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ABSTRACT ing theal, B1 andyl chains of laminin1(1; Phillips,S.L. and
- . - . . Chung,A.E., unpublished results), entactin (Phillips,S.L. and
Transcription of the murine laminin ~ y1 gene is activated Chung.A.E., unpublished resuits), tii1V) anda2(1V) chains

during retinoic acid/cAMP induced differentiation of F9 of collagen {2-14), and perlecarif). The fact that transcription
embryonal carcinoma cells. Positive transcription of all of these genes except the perlecan gefés(coordinately
control elements associated with two DNase | hyper- induced during differentiatiori.{,16; Phillips,S.L. and Chung,A.E.,
sensitive regions in the large first intron of the gene unpublished results) suggests they respond to a common control
have been identified which confer a differentiation mechanism. However, with the exception of a promoter proximal
response on the laminin  yl promoter. However, the retinoic acid response element in the lanfiirgene {7) and the
kinetics of transcriptional activation suggest each DNA retinoic acid receptor proteins which bind td.&)( the mechanism
region interacts with transcription factors appearing at mediating transcriptional activation of these genes remains elusive.
different times during differentiation. Synergy between Many genes expressed in highly differentiated cells are
the two regions in cis causes high level activation. controlled bycis-acting elements a considerable distance from the
transcription start site. Many of these elements were originally
INTRODUCTION located because they bind transcription control proteins that locally

Basement membranes are thin sheets of extracellular matrix I&&€r chromatin structure (cf.9,20). Thus, we have initiated
down during development or in response to the need for new tis§@loration of the mechanism controlling transcription of the murine
growth or remodeling. They are thought to have important functior@Mininy1 gene by measuring the DNase | sensitivity of chromatin
in the formation and maintenance of many tissijess(a physical OVer 25 kb around its transcription start site in undifferentiated and
barrier to the movement of cells and molecules and because of §fgerentiated F9 cells. This analysis has led to the discovery of two
surface they provide upon which cells can migrate and differentia2Sitive regulatory regions locatéd and 12 kb to the right of the
In adults, basement membrane integrity is maintained by a poofgnscription start site within the large first intron. Each region
understood process which may be compromised by injury gidependently confers different kinetics of differentiation response
disease. For example, a thickening of the glomerular basem&htthe promoter of the laminyfi gene in F9 embryonal carcinoma
membrane is frequently associated with diabetes meftus ( cells. Together the two regions synergize to mediate a very high
Laminin, the major glycoprotein constituent of basemerl€Vel of promoter activity.
membrane, promotes cell attachment through interaction with cell
surface receptor§), We are interested in the genetic mechanismdATERIALS AND METHODS
which render the synthesis of the subunits of laminin reSponSiveIE%Iation of clones containing lamininyl genomic DNA
developmental events.
Basement membrane production during development of the genomic DNA library was kindly provided by Dr Steven
mouse embryo starts in the newly differentiated parietal endodekiveaver, University of lllinois at Chicago. The library contains
shortly after implantation of the blastocygf.(Our limited Mboal partial digests of BALB/cJ genomic DNA cloned into the
understanding of the control of synthesis of basement membraBanHl| site of lambda vector L47.1. The library was screened for
proteins has principally come from studies of F9 embryonalones using standard techniques (ith a 0.58 kiiPst—EcaRl
carcinoma cellss). When adherent F9 cells are exposed to retinoitagment from cDNA clon@573 containing sequence from the
acid and agents which elevate intracellular levels of CAMP they-end of the murine laminiyl mRNA 22). Two of the clones
differentiate into parietal endoderm-like cels (They synthesize that overlap the beginning of the laminih transcription unit,
and secrete basement membrane protéiry @s well as tissue Lamyl #100 and Langl #154, are shown in FiguteRestriction
plasminogen activatoi6) and Sparc(osteonectin/BM4Q)0J.  maps of genomic DNA within these clones are identical to the
During differentiation transcription is activated of genes encodwnap published by Ogaved al (23) as well as the map predicted
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Figure 1. DNase | hypersensitive sites around the beginning of the layhigene in undifferentiated and differentiated F9 embryonal carcinomaTagsA(map

of the 3-end of the gene showing restriction sites used for mapping DNase | hypersensitive sites and subcloning; restriction enzymes used for thBamtllysis were
(B), EcaRl (R), Hindlll (H) andPst (P). Only one of the mariyst sites is shown. Exon 1 is represented by a solid bar with the start site of transcription indicated
by an arrow at position 0. The location of lambda genomic clones LamB2 #154 and LamB2 #100 used as a source of subclones for this investigation as well as
probes, HC21, KC121 and KC3, used for indirect end-labeling are shown under the restriction map. The location of fragments HC1, KC22 and KC124 contail
the promoter and differentiation response elements, respectively, are also in@ottad) [The location of DNase | hypersensitive sites in F9 control cells and cells
induced to differentiate with retinoic acid and dibutyryl CAMP is indicated with regard to the distance in kb from the transcription start site. The approximate size
each hypersensitive region, determined from the breadth of the DNase | dependent bands in figures two through six, is indicated by the width of each box
hypersensitive sites were detected upstream of the gene between -1 and —10 kb.

