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ABSTRACT

Early in mouse development, two classes of U1 RNAs,
mU1a and mU1b, are synthesized, but as development
proceeds, transcription of the embryo-specific mU1lb
genes is selectively down-regulated to a barely detect-
able level. We show here that during  in vitro differenti-
ation of mouse embryonic stem (ES) cells, both
exogenously introduced and endogenous Ulb genes
are subject to normal developmental regulation. Thus,
ES cells represent a convenient isogenic system for
studying the control of expression of developmentally
regulated snRNA genes. Using this system, we have
identified a region in the proximal 5 ' flanking region,
located outside the PSE element, that is responsible
for differential transcription of the mUla and mU1lb
genes in both developing cells and transiently trans-
fected NIH 3T3 cells.

INTRODUCTION

the stage-specific accumulation of mUlb RNA during develop-
ment is mediated by control of transcription rather than selective
destruction of the RNAL{).

Mouse ES cells, derived from the inner mass of blastocysts
(15,16), can undergo an elaboratevitro differentiation {7) that
resembles early embryogenesis up to the egg cylinder stage.
During this process, many stage-specific genes, such as the
cardiac myosin genesq), exhibit correct onset of transcription.
Since ES cells can be readily transfected with cloned DNA
without losing their pluripotency ), they provide a convenient
isogenic system for studying the functions of different promoter
regions of developmentally controlled gen&.(

Promoters of mUla and mUlb genes, like other vertebrate
snRNA genes transcribed by RNA polymerase I, consist of two
cis-acting elements: an upstream enhancer DSE (distal sequence
element) and an essential PSE (proximal sequence element). Both
of these snRNA gene-specific elements are highly conserved in
sequence and in distance from the site of transcription initiation
(reviewed in4,21,22). The DSE enhanceR$-25), located
[200-250 bp upstream of the initiation site, contains an octamer

U1 small nuclear (sn)RNA, which functions in the processing diotif, the binding site for the Oct-1 fact@dj and, in some cases,
pre-messenger RNA4,), is synthesized in all cell types and atPinding sites for additional transcriptional activataig—9).

all stages of developmers,{). Frogs §,6), mice (,8), and

The PSE, encompassing a 10 bp core sequence around positior

several other organism@-{L1) have at least two families of U1 —55 and a purine-rich region immediately downstream, interacts
RNA genes. In mice, the constitutively expressed mUla RNA¥ith the snRNA-activating complex (SNAPcpO@E1) and

differ slightly in sequence from mUlb RNAS,g), which are

determines the site of transcription initiati@®,82-34).

expressed only in embryos and in adult tissues containing a hi%IWe asked if the same regulatory elements are responsible for

proportion of undifferentiated stem cell§.(The significance of

the differential expression of mUla and mU1lb genes in

the two types of RNAs is unclear, but the RNAs have differerfieveloping embryoid bodies and in fully differentiated fibroblast

affinities for some snRNP proteink?.

cells. We report that promoter sequences, located within the

During mouse embryonic development, mU1b RNAs begin tBroximal 3 flanking region but outside the PSE element, are
accumulate at the 28 cell stage, reaching a level comparable wigPonsible for the down-regulation of introduced Ulb genes in
that of the constitutively expressed mUla RNAs in blastocysRoth systems.

(13). As development proceeds, the level of mUlb RNA in
differentiated tissues gradually decreases and is barely detectdBRTERIALS AND METHODS

at birth (7). Expression of mU1b RNA in many lines of cultured
cells (7,8) apparently reflects the state of differentiation of th

