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ABSTRACT 

In the present study,.a differentiated bovine adrenocortical cell system was 

used to investigate the decline in the inducibility of the CYP17 gene during cellular 

senescence. In_ particular, the involvement of transcription factors in the decline 

was investigated. Two different heterologous gene constructs were constructed by 

cloning·either-2541' to+29 or -488 to +29 bp of the 5' regulatory'region of the 

CTPJtg~neupstream to the fireflyluciferase cDNA. The heterologous gene 

constructs were then separately· transfected into. CYP 17 e~1>1:es~ing and non

expressing bovine adrenocortical cells. Luciferase assays showed that both these 

constructs· were expressed (upon induction) in both; expressing_ and non-expressing 

cells, suggesting that the loss of CYP 17 gene expression was not due to a loss in 

positive transcription factors. Other events such as cis-acting·-changes in 

methylation may therefore, be the primary cause for this phenotypic switching 

phenomenon. In addition, the sequence -2544 to -489, appears to contain a 

negative. regulatory element This :region also undergoes specific changes in 
' ' ' 

methylation at_Cpffsites (shown by other studies in our laporatory) and therefore, 

may be involved in, the switching mechanism. 



CHAPTER 1.- INTRODUCTION "AND SPECIFIC AIMS OF THE. 

PROJECT 
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. INTRODUCTION TO THE PROBLEM 

. . 

This project. investigates the regulation of gene expression as related to the 
. . 

phenoipenon~ of cellular sen¢~cence. Specifically, t,he regul.ation of the 

differentiated CYP 17* gene in .bovine adrenocortical cells,. was investigated a:s the 

~ells senesced in culture. This. gene is• a member pf the P450 superfamily, tlie 

· protein that it codes for~ ·cYPl 7, catalyzes .. the hydr~xylation of the steroid nucleus 
. . . . - ·, . 

. - -

~f pregnenolone ang progest~mne at the 17 a- position to produce co~sol and · 

androge~ precursors.(l,2). These latter 17 hydroxylated steroids may then undergo 

scission of the C-17 ~~O ·carbon· bond to ·yield dehydroepiandrosterone· (DHEA) and 
' ,· , . 

atidrostenedione, respectively. 17a-Hydroxylase _arid l 7,20~lyase were traditionally 

regarded as ·separate enzymes~ ·It is· now well· known that all these reactions ar~ 
. ' - . 

mediated by a .. single enzyme, GYPl 7 '(1): The CYP 17 gene is strictly dependent 

on cAMP forits.expression.;.its inducibility iS1ost as the cell~ senesce~·The bovine 

adrenocorµcal cells can be transfected wi~ the gene··encoding. the SV 40 T antigen. -

* NOMENCLATURE:· Before discussing ·the. CYP 17 gene and its product it seems appropriate to 
.. · ' . - .. - ' , 

. mention the nomenclature of the P450 superfamµy to which it ~longs. Although several 
. . . 

differe~t terms ·have -been used to descripe the .variou~ members of this family, ·a defined relatively 
. . 

simple system .has been recommended. Using this system, the gene and cDNA encoding for . 

example, l 7achydroxylase, ~·referred to as CYP 17 (italicized) whereas its mRNA or protein is . 

referred to asCYP17 (non-iUilicized) (2). This is the system that.is followed in tJiis thesis. 
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Introduction of SY 40 T antigen extends the life-span of these cells, however, it 

does not affect the steroidogenic properties of the cell. In other words, cells which 

expressed the CYP 1! gene prior to transfection with SV401arge T, continue to do 
. . 

so after trailsfection, whereas cells which no longer expressed the CYP 17 gene 

prior to transfection, maintain the non"!'expressirtg s.tate following transfection. This 

model system is useful in studying gene regulation during senescence since one can 

obtain a cell,~line either expressing, or not expressing the CYP 17 gene. Differences 

(such as changes in cis- or trans-events with respect to CYP 17 gene expression) 

between the two cell types would help in understanding the phenotypic switching or 

loss in expression of the gene. This would also help understand the phenomenon 

of senescence in relation to CYP 17 gene expression, a gene that is not directly 

involved in cell proliferation. Additionally, studying the mechanism involved in the 

loss of differentiated function should help in under~tanding the mechanism by 

which tissue-specific gene expression is normally maintained over long periods of 

time. Furthermore, this study· would lead to a better understanding of the process 

of aging in general, since cellular sene_scence can be used as a model for in vivo 

aging. 
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TIJE PHENOTYPIC SWITCHING IN THE CYP Ji GENE (BACKGROUND) 

Previous work in our laboratory has shown that for the CYP 17 gene, the 

obsetved_ decrease in cAMP induction of CYPl 7 mRNA during- senescence results 

from a decrease in the fraction of cells expressing the gene. Using in situ 

, . hybridization it was_sbown that, fa primary cells, all cells express CYP 17 after 

· induction with cAMP. However; clonal populations derived from such cells 

consist of mixtures of expressing and nonexpressing cells (3.). Therefore, 

desc.endants of cells in the primary cell population that originally expressed the gene 

subsequel)tly undergo phenotypic switching. Their descendants maintain the 

·nonexpressing state, so that subclones usually consist of entirely nonexpressing 

cells, even.though the.parent clone had a large.proportion of expressing cells: 