from restriction endonuclease digests of BALB/cJ genomic DNA.25 mM sucrose. il DNase | (Sigma Chemical Company, St
and F9 embryonal carcinoma genomic DNA (Chang,H.S. ariduis, MO), diluted to the appropriate concentration, was added

Phillips,S.L., unpublished results). to 95 pl suspensions of nuclei on ice, gently mixed and the
reactions were initiated by transfer to°87 DNase | digestion
Cell culture was stopped after 3 min by the addition of 0.9 ml of 10 mM

] ] ] Tris—HCIpH 7.8,5 mM EDTA, 0.5 % SDS to each reaction. DNA
F9 embryonal carcinoma cells were kindly provided by Dr AlbeRjyas purified as described by Wag).

E. Chung, Department of Biological Sciences, University of

Pittsburgh. Cells were cultured in humidified 5% @ high

glucose Dulbecco’s modified Eagles medium (Gibco-BRLRestriction endonuclease digests and hybridization

Grand Island, NY) supplemented with 10% fetal bovine serum asalysis of DNA

has been described previousiy)( Cells were seeded at a density N _ )

of 2.5x 10°/100 mm plate and incubated overnight to permiamples of purified DNA (10g) were digested to completion
attachment. Differentiation was initiated by a change to fresfith restriction endonucleases as described by the supplier. DNA
medium containing 0.1M retinoic acid and 1 mM dibutyryl digests were subjected to electrophoresis through agarose gels
cAMP (Sigma Chemical Company, St Louis, MO). Forty eighth 89 mM Tris-borate buffer, pH 8.3, 1 mM EDTA containing
and 72 h later the culture medium was replaced with fredhlHg/ml ethidium bromide and transferred to GeneScreen Plus
medium including the two drugs. membrane (Du Pont) by capillary blotting under alkaline
conditions 27,28). DNA was crosslinked to the membrane by
UV irradiation @9). Purified probes were prepared from
restriction digests of pBluescript Il SK(-) subclones of yam
Nuclei were prepared essentially as described by McKnight a#td00 or Lamyl #154 DNA. Map location of the three probes
Palmiter £5). All steps in the preparation were carried ouf&4 HC21, KC121 and KC3 used in the hybridization analyses are
Cells, cultured as described above, were washed once with g®wn in Figurel. Membranes were prehybridized for 2 h at
cold phosphate-buffered saline (PBS), scraped into PBS with2°C in 50% formamide, 0.25 M NacCl, 0.25 M NaHR® mM
rubber policeman and washed twice by centrifugation a0 EDTA, 100pg/ml denatured salmon sperm DNA and 7% (w/v)

1 min and resuspended in the same solution. Cells weDS (30). Hybridization was carried out overnight in the same
recovered by centrifugation, washed once with 10 mM Tris—HGlonditions at 43C in the presence of 5 ng/ml denatured probe
pH 8.0, 10 mM NaCl, 5 mM Mgg)] 1 mM DTT and lysed by radiolabeled to a specific activity of at leas? @i(p.m.fiag DNA
suspension df2 x 107 cells/ml in the same solution containing by random primed synthesglj. Membranes were washed twice
0.5% Triton X-100. Nuclei were recovered by centrifugation aat 52C with 0.3 M NaCl, 0.03 M sodium citrate and 0.1% SDS,
800g for 3 min, washed once with 10 mM Tris—HCI pH 8.0, 10 mMollowed by two washes at 52 with 25 mM sodium phosphate
NaCl, 5 mM MgCp, 1 mM DTT and resuspended at a DNApH 7.2, 1 mM EDTA, 0.1% SDS and two additional washes under
concentration of 1 mg/ml in 15 mM Tris—HCI pH 7.4, 60 mMthe same conditions with the SDS concentration increased to 1%.
KClI, 15 mM NaCl, 3 mM MgCJ, 0.4 mM CaCl, 0.5 mM DTT, Radioisotope on dried membranes was visualized by autoradio-