Plasmid constructs and DNA templates

e

originating tissue. For example, mU1b RNA is present at a highll U1 gene constructs were cloned betweelkive andBanH|
level in pluripotent embryonic stem (ES) cells and embryonisites in the polylinker region of the pUC118 vect®s)( For
carcinoma cells, but is almost absent in contact-inhibiteghlasmids used in stable transfection, a neomycin/G418 resistance
non-transformed fibroblastg)( We have previously shown that gene from pCGBPV33() was inserted between tBarrH| and
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Hindlll sites (cf. Fig.5B). The mouse mUlal, mU1b2 and cells (E14TG2a)40) were grown in DMEMC, 1x glutamine,
mU1b6 gene sequences were derived from clones pUlal-21%% fetal bovine serum (Gibco) on a layer of mitotically
pU1b-136 and pU1b-453 respectiveby); inactivated feeder cells (STO cellsP). Approximately 2—% 1P
To generate mU1a1-800 and mU1b2-3000 reporter genes €S cells were added to each feeder dish, in which they normally
Fig. 1), a mini-U1 gene was first created, in which the U1 codingrew in compact patches (F&p).
sequence from position +27 (tBell site) to +150 were deleted  Transient transfection of NIH 3T3 cells was carried out with
and the remaining 15 bp of the coding region plus the downstrediipofectAmineg] (Gibco) according to the manufacturer’s in-
3'-end signal were replaced by a PCR product of the correspatructions. Each test DNA construct, mixed withi@Slasmid
ding sequence in the human hU1-1 g&& This PCR fragment TSVHPa2 carrying thex-globin gene §4) was combined with
(amplified by oligonucleotide primers-6TA TGA TCA TCG  LipofectAmine (at a fixed ratio of ig DNA to 5-6pl reagent)
CGC TTT CCC CTG ACT T“3and 5GTC CTG TGG ATC and applied talL(P cells. After incubation in serum-free medium
CGG TTA G-3) had aBcll site attached at its'®nd, thus for 4 h the complete medium was added and the transfected cells
restoring this unique restriction enzyme recognition site. A 14®&ere harvested 24 h later for RNA analysis (see below).
bp DNA fragment of bacteriophagebetween 5647 and 5505) To generate stably transfected ES cell lifgd5 x 1P
was then inserted at tBell site of the mini-U1 gene, to generate undifferentiated ES cells were mixed with g DNA in 250pl
a template that would give rise to a 18ArMRNA transcript. culturing medium, incubated at room temperature for 15 min and
mU1al-800* and mU1b6-2600* were constructed in the saneéectroporated using a Gene Pulser (BioRad) at 250 1250
way except for the insertion of a different DNA fragment ofThese cells were plated into 10 cm Petri dishes coated with neo
bacteriophage (between 10 892 and 11 033). STO feeder cells1Q) and after a 2—-3 day recovery period,
To generate deletion mutants in theflanking regions of selective medium containing 0.25 mg/ml G418 was added. For
mU1al-800 and mU1b2-3000 reporter genes (cf.lrighe  each DNA[IL2 colonies of G418-resistant cells were isolated and
DNAs were cleaved withok (mUlal-412)Ddd (mUla-125), expanded into individual lines.
Ssp (MU1b2-861)Pvul (mU1b2-396) orSadl (mU1lb2-150)
and treated with the large Klenow fragment of DNA polymeraspifierentiation of ES cellsin vitro
to create blunt ends. After redigestion viddmHl, the truncated ) ) _ N
reporter gene fragments were isolated and recloned into tR&ripotent ES cells (E14TG2a) were induced to differenitiate
pUC118 vector. The A/B chimeric promoter was created byitro by culturing in suspension in the absence of STO feeder
replacing théral (at —116)-BanH| fragment of the mU1a1-412 Cells. Samples of 2431_0_7 cells grown to confluency in a 60 mm
gene with a PCR fragment of the corresponding region of tiish were mildly trypsinized and dispersed by repeated pipetting
mU1b2-396 gene (amplified with the internal primer U1b-Dbefore being evenly spread onto a small bacterial Petri dish. After
5-GCA GAG CGC AAG AAT GTC G-3 and the M13 forward 2 h incubation, when most feeder cells, but not the ES cells, were
sequencing primer that binds downstream vector sequences) fir@ly attached, the ES cells were recovered, transferred to a
make the B/A chimeric promoter' a Segment of fhmakmg siliconized glass Petri dish (at @tﬂ(ﬁcells/ml) and cultured for
sequence of the mUlal-412 gene fronDifae site to a unique Several weeks to generate embryoid bodies 4A.
Kpnl site in the polylinker region of vector puUC118 was replaced
with another PCR fragment of the mU1b2-396 gene from positidetabolic labeling and immunoprecipitation
—117 to the samigépnl site in pUC118 (amplified with the M13 . . . .
reverse sequencing primer and the internal primer Ulb-@{%br)l/lo'd bdo?|esttfrohm vartlr(])us IdaBt/.S of (;,(ultunnfgewerﬁ cqllectt_(tad
5-TGA CAC CCG CGT ATC CGCR The mUID2 (PSE) o '8 ) cample was incubated with S5 2Plorthophos-
mutant was created by PCR-based site-directed mutag&®sis : P . . phos-
using a mutagenic olig¢-EGG CTA ATT TAC CGT AACTAT hate in1 ml low phosphate medium (Gibco) supplemented with
GAA ATG TAG AGG CGA CGG G-3in which the underlined 10% dle}lyzed .fetal bovine serum.(l_:BS) for 12-16 h. The labeled
sequences show the altered nucleotides of the PSE. embryoid bodies were then trypsinized, washed and resuspended

o ; in 400l IPP-500 buffer (10 mM Tris—HCI, pH 8.0, 500 mM
de?é\::ﬁoae[)nﬁ? Ifggzrggrr S%%Q:?gggg ,51'\2133 gr:gbgiggsﬁdmlg_ thﬁaCI, 0.1% NP-40 and 0.1% Nghand whole cell extracts were
were generated by PCR amplification of DNA Sequencegrepared by sonication. The snRNPs present in the clarified cell
extending from the'and of the coding region (+189) to position €XIraCts were immunoprecipitated using polyclonal anti-Sm
—125 or —150 in the' $lanking regions of the mUlal or mU1b2 ant|bod|e_s41) coupled to protein A-Sepharose beads (Sigma).
promoters respectively. The resulting two fragments were cIonJ@e preC|p|tated SNRNAs were recovered' from these beads by
into the pGEM-2 vector (Promega), so that the antisense R oteinase K treatment and pheglol exFractlon. The Ula_and Ulb
probes were transcribed from the T7 promoter. To generate @AS Were separated on a 12% (30:0.8) polyacrylamide-7 M