Cultures were also processed for immunoflourescence-and in siiu hybridization 

together, to make sure that GYPl 7 mRNA levels ·in individual ·cells as demonstrated · 
. . 

by in situ hybridization were also reflected in individual cell protein levels. Results 

confirmed that mRNA levels detected by in sitzl'hybridization were proportional to 
. . 

protein levels, and that the loss in. expression of CYP J-7 in senescence _.was due to 

-reduced mRNA acc.umulation rather than at the protein level (3). Additionally, the 

fraction of c~lls exp~essing steroid ·crp 17 was quantitated as_ a function of 

population doubling Jevel, using· autoradiograms of in situ hybridization of cultures 

· comprising small colonies. · In primary cultures (PDL 3), almost a11·the colonies had 

all cells positive for hybridization. At later passages (POL 10 and POL 30), the 

fraction of cells hybridizing was variable, with more hybridizing cells at POL 10 
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than at POL· 30. At much later passages, POL 55 and POL 80, almost all colonies 

had no hybridizing cells~ Thus, clearly, the obse)!Ved decline in overall 

17 a-hydroxylase mRNA levels result from a decline in the fraction of cells 

··synthesizing specific mRNA, leading to a fewer number of hybridizing cells in the 

. culture. Therefore, the loss ·of CYP 17 expression in both clones and nonclonal 

cultures, is the result of increases in the fraction of nonexpressing cells, and not the 

result of a gra4ual loss of e:xpression per.cell. Cells show a stochastic pattern of 

phenotypic switching from a.state of CYP 17 gene expression in response to cAMP, 

to a state in which thi$ gene is no longer inducible, as they senesce in culture (3). 

TRANSFECTION WITH SV40 T ANTIGEN 

The replicative life-span of bovine adrenocortical cells can be extended by 

transfecting them with the gene encoding SV 40 T antigen. Cells from a senescent 

subclone which are.at a very late stage-of their replicative life-span, and. can no 

long~ be sub-subcloned, can be transfected. After transfection with the SV 40 T 

antigen gene, these cells show a progressive increase in growth rate and give rise to 

a line of cells with extended growth poten~al .. Cells at an early passage (POL 10) 

can also be -transfected with ·the plasmid pSV3neo~ which contains the gene 

encoding SV40T antigen as well as the gene conferring resistance to 0418. All 

transfected cells, selected o~ the basis of resistance to 0418, show ·n~clear. 

expression 'of T antigen as w~ll as a characteristic morphology with frequent 

rounded cells interspersed in a monolayet of polygonal cells. Additionally, all cells 
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lines maintain morphological response. such as, rounding or µretraction' fu response 

to cAMP thatis-·characteristj.c·of adrenocortical cells (4). 

There is no change in the s~te of expression of the cytochrome P450 genes 

prior to and-aftertra.nsfection~ In the-late passage cells (POL 52), prior to 

transfection, induction of 17a-hydroxylase, 21-hydroxylase, and 11(3-hydroxylase. 

is minimal or absent,_ whereas SCC is still induced to high _levels. In the early 

passage cells (POL 10), prior to transfection, there is a high level of 

17a.;.hydroxylase, with lower levels of 21-hydroxylase, on induction with cAMP . 

. In both early and late. passage .cells, the s_tate of expression-of these genes is ~e. 

same after transfection. In other words, cells maintain the same cell characteristics 

with regard to the steroid gene expression, before and after transfection. 

Additionally, clones derived from early passage cells using pSV3neo maintain high 

levels ofcAMP-inducible CYPl7 through 4 successive recloning events, over a 

periodofreplication much longer than-that achieved by nontransfected cells. Thus, 

expression of SV 40 T antigen does not interfere with expression of CYP 17_ and is 

compatible with continued expression of CYP 17 over long-term growth (4). 

· Using SV40 T antigen to extend the life-span of the bovine.adrenocortical 

· cells withc;,ut interfering .. with the cell's steroidogenic properties· is useful. It 

p~~vides a means to obtain a continuous cell line which can be used to investigate' 

the maintenance of steroid gene e~pression with a continuous supply of cells. ·It 

can be usecf to study the relationship-of differentiated gene expression with the 
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phenomenon of senescence. As mentioned before, bovine adrenocortical cells 

which have lost (or have nearly lost) their-ability to divide are no longer able to 

express CYPJ,7-.. At tpis point the cells can be•transfected with the large T antigen 

of SV40 and a ceUline that has the same property of CYP 17 non-expression can be 

obtained. These cells have _the desirable property of ail extended life-span. Events 

within the cells such as changes in the state of methylation at CpG sites, or their 

status with .respect to transcription .factors can be investigated. These events can be 

compared within cell lines obtained in the same way from bovine adrenocortical 

cells which are still_ able to expres~ the CYP 17 gene. It should be noted that 

replication is-necessary for -the decline in CYP 17 gene expression,.however the 

decline is not.associ~ted with replication. Therefore, cells arrested in a state where 

they do not replicate.are fully capable of CYP 17 gene expression. This is shown in 

experiments where primary bovine adrenocortical cells_ (PDL 3) were pretreated 

_ with mitomycin C to preve;nt subsequent division. These cultures were maintained 

for 40 days -in standard culture medium prior to cAMP induction. All these cells 

demonstrated CYPL7 gene.expression as detected by _in situ hybridization (5). 