DNase | treatment of nuclei
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graphy at —70C using XAR film (Kodak, Rochester, NY) and tCTGTGCAGCAAGGAGTG-3 and HS3P5 (5gggggtaccC-

intensifying screens (Lightning Plus, Du Pont). GCCCCTGCCCCTCTGC B and pKC2 as template. HS3P3
) ) and HS3P5 contaldindlll andKpnl linkers, respectively, on the
Plasmid constructions 5'-end. The fragment was digested wiihdIll andKpnl, purified

pHC1Luc A fragment containing the promoter and transcriptiorY CelIeLctrophoresis and cloned into thndill/Kprl sites  of
start site from base pairs (bp) —833 through +106 of the laminf{C1LuC:

vyl gene 23) was prepared by the polymerase chain reaction
according to published methods [Perkin Elmer Biotechnolog ; X
Catalog Technical Information (1991p1] using primers ,CR using pKC2 as template and pr|m,ers HS3P3 and HS3P6
HSPO01 (5gggagatctGGATCCAGTCCCTTGGACARand  (9799999taccAAGCCTCGTGTCTCTGARBwhich contains a
HSRP1020 (5gggagatctAGCCGGACGCAGAGCCGATN3and 5" Kpnl linker. The fragme'ntwas dlgest(_ad thndIII andenI,
genomic clondlamB2 #154 as template. Each primer contained BUTified by electrophoresis and cloned intotiimedi11/Kpri sites

Bglll recognition sequence on theehd. The 0.99 kb fragment was ©f PHCILUC.

cloned into th&glll site of pXP2, a promoterless luciferase reporter
gene 82), and the correct orientation identified by restrictionPC227HC1LucThe 0.88 kb KC227 fragment was prepared by
analysis. PCR using pKC2 as template and primers HS3P6 and HS3P4

(5-gggaagcttGTTTGTTTGTTTGTCTGYB which contains a

PKC22HC1Luc The 1.5 kb KC2Psi—BarHI fragment maps Hindlll linker on its S-end. The fragment was digested with
across hypersensitive site 3 from +11.7 to +13.1 kb of the |amij;lllndlll and Kpn, purified by electrophoresis and cloned into the
vl gene (Figl). KC22 was subcloned into pUC18 to place a ind!!l/Kpni sites of pHCILuc.

Hindlll site adjacent to thEst site, removed by digestion with .
Hindlll and cloned into thédindlll site of pHC1Luc to form PKC228HC1LucA 0.22 kb fragment was prepared by PCR using

o ; ; KC2 as template and primers HS3P3 and HS3P15
KC22HC1Luc. Clones containing both orientations of KC2 ; .
\F/)vere identified by restriction analygsis. 5'-gggaagcttCCCAGAGCCCTCCAGGC)3vhich contains a

Hindlll linker on its 3-end. The fragment was digested with

pKC21HC1LucThe source of the 1 kb KCPi1-Sad fragment Hindlll, purified by electrophoresis ancbokd into theHindlll
was pKC2 which contains tHganHl fragment from +11.3 to sites of linear pKC222HC1Luc prepared by partial digestion with

+13.1 kb cloned into thBanH! site of pBlueScript SKII(-). :—|ind!|l. Th%clo_ne co_ntaining_ghe f_rfagysnt inserted at thle correct
KC21 was subcloned from pKC2 into tRet/Sac sites of location and orientation was identified by restriction analysis.

pBlueScript SKII(-) to generate pKC21, removed from pKC21 .
by digestion with Hindlll and Sa¢ and cloned into the PKC124HClLucThe 4.1 kb KC124dindlll-EccRl fragment

: ; maps across hypersensitive site 4 from +4.2 to +8.3 kb. The source
Hindlll/Sad sites of pHC1Luc. of KC124 was pKC12 which contains the 4.58duRI fragment

from +3.8 to +8.3 kb cloned into thieedR| site of pBlueScript
pKC211HCLucl1The 0.2 kiiRsd—Sad fragment from pKC2 was e X ;
subcloned into th&md/Sad sites of pBlueScript SKII(-) to SKIl(-). KC124 was purified by electrophoresis froriliadlIl

igestioniitt digest of pKC12 and cloned into thindlll site of pHC1Luc to
gﬁggr:;ea%%lzolnlé(;eggv;%{;carnl /IDSK;(ZtZSlitlegyO(filgﬁsélfCua . form pKC124HC1Luc. Clones containing both orientations of the

fragment were identified by restriction analysis.