DNA template for the antisense mU1b2 RNA probe, the RNATER gel running under partially denaturing conditions (14 V/cm)
coding region of clone pU1b-1387) was attached in reverse At 00m temperature for 18 h.

orientation to the T7 promoter of plasmid pGEM-2 attimalll| .

site. This ligated DNA was amplified by PCR, using the U1b-[RNase protection assay

oligo and an oligo complementary to the T7 promoter. Total nucleic acids of either transiently or stably transfected cells

were isolated by the rapid urea lysis methts). (Typically, 1.5-5
Cell culture and transfection x 10P cells from a confluently grown 6 cm dish were lysed with 4 ml

urea lysis buffer containing 7 M urea, 1% SDS, 10 mM Tris—HCI,
NIH 3T3 cells were maintained in DMEWN (Gibco), sup- pH 8.0, and 1 mM EDTA at room, temperature for 5-10 min. After
plemented with 10% bovine calf serum (Hyclone). The mouse EStraction with an equal volume of phenol:chloroform (1:1), total
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Figure 1.Schematic representation of U1 reporter constructs.' Tlaeking sequences of mUlal, mU1b2 and mU1b6 genes are indicated by open, filled and spotted
bars respectively. The hatched zone in the coding region shows the inserted sequences derived from bacterimhagehe inverted triangle indicates the site
corresponding to thé-8nd of the transcript, directed by the U£8d box; at least 60% of transcripts initiated from the +1 start sites formed ceerets B response

to this 3-end signal (data not shown). A differanDNA fragment was inserted in the coding regions of the mUZlal-800* and mU1b6-2600* constructs. The wavy
lines in the antisense RNA probes (A189 and B189) indicate sequences derived from the pGEM-2 plasmid vector.

nucleic acid was precipitated with 2 vol cold ethanol at€20he  That is true both for the endogenous genes and for stably
RNA samples for RNase protection assays were prepared tognsfected mU1b2 genes containing a 3 'kilabking region
treatment with RQ DNase | (Promega). (14). To identify the sequences that are sufficient to control the
Antisense RNA probes for detectionofeporter RNA and stage- and tissue-specific expression of a reporter Ulb gene in
a-globin RNA were generated liy vitro transcription with T7  transgenic miceld), we transfected various deletion constructs
RNA polymerase (Promega) in a {0 reaction containing into cells that were at different stages of development.
250uM each of ATP, GTP and CTP plusj2d UTP and 4QCi We first asked if differential transcription of mUla and mU1lb
[a-32P]UTP (>800 Ci/mmol prior to dilution) and purified by gel genes could be observed during transient transfection. Three U1
electrophoresis. The antisense mU1b2 RNA probe was labelegborter constructs were used, in which tHagking regions of
under similar conditions except that 26M UTP and only the mU1b2 or mUlal genes were subcloned in front of a coding
1.25uCi [a-32PJUTP were used. To quantitate theeporter region composed primarily of a DNA sequence derived from
RNA and thex-globin RNA in transiently transfected cells by thebacteriophag@ (Fig. 1). Expression of thé reporter RNA in
RNase protection ass&35], one tenth of the total RNA isolated transfected cells was analyzed by an RNase protection assay
from cells in a confluent 6 cm dish was mixed witb fmol  using antisense RNA probes with complementary sequences
radioactively labeled antisense RNA probes. After hybridizatioextending into the'Slanking regions of the two genes (Flg.
at 45C for 12-18 h, the mixture was treated with | 88ml  probes A189 and B189). In this assay, all transcripts initiated at
pancreatic RNase A at 30 for 1 h. The protected probe position +1 protected a 189 nt piece of probe RNA, which was
fragments were separated on a 6% (30:0.8) polyacrylamide getll separated by electrophoresis from the longer probe frag-
containing 7 M urea. To quantitate thereporter RNA in  ments that were protected by transcripts initiated at upstream sites
differentiated embryoid bodies, total RNA isolated from roughlyFig. 2A, lane 13). Since thereporter RNA was unstable in these

5 x 10* cells was used. cells, 34,43), the steady-state level of the reporter RNA was
proportional to the promoter activities.