In contrast, when cells were allowed to proliferate continuously, ~ 80% of 

the population-had.lost the ~bility-to induce CYP17 after a comparable 40 day 

period. Thus the declipe does not occur unless the the cells replicate, however, the 

immediate past replicative history does not determine CYP 17 gene expression. In 

other words~· cells which have senesced and no longer express CYP 17, do not 
- ' 

begin to express the gene even if their replicative potential is extended (5). In this 
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project, the system described above was used to investigate the regulation-of 

CYP 17 gene e~ression-as related to senescence. The CYP 17 gene encodes a key 
. . 

enzyme involv(n in- the synthesis of steroids in bovine adrenocortical cells, and 

represents ·a branch point between the synthesis of mineralocorticoids or _ 

corticosterone on one hand, and between cortisol and sex hormone production on 

the other. The CYP17 gene -an~ the function of its _product are discussed in the next 

section. 

THE.GYP 17 GENE AND GENE PRODUCT 

CYP17 is-encoded by a single gene f~y t~nned CYP17. The 
. ' 

intron/exon structure of this gene differs from that of all ·other known P450 genes, 

so that it must be considered- a member of a separate and unique gene family (1,2). 

However, even though the CYP17 and CYP2l (steroid enzyme 21-hydroxylase) 

protein~ h~ve only 28~9% i~erttical amino acid .sequences, the genes encoding them _ 

bear remarkable structural similarities. Of the seven introns dividing the eight . 

exons in- the CYP 17 gene_, the locations of introns 3 to 7 corresp~nd, to the 

nucleotide, with the locations of introns 5 to 9- in the gene encoding CYP21 (6). 

Furthermore, introns -1 and 2 of CYP 17 are within a few bases of the locations of 

introns 2 and-3 of CYP21 (6). The CYP17 human gene has sever3:l other notable 
. ' ' 

structural features. Three characteristic classes of sequences are .found in the·.gene. 

These are Alu repeat sequences in th~ first, fourth, and sixth-introns and a partial 

Aiu sequenc~- in the s~~flanking DNA. _ 
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The expression of the CYP 17 gene is strictly dependent on cAMP and is 

cell-type specific. About 500 bp upstream of the start site of the bovine 5' CYP 17 

sequence has been published. On comparing this sequence with the published 

human CYP 17 sequence, some regions of homology are revealed (7). These 

homologous regions could be putative regulatory sequences, those that are not 

conserved are likely. to be less important.-.- This comparison can be used as a basis 

for the analysis_ of possible enhancer like elements within the 5' region. The 

CYP 17 gene is upregulated by cAMP, whereas it is downregulated by phorbol 

esters such :as TP A (protein lcinase C activator). Regions within the 5' regulatory 

sequence-of the bovine_ CYP 17 gene have been analyz.ed for cAMP-dependent 

regulation of transcription by doing transient transfections of chimeric reporter gene 

constructs into mouse adrenal tumor Yl cells (8). At least two regions of the gene, 

-243/-225-bp and -80/-40-bp, were found to confer increased cAMP 

responsiveness to a reporter gene. However, these two regions show little 

sequence similarity with each other or with known cAMP-responsive elements or 

the typical CRE, TGAGCTCA (8). Gel shift assays done by Waterman's group 
. . 

have shown that an oligonucleotide containing the CRE consensus sequence will 

compete for_ nuclear protein factor or factors binding to the -243/-225-bp region but 

not for factor or.factors binding to the -80/-40-bp region. Southwestern analysis 

carried out by the same group using bovine adrenal nuclear extracts have shown 

·that the ~243/-225-bp sequence binds a protein of ~47 kDa whereas the CRE binds 

to proteins of ~43 kDa, ~47 kDa and ~63 kDa. In gel shift assays the incubation of 
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bovine adrenal nuclear· extract.s with the. -243/-225-bp sequence or the Clffi gives 

rise to quite different p.attems of protein-DNA complexes; however, one complex of 
' ' ' 

very similar mobility (with the ~47 kDa protein) is formed with both· sequences (8). 

Other studies have shown that a family ofrelated factors may bind to the CRE (9) 

and ~o_it has been. suggested that it is possible that the 47.:.~a protein detected in 

the above Southwestern analysis is a member of this fannly •. The actual cAMP 

responsive element has not ye.t been identified nor has· anything been worked out . 

with r~spect to protein kinase.·c or tissue specific elements. · The transfection 

experiments have ho~ever, been done in Yl cells, which is a mouse·adrenocortical 

tumor cell line that.does not e:xpress its endogenous· CYP 17 gene (lO). Therefore, 

the. expression of the stereid hydroxylase in this cell· type may lack aspects of 

regulation that would be expected in a cell line that maintains CYf 17 expression. 

Extensive sequencing of the human CYP ! 7 5'-flanking region also revealed 

four nearly. identical copies of. a 50-55 base repeated DNA sequetic~ ending with the 

sequence TGTGATCTITGTTGGA. This· sequence appears to be similar to the · 
- . : ,: . ,. .· 

TGTACACITI'GT sequence regulated by· glucocorticoids in the rat tyrosine 

.hydroxylase gene~ Similar sequences were also found farther ·upstream in the 
. . 