KC212HC1LucThe 0.8 kb Pstl-Rsal fragment from pKC2 was .
gubcloned into th@s1/Sma sites of pBIugeScript SKﬁ ) to pKC22/124HC1LucFragment KC124 was prepared as described

generate pKC212, removed from pKC212 by digestionHiittill and cloned into thelindlll sites in pKC22HC1Luc linearized by
i ; ; partial digestion witilindlll. Clones containing both orientations of
andSa and cloned into thefindil/Sad sites of pHC1Luc. KC124 in theHindlll site between the KC22 and HC1 fragments

pKC221HC1Luc The 0.5 kb Sad-BanHI fragment from were identified by restriction analysis.

pKC22HC1Luc was removed by digestion widd and cloned

into theSad site of pHC1Luc to generate pkKC221HC1Luc. TheTransfection protocols and assay of reporter gene activity

clone containing the correct orientation of the KC221 insert was

identified by restriction analysis. Transfections were carried out by modifications of published
procedures33,34). Cells were seeded ak1L(P cells/35 mm plate

pKC222HC1LucThe 0.5 kisad fragment from pKC22HC1Luc in 2 ml Dulbecco’s modified Eagles medium containing 10% fetal

was cloned into th&ad site of pKC211HC1Luc. The clone bovine serum, cultured overnight and provided with fresh medium

containing the correct orientation of the insert was identified byefore transfection. Each calcium phosphate/DNA co-precipitate

restriction analysis. contained 0.5 pmol test plasmid, AgpRLneoand pUC18 DNA
added to bring the final DNA mass tq§. pRLneowas kindly

pKC223HC1LucThe 0.5 kisad fragment from pKC22HC1Luc provided by Dr Justus B. Cohen (Department of Molecular Genetics

was cloned into th&ad site of pKC212HC1Luc. The clone and Biochemistry, University of Pittsburgh School of Medicine,

containing the correct orientation of the insert was identified biyA). The DNA, in a volume of 90l, was mixed with 10Qul 2x

restriction analysis. HEPES phosphate buffer (136 mM NaCl, 5 mM KCI, 11.2 mM
glucose, 208 mM HEPES, 1.4 mMJN#Qy). 10ul 2.5 M CaCh

pKC224HC1LucThe 1.25 kb KC224 fragment was prepared byvas dripped into the solution, gently mixed and held at room

the polymerase chain reaction using primers HS3Rg)faagc- temperature for 30 min until a finely suspended precipitate was

KC225HC1LucThe 1.12 kb KC225 fragment was prepared by
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evident. The calcium phosphate/DNA suspension was slowly Fit diffarantiased Fi
dripped into the culture dish and the dish returned to the incubator — o o e ”
after gentle mixing. Twenty-four hours after addition of the Wl

co-precipitate, cells were passaged into a 100 mm dish containing

10 ml DME medium supplemented with 10% fetal bovine serum -

and G418 at 1 mg/ml. The medium was changed every 3 days.
Approximately 1 week after transfection the G418 concentration

was lowered to 40ag/ml. Following an additional week individual

or pooled clones were recovered and grown in medium containing

G418 at 20Qug/ml. The yield of G418 resistant clones was similar

for all test plasmids. Mixed clone preparations contained at least 50 1.3 ¥y
independent clones.

The luciferase assay was essentially as descBbgtuciferase ik
assay procedure, Technical bulletin #101, Promega Corporation).  p.ar si=—
For experiments lasting no more than 2 days cells were seeded at 10 e
per 35 mm plate. Differentiation was induced as described above.
Following removal of the medium the attached cells were rinsed 06 M
twice with PBS, lysed by the addition of 0.25 ml of a solution
containing 25 mM Tris-phosphate pH 7.8, 2 mM DTT, 1 mM
EDTA, 0.1% Triton X-100 and 10% glycerol. After incubation at
room temperature for 10 min, the lysate was clarified by centrifuga- HET
tion for 1 min in a microcentrifuge at room temperature and the ¥
supernatant stored at 10 Luciferase activity was measured in a A3 '_'.i i
Picolite (Packard Instruments) or AutoLumat 930 (EG&G Berthold) k 1
luminometer set at 2&. Light output was integrated over 30 S.  Hind i Hired Il
Each reaction contained 10 clarified lysate and 100l reagent — probe HOT

containing 20 mM Tricine pH 7.8, 1.07 mM (MgQeMg-
(OH).5H0, 2.67 mM MgS@ 0.1 mM EDTA, 33.3 mM DTT,
270uM coenzyme A, 47QM luciferin and 53QuM ATP. Protein Figure 2. Mapping a DNase | hypersensitive region at trenfl of the laminin

content was measured using the DC-protein assay kit (BiORéﬂ gene. The mapping strategy and location of the indirect end-labeling probe
Laboratories) IS displayed at the bottom of the figure. Map coordinates from Figure 1 are

shown above the ends of théndlll fragment. F9 cells were induced to

differentiate by exposure to QuM retinoic acid and 1 mM dibutyryl cAMP for

RESULTS 4 days. Nuclei were prepared and incubated with the indicated concentrations
of DNase I. 10ug of purified DNA from each sample was digested to