RESULTS Transient transfection of NIH 3T3 cells with the mUlal
construct resulted in efficient expression of xheeporter RNA

Differential transcription of mUla and mU1b genes in (Fig. 2A, lanes 4-8, and B, lane 1). However, the levels of reporter

transiently transfected NIH 3T3 cells RNA made from the mU1b2 (FigA, lanes 9-13) or the mU1b6

promoters (Fig2B, lane 2) were much lower, in keeping with our
We previously showed that transcription of the embryonic mU2lprevious results obtained with cells stably transfected with sSnRNA
gene (mU1b2) was very low in mouse NIH 3T3 cells, a fibroblagienes encoding complete U1 RNAg)( After normalization for
cell line that normally accumulates only the adult Ula RRA ( transfection efficiency using am-globin RNA made from a
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Sequences responsible for the low promoter activities of

A B mouse mU1b genes
L =
3000 g8 To identifycis-acting sequences that might regulate transcription
Eidnolindusie - from the mU1b2 promoter, we compared the promoter activities
i e} . . . .
ERE] of various deletion mutants (FiD.in transiently transfected NIH

3T3 cells (Fig.3; see Tabld for quantitation). Deletion of the
distal (upstream) 2 kb from mU1b2 promoter resulted in an
[B-fold increase in the level bfreporter RNA (Fig3A, compare
lanes 4 and 5), indicating that sequences in the far upstream region
reduced the level of expression. However, the resulting construct
! mU1b2-861 was still much less active than the comparable
B rep - r mU1al construct (FIi@A, compare lanes 1 and 5) and it retained
» developmentally regulated elements (see belowg}iguggest-
ing that sequences closer to the coding region were also
responsible for the differences in expression of the two classes of
r ' genes. Further deletion 600 bp from 5flanking regions of
u—slwil't 2 either the mU1b2-861 or mU1al-800 promoters caused little
, ﬁ change in the levels of transcription (compare lanes 1 and 2 or
T TR TET 12 lanes 5 and 6). Thus, the difference in promoter activities of
mUZlal and mU1b2 genes can be accounted for by elements in the
e far upstream region and within the proximal 400 bflebking
: 601 sequences. Because the major snRNA promoter elements are
located within 250 bp from the transcriptional start site, we
concentrated our analysis on the proximal sequences.

I |

LIl =RIK]

i Table 1.Promoter activities of U1 genes in transiently transfected NIH 3T3 cells

Levels of A-rep RNA

o Ul U1 promoters Relative levels ok reporter RNA
2 4 6 mUlal-412 1.00
DNA  (ugh
mUlal-800 0.76
mUlal-125 <0.02

=]

Figure 2. Promoter activities of U1 reporter constructs in NIH 3T3 cells.
(A) Transient transfection of NIH 3T3 cells with increasing amounts of MU1b2-3000 0.06
mU1al-800 (lanes 4-8) or mU1b2-3000 (lanes 9-13) DNAs along with a mU1b2-861

plasmid carrying am-globin gene as an internal control. The levels\ of 0.22
reporter RNA expressed in transfected cells were analyzed by RNase protectiomU1b2-392 0.23
assay. Lanes 1 and 2 show one tenth of the input antisense RNA probes and the

background protection by 3@ added carrier RNA respectively; lane 3 shows muU1b2-150 <0.02
transfection with thei-globin control plasmid alone. The arrowhead indicates g/ 0.92
transcripts initiated from upstream cryptic start sif@sT(ansfection with ig

mU1a1-800* (lane 1) and mU1b6-2600* (lane 2) constr@}€gantitation AB 0.31
of A reporter RNAs in (A). The level of eashreporter RNA was quantitated mU1b2-396(PSE) 0.34

by phosphorimager (Molecular Dynamics) analysis and adjusted for transfec-
tion efficiency according to the level of co-expresseglobin RNAs.

aThe relative level of eachreporter RNA in Figure 3A was normalized to that
of the mUlal-412 construct after being adjusted for transfection efficiency according
to the level of co-expressedglobin RNA.