. 5~~flanking DNA and also the third intron. The role of these repeated sequences is 

n<~t;yet known. However, since coni:sol sy~thesis ·is inhibited by-glucocorti~oids, it 

is· unlikely" that these elements convey positive glucocorticoid regulation to the 

C~17 gene (1). 
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Recently, evidence has. been provided that there are three bovine CYP 17 

genes namely, CYP 17 Al (sequenced by Bhasker et al), CYP 17 A2 (isolated and 

cloned in our laboratory), and CYP 17 A3. Moreover, the 5' regulatory region of 

CYP 17 A2 has_ been sequenced up to -3000 bp (Figure 1). This data has revealed 

that CYP 17 A2 has a high degree of homology with the reported sequence of 

. CYP 17 Al. There are no differences between CYPl 7 A2 and CYP 17 Al in the first 

exon, it is therefore not apparent whether or not CYP 17 A2 is a pseudogene. 

However, because its promoter region is identical to that of CYP 17 Al it is highly 

probable that CYP 17 A2 is expressed in the adrenal cortex ( 11 ). 

This thesis deals with the regulati~n of the CYP 17A! (known to be 

expressed) gene and the CYP 17 A2 (which is also very likely to be expressed) gene. 

Here, the CYP17 gene alludes to either of these two-very similar genes. A 
1 

distinction has ·been made ·however, in the case where specific sequences from 

either of the. two genes have been used in analysis. 
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Figure 1. Sequence.ofbovine CYP)7A2 ftom-2544to+363. Over the sequence 

-487 to +363 the sequence of CYP 17A2 (labelled A2) is compared with· the 

previously-reported sequence of CYP 17Al (labelled Al). Dots indicate identity. 

- The start codon is indicated and also the position •Of tpe end of the _first exon. The 

positions in-the· sequences that fonn unique PaeR1I/Xhol andXbal sites are 

.. indicated. Methylation was inves_tigated at 4 HpaI/Mspl sites (Hl-H4) and a 

BsalII/AcyI site (1 l) 
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. GATCACATCTGTGGCTTTT'l'CTCACCCAGGAACAGGCAGCAGAAGGGTGTGTGTCTGTCCCCACCCCC~CTTACAGCCGC'!'~ -2463 
CTGATTACAGCTACACATTCCAATACAGCCT'l'GCCTCTCAGACCAAAGAGGGGGCGGGGGTGGCCTGA'!'C'!'CAG,\AGCCCT:;. -238! 

. . Hot 
GAACAAATAGTTGGCAACAGCTGTGTTCTCAGAAGACCGCAGTTGGTCGCTACTGTTTTCTCATTCCACACTAGGTT~ -2299 
C':ATAACTCAAGTGCCCCTACTTCAAACGGCAGC:TC:GCAAGTACTCAAGTC:TCTGCCACGGG:.GTCTG::TGGCTTGGAAAAA -,. __ 

. . . 8NHI . 
TCCATOGGAAGACCAGAGTGTGGTCAGTCCCACCCCCACC~CATTCAa;AeGTCX:CTCAGCCCA~GA -,:?: 
CCACAGGCTTA.~~\GGAGJ..,_~\GTCTCTA.IIM;GAGCC~CCTTTAAAAGAAGGCCCCC:CACCCCAACTCAGAATCTCTT:.· -20:3 
~ACTGTG>...\Glill.TCTCTGCTCACTAACCCAAT~TAAAAGGGGTTTTGATCAGGAAT . - l 9, ! 

. . .. H3 ' ·. ) . . 
CCTQCTCCGCCTC~CTCACCCCTCAACTGTTT~CACTAAGGCTTTGGCAATGGT':'TTACGGTGTCTTA -lBB9 

. . . . . ...... ....,.. .... H2 . . 
TGGUAATOGUOGATAATCCAGCIA~~NGGGGTT~GGCCAGGGGAG':AAGGAGCA 
AC~TTCTGTAAGGGAGCTGGCCTGCTATAACTGCGAGACATTTTCTAAAAGGCTC 
CCTCCACCCAAAGCAGTAGTGCGATAAG'tAAGCTCCCCCCCCCTTCCC"rTTCCGAACCCCAGACCACCCGTTCCAT· 
TACCTG?CTMGACCCAIAAGGAACGGCATCCTGCAAGAGCATCATCCACACTAACGTTGGGAACAAAGGGCTTTTGAA 
TTAPiGGTCT'fGGAAGTAGTTAATTAATTGATTAATAAATGUTAAA?GAACATT~CTTT.-~41••.AC>.AGATGTATA 
TTCCAC!GttATTCCCATTAT~TTTTAAAAOGGTTGCTGC'u.GTCACTrCAGT""...ATGTCCGACTCT 
G!CCGAGC~CACCAGGCTCCCCC:GTCCCTGGGATTTTCCAGGCAAGAACACTGGAGTGGGGTGCCATT 
TCCT'ECl:CCGTA.•~•~\CACGT'r.MoGTAACAATloGAGTT~ATATGACC~TTCCACTTCCACGTATTTACCACCCCCA 
'AAATTGAAAACAGGGACCTAGATACTATGTACATGCTGTGGACGT.GTACACCCCTGTCCATAGCAGCACTATTCACAG 
TAGCCGAAAGTGG)l'°\CCTAAGTGTCCA~TTGA~~CCAAAGGT!iGCATACCCGC'!'TACTAGAIGAT':'· 

~TTCAGTCATAAGAAGGAGTGGAGGGGCCTTCCC::TTGTGG'lCCmrGGCTAAGATTCTAO,CCTC:TAACGCAGGGGGCTCA:; 

