused a defect i n  the mitochondria1 death signaling pathway, including the 
failure t o  release cytochrome c. These data indicate that mitochondria are 
influenced by proapoptotic signal transduction through the INK pathway. 

The development and maintenance of healthy 
tissues involves apoptosis, a program of physi- 
ologically regulated cell death (I). Dysregu-
lated apoptosis contributes to many patholo- 
gies, including tumor promotion, autoimmune 
and immunodeficiency diseases, and neurode- 
generative disorders (2). Therefore, signaling 
pathways that trigger apoptosis are of intense 
interest. The c-Jun NH,-terminal kinase (JNK) 
signaling pathway is essential for neuronal ap- 
optosis in response to excitotoxic stress (3). 
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However, the role of JNK in the apoptotic 
responses of other cell types is unclear. The 
goal of this study was to define the requirement 
for .INK in apoptosis of primary murine embry- 
onic fibroblasts (MEF). 

MEF were prepared from wild-type (WT) 
embryos and mutant embryos in which the 
Jnk genes were disrupted (3, 4). WT MEF 
expressed large amounts of 46-kD JNKl and 
55-kD JNK2 isoforms and small amounts of 
55-kD JNKl and 46-kD JNK2 isoforms (Fig. 
1A). The neuronal JNK isoform (JNK3) was 
not detected (5). The compound mutant 
Jnkl -/-Jnk2-/- MEF did not express JNK 1 
or JNK2.. These data indicated that Jnkl- '-

Jnk2-"- MEF may lack a functional JNK 
signal transduction pathway. This conclusion 
was confirmed by analysis of JNK act~vity in 
MEF exposed to ultraviolet (UV) radiation 
(Fig. 1B) or treated with fetal bovine serum 
(Fig. 1C). Disruption of the Jnkl and Jnk2 
genes did not alter expression of related mi- 
togen-activated protein kinases (MAPK), 
ERK and p38, or the JNK activators MKK4 
and MKK7 (Fig. 1A). The MKK4 and MKK7 
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