co-transfected plasmid4), the mUlal and mUlb2 promoters
were found to differ by 10- to 12-fold in activity (FRL). Inspection of the mUlal and mU1b2 promoter sequences
The difference in transcription levels of these two templatadentified consensus DSE and PSE core elements at positions that
was specific for the type of cell used. Although the mUlb2re conserved in vertebrate snRNA gerid. (As expected,
promoter was very inefficient in NIH 3T3 cells (Fig), its  deletion of the DSE regions largely abolished transcription from
activity was comparable with that of the mUZlal promoter aftdyoth mUlal and mU1b2 constructs (B4, lanes 3 and 7). To
introduction into undifferentiated ES cells (see below,6-&nd  determine if the regulatory sequences could be delimited to either
data not shown), which express high levels of endogenous Uthie DSE or PSE regions, we created two chimeric constructs by
RNAs (7). Thus, the mUlb promoters used here were naxchanging the distal segments between the mUlal and mU1b2
defective and the levels of expression of the mUla and mUpibomoters at position —116 (Fiy.A/B and B/A). Similar levels
genes introduced into NIH 3T3 cells were regulated as the resaft reporter RNA were made from B/A and mUlal (A/A)
of cell differentiation. We therefore used these transfected cells¢onstructs (Fig3A, lanes 8 and 9) or from A/B and mU1b2 (B/B)
probe sequences that might function in control of U1 promoteonstructs (lanes 11 and 10). Thus, the promoter activities of
activity during normal development. mouse U1 genes are determined primarily by sequences within
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140 130 110 90
mUlal CCAATTCTTC TAAGTGTTTTAAAATGTGGG AGCCAGTACACATGAAGTTA TAGAGTGTTTTAA_ TGAGGC
mU1b2 AGCGCGGATA CGCGGTGTCAGCAGAGCGCA AGAATGTCGTGTGCGACGAG GGAGACCCGAGAT_CGGCCA

MULDS  GARCGC - GGT - - + A+ ATATCAGE - GAGE - C GAG- Cr G A v < v e nenee cneenenenennn AG- - -GG

mUlai=800
mUlaled12
mUlalel25
ml 1 b2e3

Ll Ibze861
mll1h2el46
mU1bze]50
ml1b2{PSE)a

ATA
Bia
AR
B/B

PSE
70 40 20
mUlal TTAA_ATATT TACCGTAACTATGAAATG{ T ACGCATATCATGCTGTTCAG GCTCCGTGGCCACGCAACTC
mU1b2 GGGC_TAAQT GACCGTGTGTTAAGAGTGI'A GAGGCGACGGGTGTGAGCCG GGGCCGGGCAGTGGGAAAGC
mUIb6 . .p.p... .

MUTb2(PSE)a -« - ++ -+ + 1T TACCGTAACTATGARATGH + + « v+ v s e s e tneennen muennanraeeneeaenns

;
!

eSS -
o-globin

Figure 3. Mutational analysis of the Banking sequences of mUlal or mU1b2 gemgsR(Nase protection assay of theeporter RNA in NIH 3T3 cells transiently
transfected with fig each test DNA construct. Lanes 1, 6, 8 and 11 were loaded with identical RNA samples. The RNAs in lane 12 were from a separate experim
in which controls were included (but not shown here). The results of quantitation by the phosphorimager are shownh) Aigfenieift of the proximal promoter

sequences of mouse U1 genes. Dots represent nucleotides that are identical among different Ulb genes. The boxed regions show the conserved PSE eleme
altered sequences in the mU1b2.(R$&)tant construct are shown.

A Embryonic stem cells Embryoid Bodies
B C
817 Ula
Uz R - - - z ey
B i —
310 -8
<
Ulb . S 05
e T EE 5 b
~ TR D
0 11 15 19 ’

Days after induction Dhays after induction

Figure 4. Expression of endogenous U1l RNAs duringvitro differentiation of embryonic stem (ES) celld\) (Formation of embryoid bodies (EBs). The
undifferentiated ES cells (E14TG2a) appear as densely grown colonies on the mitotically inactivated STO feeder cells (left). Cystic embryoid bodies at 14 «
post-differentiation are shown on the right. Phase contrast microst8pe 8) Synthesis of endogenous snRNAs in EBs as monitored by metabolic labeling with
[32P]orthophosphate. The labeled snRNAs were immunoprecipitated by anti-Sm antibodies from whole cell extracts and analyzed on a 12% partially denaturin
under conditions that separate the mU1lb and mUla RNAE€{Quantitation of the labeled snRNAs. The autoradiograph of (B) was scanned and analyzed by Scan
Analysis software. The levels of mUla or mUlb RNAs were normalized to that of the U2 RNA and plotted against time after indwationliferentiation.

116 bp from the transcription start site, regardless of differencgsnes share no extended sequence homology within this region
in their DSE enhancers. except for the moderately conserved PSE elements 3BJjg.
Different members of the mouse mU1b gene familyB886  Variations in the PSE were shown to affect the promoter activities
identical in sequence in the first 100 bp upstream of the site of ShRNA genes testeth vitro (30), but the influence of
transcription initiation 7). In contrast, the mUla and mU1b neighboring sequences was not excluded. To distinguish between
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A 1-59 (mUlaled12) B 1-66 (mU | b2e396)
o grmmr o e o T
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.
4, Ell r —
i 4 g 12 16 n 4 B 12 Ell
Diays adter induction Days afier indwetion
7 Figure 6. Promoter activites of mUlal-412 and mU1b2-396 constructs in