-1807 
-l 725 . 
-1643 . 
-156! 
-1479: 
-1397' 

· -1315 
-l233 
-ll:Sl 
-1069 

. . G?TCAATCCCTGGCC.AGGGJ..ACTAGAACCCACATGCTGCAATGAI.GACTAAAGATCTTGAGTACTGCAGCCAACTCCC:AGC:A 
CAACCAMTAAACMATATTTAGGAU.TGAATGAAGTTCTGACGTATGC'TACAAAGTAGATGAACCTTGAAAACATTACGCC 
TAGTGAAACAAGCCAGCAa...~l~CAAATGTATATGATTa:i.c:T:TAAGTGAAATAGGCATATT"..ACAGAGACAGATTA.~ 
AGTTTACCAGGGCCTGGGGGGMaGCGI IGGGGGAGTTATTGCT l'CGTGGU'ATACTTTATGTTTGGGGTTAAGAAGACAGT':' 
-~~~1.0ACACTGTGAAGTATATTCAATGCTACTGAATTGTACAC':'CJW.ATGGCAAA:. · 
'!"!'CATGCTATGTATACTTTAACATACTAAACCT'!'TTTAAGTCATA'tAGCAAGAAAGGGGTTAAGC':'AG1J,.':":':GAGGC':'AA1-. 

-659 

C:CCG"+-TGACAATAGGGCCCCTGATCTCAACCCAAGGGTTTCACTccc:ccAGGCAAAAGCAGCAAACATGGAATGAAGAGAA. 1 A:? l 

··································••.······~···············'.················· 1;..:1 

:TGCAT':'CAATGCATCACTATC:TGTGTGACTTTATTCAAGC_C:TTACCCTGGGAAGCCTCACTTT:iCTCAACTGATAAAAT'::; I A2 l 
• • • ·• • • •. • •• • • •• • • • • • • • • • • •· • ~. • • • • • •• •· • • • • • • • • • • • • • • • • • • • • ·• • ·• • • • • ••• • • • ~ • • ~ • • • • •• • • • • ( .;~ l 

-.: .: -
. . 

4ATAG:=~:T~TT~ATTQTGAT~'!':G~AATACAGAGT~--CGTGAT~~:-:~TCCA~~~A~:~~~~~:":":":7~:: i~2; 
.............. ~ ... -...................... ·.A..... .·.A ...................................... iA:> 

Xbll . . . 
:A~CGT!'GAT~GACAGTGAGCAAGGGACAGGGACTAGCTATCTGTGC:::':'TAC==A~c::::::::':'AGGG~:: iALI 
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CYPl 7_is a microsomal enzyme and is a member of the cytochrome P450 

· multigene family~· Its activityis found in the gonads and adrenal cortex of mammals 
. ' . 

and in the_ analogous organs of fish, amphibia, and reptiles (12). In most species 

CYP 17 is expressed .in the zona fascicula~ and reticulatj~ of the adrenal cortex but 

not in the. glomerulosa (which is responsible for ald<:>sterone biosynthesis). 

Howev.e~, it is not expressed in the adrenal cortex of rodents, and these-species 

utilize. corticosterone a:s the major glucocorticoid. Leydig cells in the testes of all 

species e~press CYP17, while in the ovary, cells of the the.ca intema express 

CYP 17, whereas granulosa cells do not. Of course, CYP 17 is not expressed in 

non-.steroidogenic. cells such ·as· liver and kidney cells although it is found in. certain 

regions of rat brain (7).. CYPl 7 cataly,zes the hydroxylation of the steroid nucleus -

of pregnenolone- atid progesterone at the 17 a-. position to produce cortisol and 

androgen precursors. These latter 17 hydroxy lated steroids may then undergo 

scission of the c~l7 ,20 carbon bond to yield dehydroepiandrosterone (DHEA) ·and 
' . 

androstenedione, respectively. 17a-Hydroxylase and 17,20-lyase were traditionally 

regarded as separate enzymes~ It is now well known that all these reactions are_ 

· mediated -by a single enzyme, CYP17. -Purification of pig testicular microsomal 

CYPl 7 to homogeneity and in vitro reeonstitution of enzymatic activity clearly 

proved that both 17cx-hydroxylase and 17,20-lyase_'activities reside in the same 
. . . 

protein, CYP17 (l). This was further confirmed-by showing that cells transformed 

with a vector expressing bovine CYP 17cDNA acquired both 17a-hydroxylase and 

17,20-lyase activities (12). However, pig adrenal andtesticular CYP17 prepared 

by the saine investigators were found to differ slightly .in their amino acid 
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. compositions and N-tenninal sequences (1). CYP17 is bound to smooth 

endoplasmic· reticulum, where it accepts electrons from a flavoprotein 

immunologically distinct from the adrenodoxin reductase employed in 

mitochondria, ·and without benefit of an iron/sulfur protein ( 1). Sin~e CYPl 7 has 

both 17a-hydroxylase activity and C-17,20 lyase activity, it is a key branch point in 

steroid hormone synthesis, directing pregnenolone to mineralocorticoids; to 

glucocorticoids ( 17 a-hydroxylation but not C-17 ,20 cleavage); or to sex steroids 

(after both 17 a-hydroxylation and C-17 ,20 cleavage). 