L . . . completion withHindlll, separated by electrophoresis in a 1.5% agarose gel,
Transcription of the |am|n’7ﬂ- genelis ?Ct'Vate_d when F9 embryona_l and subjected to blot-hybridization analysis using radiolabeled HC21 as probe.
carcinoma cells are induced to differentiate by treatment witlthe positions of DNA standards are indicated along the left side of the

retinoic acid and cAMP1(). A number of putativesis-acting autoradiogram as well as the location oflfed|ll band that is the only one
elements are upstream of the transcription start 8 Qur  Presentin the absence of DNaspH)(

approach to understanding control of the gene was first to map

DNase | hypersensitive sites in chromatin containing the gene and

then to use this information to guide our search for differentiatiogf HS1 appeared as a consequence of differentiation. For example,

response elements. a distinct site within the region revealed by a 0.9 kb subfragment
in the digests of DNA from F9 cells, was not evident in digests

Mapping DNase | hypersensitive sites around the of DNA fro_n_1 Q|ff§aren_t|ated_F9 _ceIIs (Fi@). The co_mple_xny of _

beginning of the lamininyl transcription unit hypersensitivity in this region is not surprising since it contains

a number of probableis-acting elements including Spl-like
Our primer extension analysis confirmed the published positi@equences and one cAMP response elerdé@ntThese results
(23) of the transcription start site of the murine lamidirgene  suggest that the laminyl gene is not silent in F9 cells because
(data not shown). Figureshows the map location of genomic the promoter is in a closed chromatin configuration where access
DNA in A phage clones Layh #100 and Layl #154 which of transcription factors or the basal transcription complex is
overlap the 5end of the murine BALB/C laminiyl transcription occluded by nucleosomes. Rather the gene may be silent becaus:
unit and were used as the source of indirect end-labeling probesdbithe presence of bound repressor proteins or the absence of
these experiments. Nuclei from undifferentiated and differentiatédteraction with factors bound at distargacting elements. No
F9 cells were digested with increasing concentrations of DNaseatditional DNase | hypersensitive regions were detected in 9.8 kb
Figure 2 demonstrates that the promoter lies within a broadf DNA between the transcription start site and the upstream
hypersensitive region in undifferentiated and differentiated F9 cell&EcdRl site in either undifferentiated or differentiated F9 cells (data
This region, which we have designated HS1, appears to contaiot shown).
the transcription start site and covi@s®0 bp of upstream DNA. A search for hypersensitive sites in chromatin directly down-
DNA prepared from nuclei not treated with DNase | and DNasestream of the transcription start site was carried ottindlll
digestion of naked DNA showed no distinct subfragments in thidigests using the KC121 probe. DNase | treatment generated a
analysis (data not shown). Subtle differences in the fine structyseominent 0.9 kb subfragment and three larger subfragments due to
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Figure 4. Mapping DNase | hypersensitive site 4 (HS4) in the lampingene.

|.1 ':.'_l "'I"' The mapping strategy and location of the indirect end-labeling probe is
L —F 1 displayed at the bottom of the figure. Map coordinates from Figure 1 are shown
Hand 111 Hind 1 above the ends of tiiecdR| fragment. Nuclei were isolated from cells treated

as in Figure 2 and incubated with the indicated amounts of DNagglpLfified

DNA was digested witkcaRl, separated by electrophoresis in an 0.8% agarose
gel and subjected to blot-hybridization analysis using radiolabeled KC121 as
probe. The positions of DNA standards are indicated along the sides of the
Figure 3. Mapping DNase | hypersensitive site 2 (HS2) in the lamgingene. autoradiogram.

The mapping strategy and location of the indirect end-labeling probe is

displayed at the bottom of the figure. Map coordinates from Figure 1 are shown

above the ends of tiréindlll fragment. Nuclei were isolated from cells treated

as in Figure 2 and incubated with the indicated amounts of DNaseu$ 10

plurified r?NA from each sample was cliigesged gﬁﬂmdléh seglarart]eg t()jy A differentiation responsive enhancer is associated with
electrophoresis in a 1.2% agarose gel and subjected to blot-hybri izatiop‘ ersensitive site 3
analysis using radiolabeled KC121 as probe. The positions of DNA standardsyp