embryoid bodies. Total RNAs were prepared from 159and 1-66 B) cells

at the indicated days after inductioniro¥itro differentiation and used for the
quantitation of\ reporter RNA by the RNase protection assay. As an internal
standard for the adjustment of cell number, the endogenous mUla RNAs were
guantitated using an antisense RNA probe derived from sequences complemen-
tary to the mU1b2 RNA (lane 1 in A). This probe allows for the separation of
mUZla and mUlb RNAs due to the sequence variations between the RNAs.
Because U1 RNA is stable, the decrease in the level of total accumulated mU1b
RNA is less obvious than the change in the rate of synthesis of new RNA (cf.
Fig. 4B). The graph at the bottom of each panel was generated by plotting the
normalized levels of reporter RNA against time.
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Figure 5. Southern blot analysis of transfected DNAs in various ES cell lines. ; ; ; ;
(A) Genomic DNAs from untransfected E14TG2a cells (lanes 1-3) or stablyaggregates deveIOped into hlghly structured embryOId bodies

transfected I-59 (mU1aZ-412, lane 4), 1-66 (MU1b2-396, lane 5), 1-79 (A/B, landEBS) (Fig.4A), which in many ways resembled 8-10 day old
6) and 1-92 (B/A, lane 7) ES cells were digested &itbRI and analyzed on ~ mouse embryos at the egg cylinder stagg (
a 1% agarose gel. After transfer to a nylon membrane, these DNAs were probed To detect changes in the expression of endogenous Ul RNA

for sequences of the Neresistance gene. 100 gcRI-digested plasmid  genes, we monitored the synthesis of ShRNAs by direct metabolic
DNAs carrying the mUZlal-412 or mU1b2-396 constructs were added to Iane1

2 and 3 respectivelyB] Restriction maps of the relevant regions of mUlal-412 beling with FZP]OHhOphOSphate: After, prepar_atlon of whole
and mU1b2-396 plasmid constructsEReRI; B, BarHI; H, Hindlll. cell extracts from labeled embryoid bodies at different stages of
differentiation, the newly made snRNAs were isolated by
immunoprecipitation with anti-Sm antibody and analyzed by
the roles of PSE elements and surrounding sequences eilectrophoresis under partially denaturing conditions that allow
controlling the activities of U1 promoters, we exchanged thior the separation of embryonic mU1b and adult mUla RR)As (
20 nt containing the PSE of the mU1b2 promoter, from positioAs ES cells differentiated, the relative levels of labeled mU1lb
—62 to —43, with the corresponding sequence derived from tRNA gradually diminished (FigiB), as compared with those of
mUlal promoter [Figl, mU1b2.(PSE). This substitution did U2 RNA used as an internal standard for normalization4€ig.
not change the level of mU1b2 promoter activity (Bigy,. lane  In contrast, the levels of labeled mUla RNA remained constant.
12), showing that sequences outside the PSE, but within tlus, accumulation of embryonic mUlb RNA was down-
proximal 116 bp, are responsible for the differential efficienciesegulated duringn vitro differentiation of ES cells, as has been
of transcription of mUlal and mU1b2 genes. observed during normal embryonic developmiantivo (7).
Since these embryoid bodies are composed of a heterologous
Synthesis of endogenous U1 RNAs in mouse embryonic population of cells that have differentiated to various extégis (
stem cells differentiatedin vitro we cannot determine whether the 3- to 4-fold reduction in the

expression of endogenous mU1lb RNAs resulted from complete

We asked if the proximal promoter sequences responsible for 4@ ctivation of mU1b genes in a subpopulation of cells or from
differential transcription of mUla and mU1b genes in NIH 3T3)atial inactivation in all cells. In either case, the ES cells provide

cells could also account for down-regulation of the Ulb gengsreliable system for studying the mechanism of inactivation of
during early development. Since expression of many stage-specifigpryonic mU1b genes during early development.
genes shows correct onset duiimgitro differentiation of mouse

ES cells {8,20), we used this system to analyze the development
control of U1 RNA accumulation. Undifferentiated, pluripotent E
cells (E14TG2a40) were induced to differentiatevitro by being
dispersed into a suspension of single cells which were then allowaé next tested if exogenous U1 genes were subject to control like
to form aggregates. Over a 2 week period of culturing, these BE&t observed for endogenous mUlb genes duringitro

Iequences responsible for inactivation of mU1lb genes
uring development
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differentiation of ES cells. ThHereporter constructs (with 400 bp A B
of 5 flanking sequences from either the mU1al or mU1b2 genes) o .. 2
were stably introduced into E14TG2a cells and a dozen S I
independent colonies from each transfection were isolated and herep (R - P a an -
subsequently expanded into individual cell lines. Among these : .
ES cell lines, 1-59 and 1-66, which received mUlal-412 and T P— UL o e ——
mU1b2-396 constructs respectively, expressed the highest levels
of A reporter RNA (data not shown). Comparable amounts of Ula Shsas L'Ia[...
plasmid DNAs were integrated into the chromosomes of these S
cells, as shown by Southern blot analysis (Fitanes 4 and 5). L R R P S N
These two cell lines were selected for further analysis of the 5 10 < 038
expression of transfected U1 genes duringtro differentiation. ez L