Experiments carried out in vivo and in vitro have demonstrated that 

treatment with ACTH leads to increased production of 17a-hydroxylated steroids 

and androgens in the adrenal cortex, apparently at the expense of corticosterone. 

This shift in the steroid profile has been found to result in vitrofrom a dramatic 

increase in the amount of CYPl 7 protein leading to a concomitant increase in 

17a-hydroxylase activity (12). Using primary monolayer cultures of bovine 

adrenocortical cells, it has been established that ACIH treatment leads to a rapid 

increase in the synthesis of CYPl 7 and that analogs of cAMP as well as cholera 

toxin (which increases intracellular levels of cAMP) can mimic this action of 

ACTH. Studies have also shown that ACIH has a similar action in regulating the 

synthesis of other components of the adrenocortical steroid hydroxylase pathway 

(13). However, l7a-hydroxylase is unique among these enzymes in that it 

apparently catalyzes two distinct catalytic activities and as such represents a branch 

point between mineralocorticoids or corticosterone on one hand and between 
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cortisol and sex hormone production on the other. Thus, changes in the levels of 

17a-hydro~ylase activity can .re~ate the pattern of steroids produced. As a . 

consequertce-Qf this important regulatory role, ·changes in the levels of CYPl 7 and 

in its rate of synthesis in response to ACTH treatment_ in vitro appear to be much 

more pronounced than those of the other enzymes· in the steroidogenic pathway 

(12). 

. . . 

- THESTEROIDOGENICPATHWAY-INTHEADRENALCORTEX 

The pathway involv~ in .the synthesis of steroids in the adrenal cortex has 

been reviewed by Granner-(14) and has been summarized below. The adrenal 

cortex synthesizes many different steroid molecul~s, but only a -few of these have 

biologic activity. These are divided into .3 classes of hormones: glucocorticoids, 

miileralocorticoids, and androgens. These hormones initiate their actions by · 

combining with specific. in~ellular receptors, and this complex binds to specific 

regions of DNA to·regulate gene e~pression. This leads to altered rates of synthesis 

of a small-number of proteins, .which, in tum, affect a variety of metabolic 

processes, eg, gluconeogenesis and Na+ and K+ ·balance. 

The hormones of the adrenal cortex, particularly the glucocorticoids, are 

vecy important in tile adaptation to severe stress. The mineralocorticoids are 

required·for normal Na+ and K+ balance. The-adult cortex has 3 distinct layers or 

zones. The subcapsular area is called the zona glomerulosa; this is associated with 
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the production of mineralocorticoids which are 21-carbon steroids. The primary 

action of these hormones is to promote retention of Na+ and excretion of K + and 

H+, particularly in the kidney. Aldosterone, the most potent hormone in this class, 

is made exclusively in the zona glomerulosa. The next zone is the zona fasciculata, 

which, with the zona reticularis, produces glucocorticoids and androgens. 

Glucocorticoids, also 21-carbon steroids, have many functions, the most important 

of which is to promote gluconeogenesis. Cortisol is the predominant glucocorticoid 

in humans, and it is made in the zona fasciculata. -Corticosterone, made in the zona 

fasciculata and glomerulosa, is less abundant in humans, but it is the dominant -

glucocorticoid in rodents. The zona fasciculata and reticularis of the adrenal cortex 

also produce significant amounts of the. androgen precursor 

dehydroepiandrosterone and of the weak androgen androstenedione. These 

steroids are converted into more potent androgens in extra-adrenal tissues and 

become pathologic sources of androgens when specific stero1dogenic enzymes are 

deficient Estrogens are not made in the normal adrenal in significant amounts, but 

in certain cancers of the adrenal they may be produced, and androgens of adrenal 

origin are important precursors ( converted by peripheral aromatization) in 

postmenopausal women. 

The adrenal steroid hormones are synthesized from cholesterol that is 

mostly derived from plasma. A small portion however, is synthesized in situ from 

acetyl-CoA through mevalonate and squalene. Most of the cholesterol in the 

adrenal is esterified and stored in cytoplasmic lipid droplets. When the adrenal is 
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stimulated by ACTH ( or cAMP), an esterase is activated, and the free cholesterol 

formed is transported into the mitochondrion, where the si.de chain cleavage enzyme 

(CYPSCC) converts cholesterol to pregnenolone. All mammalian steroid hormones 

are formed from cholesterol via pregnenolone by a series of reactions which occur 

in the mitochondria or.in the endoplasmic reticulum of the adrenal cell (14). The 

pathway involved in the synthesis of the 3 major classes of adrenal steroids is 

shown in Figure 2. 
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Figure 2. STEROID BIOSYNTHESIS PATHWAY 
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THE USE OF A DIFFERENTIATED ENDOCRINE SYSTEM IN STUDYING 

SENESCENCE 

A fundamental feature of normal cells is their limited ability to proliferate in 

culture (15). Cells capable of proliferation in vivo often go through an initial 

mitotic period_in culture, but invariably there is a gradual decline in cell division; in 

cells from humans and certain other species (including bovine adrenocortical cells), . 

the decline is virtually irreversible and complete (15). This progression has been 

termed the finit~ life-span phenotype or cellular senescence. Thi~ project deals with 

the use of a differentiated epdocrine system to study the phenomenon of 

senescence. It is of importance to first understand the rationale behind using such a 

. system. This is especially important since a lot of work in the area of senescence 

has been carried out-in human diploid fibroblasts (HOF) and the genes under 

· investigation have .been those involved directly in proliferation (for a review, see 

·16). This. section discusses.the use ofan endocrine system to study cellular 

sencescence. This is then followed by a discussion on the use of HDF as a means 

of studying the same phenomenon. 