are indicated along the sides of the autoradiogram. To address whether DNA sequences in hypersensitive region 1
(HS1) and hypersensitive site 3 (HS3) contain differentiation
response elements chimeric genes were constructed using a
a hypersensitive region mapping fra®.4 to 3.5 kb beyond the promoterless luciferase reporter plasmig) @nd DNA fragments
transcription start site (Fi@). This region which we designate HC1 and KC22 (Figl) which overlap these hypersensitive sites.
HS2 was present in undifferentiated as well as differentiated F8C1 maps from —833 to +106 bp and contains the transcription
cells. Lower exposure of the autoradiogram in FiGuevealed start site and promoter. Fragment KC22 spans HS3 froRsthe
the 4.4 kb subfragment caused by HS1 at the promoter (data sib¢ at +11.6 kb to theindlll site at +13.1 kb. Transient expression
shown). transfection assays of plasmids pHC1lLuc and pKC22HC1Luc
Mapping DNase | hypersensitive sites further downstream inttemonstrated HC1 functions as an active promoter in the correct
intron one was carried out iBcdRl digests of DNA using orientation in undifferentiated as well as differentiated F9 cells.
fragments KC121 and KC3 as indirect end-labeling probes. Th#C1 is several fold more active than the RSV LTR. Furthermore,
analysis using probe KC121 demonstrated the presence of a grthg activity is unaffected by the presence of KC22 in either
of DNase | dependent subfragmens/—1.5 kb long (Figl). The  orientation in the reporter gene (data not shown).
DNase | hypersensitive sites causing these fragments map to @o take into account the possible role chromatin plays in the
region from4.5 to 5.3 kb downstream of the transcription start siteegulation of transcription, cells containing stably integrated
which we designate HS4. HS4 was present in undifferentiated F&porter genes were tested. Mixed clone populations of cells stably
cells and differentiated F9 cells (F). transfected with pHC1Luc or pKC22HC1Luc were prepared as
Using probe KC3 in the analysis revealed a 600 bp region déscribed in the Materials and Methods and treated for 36 h with
hypersensitivity we designate HS3 mappidi.5 kb down- retinoic acid and dibutyryl cAMP. Figufeshows that pHC1Luc
stream of the transcription start site (Big.The most interesting activity was quite low in F9 cells and only weakly responsive to the
feature of this region is the change in DNase | sensitivity giresence of the two drugs. However, pKC22HC1Luc very strongly
several sites within the region associated with differentiation. Foesponded to the drugs. KC22 showed insignificant promoter
example, close inspection of Figlreeveals a prominent 1.8 kb activity in either orientation but conferred a 3-fold response on
subfragment in the DNA from undifferentiated cells which isstable integrants of reporter genes driven by the minimal (-81 to
much less abundant in the DNA from differentiated cells+t52) HSV1 thymidine kinase promoter as well as in
Furthermore, a 2.1 kb subfragment appears with differentiatiopkKC22(—)HC1Luc, containing KC22 in the reverse orientation
This change in chromatin structure with differentiation suggesfdata not shown). These results demonstrate KC22 contains a
that HS3 contains differentiation response elements. differentiation responsive enhancer. Table shows that

probe KC12
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probe kG Figure 6. Response of stable integrants of pHC1Luc and pKC22HC1Luc in
mixed clones of F9 cells to retinoic acid or dibutyryl cAMP. Mixed clones of
. . " . . . G418 resistant F9 cells containing pHC1Luc or pKC22HC1Luc were prepared
Figure 5.Mapping DNase | hypersensitive site 3 (HS3) in the langingene. 55 described in the Materials and Methods. Cetsl(F) were seeded into 35
T_he mapping strategy and Ic_)catlon of the |r_1d|rect end—le_abellng probe is mm plates, allowed to attach far6 h at 37C in DMEM + 10% fetal bovine
displayed at the bottom of the figure. Map coordinates from Figure 1 are showngerym and treated with QuM retinoic acid (RA), 1 mM dibutyryl CAMP (CA)
above the ends of titecaRI fragment. Nuclei were isolated from cells treated 5, potn (RACA) in DMEM + 10% fetal bovine serum for 36 h. Control cells
as in Figure 2 and incubated with the indicated amounts of DNasqu$ 10 (\one) were incubated for 36 h in the absence of either drug. Luciferase activity
purified DNA was digested witicoRI, separated by electrophoresis inan 0.8% gnqg protein content were measured in clarified lysates as described in the
agarose gel and subjected to blot-hybridization analysis using radiolabeled KC3yaterials and Methods. Each value is the mean of duplicate assays with the range
as probe. The positions of DNA standards are indicated along the sides of thgpgyyn by the error bars. The activity of stable integrants of pXP2 the parent
autoradiogram. plasmid containing the promoterless, enhancerless reporter gene was 100-200
light units (L.U.){xg protein.

pKC22HC1Luc in seven pure clonal lines also responded to the
drugs even though there were dramatic quantitative differences in
basal and 'ndUPEd activity in each I_|ne Wh'ch IS thoyght o be d(%ﬁown in Figur®, transcriptional activation of pKC22HC1Luc was
to the chromatin environment at different sites of integration qQf; caq predominantly by retinoic acid whereas cAMP caused little
the reporter gene and/or to copy number. No response to the drw%y activation
was detected in three clones. '