Prior to differentiation of 1-59 and I-66 cells, the activities of g0 g o¢
exogenous mUlal and mU1lb2 promoters were comparable, as % oz E 23
shown by the levels ok reporter RNA relative to that of ST e T
endogenous mUla RNA (FigA, lane 2, and B, lane 1). Days afte induction Days afier induction

However, when these stably transfected ES cells were induced to

differentiate by CU|tur|ng.|n suspension, th.e relative levels o.f Figure 7. Promoter activites of B/A and A/B chimeric constructs in embryoid
report_er RNA progressively decreased in 1-66 Ce"Sv_ Wh'crbodies. The levels of reporter RNA in I-794) and 1-92 B) cells that were
contained the mU1b2-396 construct (BB), but they remained differentiatedin vitro were analyzed as described in Figure 6. The autoradio-
within [20% of each other in I-59 cells, which contain the graph in the region afreporter RNA in I-92 cells (B) was exposed longer than
mU1al-412 construct (FA). Thus, transcription of exogenous the Ula and Ulb regions.

mU1b genes was specifically down-regulated dunmgitro
differentiation of embryoid bodies.

To test if the conserved 116 bp proximalfl&nking region
around the PSE was responsible for down-regulation of the mU1,
gene in differentiated ES cells, we generated two other sta
transfected ES cell lines, I-79 and 1-92, carrying the chimeric
constructs A/B and B/A respectively. When these two cell Iiner%
were induced to differentiate, only the 1-79 cells showed chang
in the expression afreporter RNA (Fig7), indicating that activity acti1b6 gened7). The fact that the mU1b6 gene also had reduced

L . . vity in NIH 3T3 cells suggests a common mechanism for the
of the A/B chimeric promoter decreased as differentiatiop, y 9

. lati f all f th 1 famil i
proceeded. Southern blot analysis showed that the amountogﬁ;é%;)orgegt_a members of the mU1b gene family during

integrated plasmid DNA in the I-79 cells was comparable with thatT
in the 1-59 and I-66 cells (Fi§, compare lane 6 with 4 and 5), but
it was much lower in 1-92 cells (lane 7). This reduced amount

DNA accounted for the overall lower level of expression ohthe
reporter RNA in [-92 cells than in I-79 cells (compare lanes 1

Fig. 7A and B); because that level did not change upo
differentiation, we conclude that sequences within the 116 bp of t
proximal 5 flanking region are responsible for inactivation of th
mU1b2 gene during development.

'ﬁ%regulated at the level of transcription of individual genes. Here

have demonstrated that sequences around the PSE of mU1b:
¥nes are necessary for this control. This same region of the

U1b2 promoter shares extensive homology with the promoter
ion of another cloned member of the mU1b gene family, the

he PSE element of snRNA promoters is necessary for
transcription. Several PSE binding factors have been identified
?50,31,47-49). Among these, the SNAPc complex0(31),
omposed of the TATA box binding protein (TBP) and several
nigue TBP-associated factors (TAFsS), is capable of activating
anscription from pol Il class sSnRNA promoters. The affinities
£SNAPc for different PSE sequences correlate closely with the
epromoter activities of snRNA genes transcriipedtro (30) and
binding of this complex to the PSE, which is potentiated by the
presence of the DSE enhanegt)( is required for recruitment of
DISCUSSION RNA polymerase Il. However, differences in the DSE regions do
not appear to determine the promoter activities of mouse Ul
We have shown that the developmental control of U1 genes cgenes (Fig3A and Tablel), in keeping with the report that
be studied accurately in transiently transfected NIH 3T3 cells almdtamer binding factor, Oct-1, binds the DSEs of mUlal and
in ES cells differentiateh vitro. In both systems, we find that mU1b2 genes with similar affinitieS().
sequences in the proximdl flanking regions around the PSE The PSE sequences of the mUlal and mU1b2 genes resemble
element are responsible for differential transcription of théhose showing strong and weak binding affinities respectively for
mUlal and mU1lb2 genes (Fi§sand 7). Our results are SNAPc complexes in th& vitro assay $0). Thus, it was
compatible with models in which sequences around the PSE safrprising that replacement of the mUlb2 PSE with the
mU1b genes are bound by developmentally controlled repressoorresponding sequence of mUlal promoter failed to increase the
like factors or transcriptional activators. expression level of reporter RNA in transiently transfected NIH
Together, the mUla and mU1lb gene families contribut8T3 cells (Fig.3A). Because differential transcription from the
[R0—40 copies of true Ul genes per haploid mouse genomrmUlal and mU1b2 promoters cannot be explained by differences
Embryonic mU1b genes are clustered at a single locus near thetween the respective PSE elements, sequences around the PS
center of chromosome 34), whereas the mUlal and mUla2must be involved. We propose that a developmentally controlled
genes are localized on chromosomes 11 and326] respect- factor which specifically binds sequences around the PSE of
ively. The proper stage- and tissue-specific expression patternnof)1b genes modulates the occupancy of PSEs by SNAPc
a mU1b2 transgené4) shows that accumulation of Ulb RNAs complexes, thereby controlling transcription during development.
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The current study does not show whether such a factor acts ag4nCaceres,J.F,, McKenzie,D., Thimmapaya,R., Lund,E. and Dahlberg,J.E.