Several years ago, the common notion was that cell culture was a poor 

technique for.studying the function of endocrine tissues (15). This was due to · 

rapid reactions of normal endocrine cells to the culture environment including 

reaction to changes. in nutritional status, reactions to withdrawal of hormonal 

stimulation, and reactions to exposure to a different oxygen. tension. However, 
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over the past 20 years, it has been shown that these rapid changes of cell properties 

in culture result from missing or inappropriate hormones, protein factors, and 

extracellular matrix molecules in the culture environment Supplementation of these 

factors in the medium, can supply·the environmental conditions for normal 

maintenance and gene expression. Based on this, one can now look at true age

related changes in endocrine cells, both as a function of in vivo aging and 

senescence in-culture (15,17). 

The well-characterized inducible differentiated function genes of the cells of 

the adrenal cortex can be used to study the relationship between celluJar senescence 

and the expression of differentiated properties. The relatively simple structure of 

the adrenal cortex enables the preparation of large numbers of cells of primary cell 

· suspension (15). Whe.n bovine adrenocortical cells are first placed in culture, 

>90% of the cells that attach to the culture dish from the primary suspension initiate 

DNA synthesis, as determined by [ 3H]thymidine autoradiography; thus, almost the 

entire culture population undergoes exponential growth (18,19). There is no initial 

selection of a minority of cells that will divide in culture. In this respect, cultures of 

adrenocortical cells differ from traditional fibroblast cultures which pass through a 

"Phase I" period during which the cells migrate out from the initiating explant 

tissue. Adrenocortical cells directly enter the "Phase II~' of exponential growth. 

Like fibroblasts, bovine adrenocortical cells later enter a "Phase ill" of slower . 

growth, achieving a final population doubling (PDL) of 100-200 (15). Bovine 

cells, like human _cells, have a finite life-span in culture. and transform very rarely 
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(20)~ Expression of some differentiated functions 'is maintained to very late points 

in the replicative life"".span of adrenocortical cells in culture, whereas expression of 

others is lost-at variou_s times before the cells reach r~plicative-senescence (21,19). 

Some of the differentiated gene products lost at various times-as the cells senesce in 

culture, are enzymes involved in steroid biosynthesis eg. side-chain cleavage 

enzyme (SCC); 21~hydroxylase, 11~-hydroxylase and 17a-hydroxyla'se. This 

loss of activity is a result of d~creasing gene expression as seen by measuring 

mRNA levels, there is. a decrease in the level of mRNA's that _encod~ these 

different enzymes .. 21~Hydroxylase and 11~-hydroxylase are lost relatively early 

as compared to 17a~hydroxylase which 1n tum-is lost before SCC enzyme activity 

which _is maintained in much later passages (19). There is clonal variation in the rate 

and extent ef loss of func.tions. However, tissue.,,specific functions are always 

observed at the end of the replicative life~span. Cells retain their ability to convert 

cholesterol quantitatively to steroids, and to re~pond to raiseq intracellular cyclic 

AMP by -increasing ~teroid synthesis and depolymerization of actiil (15). For a 

summary of changes ·in differentiated functions of bovine adrenocortical cells as 

they senesce in cul~e, se~ Table 1. 
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Differentiated Function 
. . . 

· Steroid 17a-hydroxylase 

Steroid 11~-hydtoxylase 

Steroid 21-hydroxylase 

Cholesterol side-chain cleava~~ 

3f3-Hydroxysteroid dehydrogenase 

Adenylate cyclase 

Adrenocorticotropin (ACTH) 
· stimulation of acJenylate cyclase 

TABLE 1. ·CHANo~-IN ~!fFERENTIATED FUNCTIONS OF l,IOVINE ADRl!NOCORTICAL Cl!l.LS IN SENESCENCE IN CULTURE 

Changes in Func_tion in Senescence ·· 

Induction by c~ declines CQntinQOusly during long-term proliferation, as_ shown by 
enzyme_ activiiy, mRNA level, and ill ~- hybridization; expressi~n not influenced by 
environmental yariabies tested; experiinents-using_clones and using transfection with 
SV40 show a stochastic pattern of loss of gene-expression not directly a,ssociated with 
the d~line in replicative capacity ·. . 
Inducµon by cAMP (enzyme activity and mRNA level) declines continuously during 
)ong-term.prolifef!ltiOn, more rapidly than for 17a-hydroxylase;_enzyme activity_is 
altered by oxidative damage. resulting from ·the interaction of the enzyme. with 
pseudosubstrate steroids _ . . . 

lnd~ctio~ by cAMP (~zy~ activity and ndrnA lev~I) declines continuously during 
·1ong~term: proliferation, more rapidlY:than for l7a-hydroxylase; enzyme activity is 
altered when ~ enzyme ~teracts with pseudosubstrate steroids 
Induction by cAMP (enzyme activity and _mRNA ~vel) quantitatively maintained to 
very late passages · · · · 

Induction by cAMP ·(enzyme activity) quantitatively inaintained to very late passages 
' . . .. . . 

Activity in~tained until phase m, then decline in activity;" also short-tenn eff~ts of 
. ~II density . . . . . . . 