The differentiation responsive enhancer in KC22 is a

Table 1.Induction of pKC22HC1Luc in individual clones of F9 cells complex regulatory region
Clone Activity (L.U./pg protein) Deletions were generated and assayed to map the regulatory
none RACA element(s) within KC22. Figuré presents the structure of the

reporter genes containing the designated subfragments of KC22 and

2 44 11 408 assays of their response to retinoic acid/dibutyryl CAMP as stable

3 11 5197 integrants in mixed clone preparations of F9 cells. pKC227HC1Luc
6 10 2025 contains_the small_est contiguous sequence with_in KC22 that retained
substantial activation on treatment of the cells with the drugs. Further

7 235 55 300 deletions within this 877 bp fragment indicate that the enhancer is
8 849 38 800 a complex regulatory region composed of at least several distinct
9 31 22 200 cis-acting elements within the regions we designate A, B and C in

Figure7. For example, deletion of 208 bp betweerRbseandSad
10 86 16 700 sites (B region) abolished enhancer activity (see pKC223HC1Luc)
indicating that the B region is essential for enhancer activity.
Indi\{idual clonal (_:eII Ii_nes con_taining stably integrated pKC22HClLuc'werq__|owever, the B region itself displayed no enhancer activity (see
obtalr_]ed as des_c_rlbed in Ma_terlal_s ar_1d Methods. Cells were assayed for induci C211HC1Luc). In addition, when tBad—Hindlll fragment was
of luciferase activity as described in Figure 6. Data are the mean of duplicate ass éﬁ‘]oved, which includes the C region, enhancer activity was lost
(see pKC21HC1Luc) but this region was not sufficient for
Strickland and co-workers36) demonstrated that adherent F9significant enhancer activity by itself (see pKC221HC1Luc).
cells differentiate into primitive endoderm in the presence of retinofeurthermore, deletion of fragments containing the A region
acid and that further differentiation into parietal endoderm-like cellsbolished significant enhancer activity (see pKC222HC1Luc and
occurs in the presence of cAMP. Differentiation of the cells does nEKC228HC1Luc) indicating that the A region was essential for
occur in the presence of cAMP alone. To address whethenhancer activity. However, the A region was not sufficient for
pKC22HC1Luc responds to only one of the drugs, the mixed cloeahancer activity without regions B and C (compare
population of F9 cells was also treated with each drug alone. AKC212HC1Luc with pKC21HC1Luc and pKC223HC1Luc).
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Figure 8. Kinetics of induction of luciferase activity from stably integrated
pKC22HC1Luc in G418 resistant F9 clone #9. Cells were seeded in the evening
and allowed to attach overnight. To assure similar cell densities at the time of
assay and guard against overcrowding, the cells were seeded in 35 mm plates
at the following densities; 2 1P for assays between 2 and 24 b, 10° for

pssays at 36 and 48 h and 0.5 Xfb@assays at 72 h. Induction was started by

a change to medium including Qu¥ retinoic acid and 1 mM dibutyryl cAMP.

Figure 7.Deletion analysis of the differentiation responsive enhancer in KC22.
Mixed clones of G418 resistant cells containing stably integrated
pKC22HC1Luc or deletions within the KC22 region in the same construct were
assayed for activity as described in the legend to Figure 6. A restriction map o
KC22 including map coordinates of thel andHindlll cleavage sites is shown

in the upper left of the figure. The region of KC22 included in each construct SO0l cells V\(/jere sgedeqba{;mr ?15 T/lm plgtle and daiﬂsaf%% h I_atkelr. If_ysates_
is indicated by a horizontal line under the restriction map adjacent to the namewerehpcrjegarg as descrl S |not e _Ialterl_fas an ;t 00S, quickly frozen in
of the plasmid. The fragment HC1 (-0.8 to +0.1) which contains the lafhinin crur? e dry ice and stored at “@0until luciferase and protein assays were
promoter, transcription start site and associateteients is present in each periormed.

construct at the indicated location. Reporter gene activity is presented as the

mean of triplicate assays +/— the standard deviation. The fold induction of the

luciferase reporter gene in each construct by retinoic acid plus dibutyryl cAMP

is indicated in the column on the right side of the figure. The boxes labeled Ainto F9 cells (Chang,H_S, and Filler, T, unpublished results)_

B and C at the bottom of the figure indicate the three essential domains of th?herefore, we tested whether KC124 could confer a sustained

enhancer inferred from the data. . L . . .
response to differentiation when planecis to the lamininyl
promoter. Reporter genes were constructed containing KC124 in
front of HC1 (pKC124HC1Luc) or between KC22 and HC1