activator of mU1b genes in embryonic tissues or a repressor in (1992)Nucleic Acids Res20, 4247-4254.
adult tissues 9 y P 19 Evans,M.J. and Kaufman,M.H. (19843ture 292 154-156.

. . . . 16 Martin,G.R. (1981Proc. Natl. Acad. Sci. USAS8, 7634—7638.
Several lines of circumstantial evidence lead us to favor the Dpoetschman,T.C., Eistetter,M., Katz,W., Schmidt,W. and Kemler,R. (1985)

repressor model. First, both the mUla and mU1b genes are veryJ. Embryol. Exp. Morphol87, 27-45.

active in other expression systems, such as HeLa S#)laifd 18 Sanchez,A., Jones,W.K., Gulick,J., Doetschman,T. and Robbins,J. (1991)
; PR o J. Biol. Chem 266, 22419-22426.

Xenopus Iaev_lsocytes 87), |r_1d|cat|ng that the low activity of 9 ThomasK.R. and CapecchiM R, (1968), 51, 503-512.

mUlb genes in mouse cells is due to the presence ofa fact_or tLindenbaum,M.H. and Grosveld,F. (19@®nes Dey4, 2075-2085.

is absent from heterologous cells. Second, negative regulationday Parry,H.D., Scherly,D. and Mattaj,|.W. (1988nds Biochem. Scl4,

the large T antigen of SV40 virus has been observed with a mutant 15-19. _

human U1 gene in which a binding site for the protein wa& HermandezN. (1992) In McKright .. and vamamolo K.R. (eds), *

: TR ranscriptional RegulatiarCol pring Harbor Laboratory Press, Co

inserted between the PSE element and the initiationZsfle ( Spring Harbor, NY, pp. 281313,

Third, expression of an embryonic U4x gene was down-regulat@g Ares,M.J., Mangin,M. and Weiner,A.M. (1988!. Cell. Biol, 5,

during early chicken developmeri3 by a DNA binding 1560-1570. _ _

protein, PPBF (proximal palindromic binding factor); the pres24 Mattaj,l.W., Lienhard,S., Jircny,J. and De Robertis,E.M. (1888)re

; ; ; ; 316 163-167.
ence of PPBF in the liver, heart and kidney, but not in embryo?s Murphy,J.T., Skuzeski,J.T., Lund,E., Steinberg,T.H., Burgess,R.R. and

suggests that it may act as a repressor. o _ Dahlberg,J.E. (1987). Biol. Chem 262, 1795-1803.
To date, few factors that regulate transcription of specifigé Tanaka,M., Grossniklaus,U., Herr,W. and Hernandez,N. (1288)s
snRNA genes have been identified, partly because of the Dev,?2 1764-1778. o '
difficulty in obtaining activen vitro transcription systems. The 27 Q(;gsg\q-;-' Chung,J.S., Giglio,L. and Weiner,A.M. (198&hes Dey1,
ability of the same prc_mmal Hanking region to down-regulate 28 Weller P.. Bark,C., Janson,L. and Pettersson,U. (I58@s Dey2,
Ulb genes in transiently transfected NIH 3T3 cells and in 13g89-1399.
developing embryoid bodies suggests that regulation might be RoebuckK.A., Szeto,D.P,, Green,K.P.,, Fan,Q.N. and Stumph,W.E. (1990)
mediated by a common mechanism in these two systems. RecentVol. Cell. Biol, 10, 341-352.

progress in developing systems for transcription of ShRNA geng g;‘sogvsl‘gé'_-isjg”ry'R'W" Lobo,S.M. and Hernandez,N. (19669s

In vitro _(30131:5_4) raises the p0_55|b|I|ty that the factor(s) 3; Henry,R.W., Sadowski,C.L., Kobayashi,R. and Hernandez,N. (1995)
responsible for differential expression of mUla and mU1b genes Nature 374 653-656.
will soon be identified. 32 Skuzeski,J.M., Lund,E., Murphy,J.T., Steinberg, T.H., Burgess,R.R. and
Dahlberg,J.E. (1984). Biol. Chem 259, 8345-8352.
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