The enhancer in KC22 confers a late but transitory (pKC22/124HC1Luc) and their kinetics of activation examined
activation onto the lamininyl promoter in response to as stable integrants in mixed clones. KC124 also confers a
differentiation differentiation response on the promoter (FI§). However,

activation followed a much longer lagld@f2 h than observed with

The lamininyl gene is a member of the family of late response gengg-~»- (compare Fig9A and B). Basement membrane gene

in F9 cells §7). Transcription of the laminin genes during retinOiCynqcrintion is nearly fully activated at this time and the cells are
acid/cAMP induction of differentiation occurs foIIOW|_ng allag Ofundergoing the morphological change to parietal endoderm-like
12-24 1 (5,11). If pkC22HC1Luc contains the essentialacting ooy K124 contains no detectable promoter activity in transient
elements required for a differentiation response we reasoned tha{r&?}sfection assays (data not shown). Thus, it appears KC124
kinetics of activation would at least qualitatively resemble those afains at least one positive element that responds to differentiation.

the endogenous gene. FigBreisplays the kinetics of activation of \yhan both KC22 and KC124 were included in the re
: : /all porter gene
itably mtegrateg pKC%Z_HCllLug '”l F9 clo?e ﬁ? ((I;ab)k&mna;] very high transcriptional activation was observed, at least 30
inetics were observed in mixed clones of cells (data not showi)neq'the sum of the activities of the reporter containing a single

Rapid transcriptional a((j:;gl_gtion |f0|!2|\\//|v|ead|.|a lag [GI0 h after  ¢ayment (Fig9C). Changes in KC124 orientation and position
exposure to retinoic acia/dibutyryl CAMP. However, we were Veny i, ragpect to KC22 and the HC1 driven luciferase transcription
surprised to find that luciferase activity peaked between 30 and it remain to be evaluated.

h and declined back towards basal activity. This is in distinct contrast
to the endogenous gene which continues to be transcribed at a high
rate in fully differentiated F9 cell®4,11). DISCUSSION

We have discovered several regions in the first intron of the laminin
y1 gene which contain positive transcription control elements. One
group of elements referred to as the KC22 enhancer maps in the first
intron [112.5 kb from the transcription start site and confers a
Previous work in our laboratory demonstrated DNA fragment®sponse to differentiation onto transcription driven by the promoter
overlapping HS4 such as KC124 and subclones thereof haskethe lamininyl gene in F9 embryonal carcinoma cells. Deletion
strong enhancer activity in reporter genes driven by the minimahalysis revealed at least several distiieacting elements are
HSV1 thymidine kinase promoter when transiently transfecte@quired for KC22 enhancer activity.

A positive response element in KC124 synergizes with
the KC22 region to direct a high response to
differentiation
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Figure 9.Kinetics of induction of luciferase activity from stable integrants of
pKC22HC1Luc, pKC124HC1Luc and pKC22/124HC1LNixed clones

of G418 resistant F9 cells containing pKC22HC1LAy; pKC124HC1Luc

(B) or pKC22/124HC1Ludk) were prepared as described in the Materials and
Methods and treated as described in Figure 8.

The KC22 enhancer was initially located by mapping DNaseq

Nucleic Acids Research, 1996, Vol. 24, No. 71367

of the lamininyl gene in F9 cells occurs following 1 day of exposure
to retinoic acid/dibutyryl CAMP. Morphogenesis to parietal endod-
erm-like cells occurs 2—3 days later when cells are secreting large
amounts of basement membrane proteins. Different kinetics of
KC22 and KC124 mediated activation suggests each interacts with
factors active at different times during this process. Perhaps factors
leading to KC22 mediated transcriptional activation are necessary
for turning on the endogenous gene and those leading to KC124
mediated transcriptional activation are required for maintaining its
expression. Interestingly, the presence of both regions in the reporter
gene leads to a substantially higher activity than the sum of their
independent activities. This synergism suggests itthais the
activity of each region is influenced by the presence of the other.
Whether this is due to increased bindingamsactivation through
the interaction of factors able to independently bind to each region,
or to the recruitment of additional factors that bridge between the
two regions or directly modify chromatin structure but have no
independent transactivation properties remains to be worked out.
The fact that stable integrants of reporter constructs were
required to detect KC22 and KC124 differentiation responsive
activity supports the notion that chromatin plays a role in regulating
the lamininyl gene. Demonstrating that changes in DNase |
hypersensitivity also occur in chromatin containing the stably
integrated KC22HC1Luc and KC22/124HC1Luc reporter genes
will strengthen this view. A requirement that genes must be assayed
as stable integrants to respond to differentiation of F9 cells was also
observed for reporter genes containing tEIV) collagen
promoter and its cell-type specific and differentiation responsive
enhancersA(l). Furthermore, chromatin containing these enhancers
also display DNase | hypersensitive regions that change during F9
differentiation (unpublished data). We wonder whether an analysis
of chromatin containing other late response genes in F9 cells would
reveal elements with properties similar to the KC22 and KC124
ifferentiation responsive elements.

hypersensitive regions in F9 cell chromatin containing the gene.
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