· Declines continuously through senescence; experiments. with clones show a stochastic 
. pattern .of loss of cellular response to ACTH not din:ctly ~iated with_ the decline in 

replicative capacity; alS<I short-term effects of .. cell density . . . 
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CELLULAR SENESCENCE IN HOF AS A MODEL FOR AGING 

Although this proje.ctdeals with the use of an endocrine system to study 

cellular senescence, it is of relevance to discuss other systems used to study the 

same· phenomenon. Most of the work in the area of senescence has focussed on 

genes directly involved in proliferation; since senescence is a state in which the cells 

are unable to cell divide. Cellular senescence has been extensively used as a 

cellular model for aging. However, the underlying mechanisms of cellular 

senescence remain unknown. Since cellular senscence is characterized as a loss of 

growth capacity, understanding of genes whose function is the control of cellular 

growth should improve our understanding of senescence. Cellular senescence has 

been studied most eitensively in cultures of human diploid fibroblasts (HOF) (16). 

Generally, human fibroblasts senesce after 20 to 60population doublings (PDs). 

Since the PD at whi~h senescence occurs depends inversely on the age of the tissue 

donor it has ·been suggested that, at the cellular level, senescence in culture reflects 

aging in vivo (22). Senescence is also viewed as a mechanism to curtail 

tumorigenic transformation and may attenuate the establishment of metastases (22 

and 23). Senescence is not a consequence of errors introduced during the synthesis 

of major :macromqlecules or the result of genetic damage since it has been observed 

that senescent humall fibroplasts maintain their viability (16). There are no major 

differences between senescent and young cells that can readily explain the 

phenomenon of senescence. In fact, senescent cells that fail to respond to 

mitogenic stimuli and. synthesize DNA, remain metabolically active, and can be 
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maintained in culture for a long time (at least 1 year for human diploid fibroblasts) 

(24). At present, there are few well-defined morphological and biochemical 

differences between terminally nondivi~ng senescent cells and proliferation 

competent cells~ Morphological.changes·observed at senescence include an increase 

in overall size •and loss of the spindle shape characteristic of fibroblasts (24 ). One

and two-dimensional electrophoretic analysis has demonstrated- the existence of a 

few proteins in senescent cells that ~e either not expressed or expressed at lower 

levels.in young cells. •However; such differences·-are often observed in young cells 

made reversibly nondivi9ing ·(quiesc.ent)-by removal of growth factors and/or 

contact inhibition, and are no~. unique to senescence (24 ). However, antibodies 

generated from partially ·purified surface membranes of senescent human diploid 

fibroblasts have bee1:l. shown t°" react wi~ antigens specifically expressed in 

senescent cells. ·this may provide powerful tools to investigate the _mechanisms 

leadlng to·-in vitro senescence (24). 

Pr<>liferation is defin00; as the incr~ase in ~ell numbe~ resulting from 

completion of the cell cycle, as, contrasteito growth, which is the increase in cell 

mass (25)~ . It has been suggested that senescent fibroblasts are arre$ted in the late 

Gl phase of the cellcycle and, cellular differentiation app~ars to be a process of 

terminal differentiatje>n (~2). It is possible th~t tumor suppressor genes such as the 

retinoblastoma susceptibility gene (RB 1 ), the p53 .gene, or the Wilm' s tumor 

susceptibility gene, may also be involved in senescence. A simplistic view would 

be to predict that one or more of these genes becomes constitutively expressed or 

25 



overexpressed in senescent HDF, but this does not seem to be the case, at least at 

the level of the ;RB 1 mRNA. However, senescence may be associated with the 

abse~ce of the phosphorylated forms of~ 1 protein that normally accumulate as 

cells emerge from the quiescent state and approach the G 1/S boundary (16). 

Sene_scent and quiescent HOF contain the unphosphorylated form of the 

retinoblastoma-protein (p 11 0Rb ). On serum stimulation, senescent HDF do not 

phosphorylate pH0Rb and do not enter S phase, whereas quiescent HDF 

phosphorylate pll0Rb-~d enter S phase (26). Oncogenes s~ch as SV40 T 

antigen, adenovirus ElA, or human papillomavirus E7 can form complexes with, 

and presumably inactivate, unphosphorylated pl lORb. These findings suggest that 

failure to phQsphorylate p 11 0Rb may be an immediate cause of failure to enter S 

phase in senescent HDF (26). 

Senescence may also be viewed as the extinction of stimulatory genes. 

Expression of the proto-oncogene c-.fos appears to be an early and essential 

requireinent .for the initiation of DNA synthesis by serum-stimulated fibroblasts 

(16). It appears that in senescent HDF, c-fos is under transcriptional repression 

since, in these cells it could not be induced by serum,'or, byphorbol esters, EGF, 

or elevated cAMP levels, all of which indµce c-fos transcription through sequences 

distinct from the serum-response element. If c-fos repression is the primary defect 

in senescence it may be predicted that overexpressing c-fos in senescent HDF 

should restore DNA replicative potential. Transient assays, where senescent HOF 

were transfected with .c-fos did indeed, show up to a fivefold increase in the 
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number of cells synthesizing DNA. However, it wiU be important to obtain stable 

transfectants that overexpress c-fos and rescue cells from senescence (16). 

In spite of the involvement of anti-oncogenes/tumor repressors (which are 

involved in cell proliferation) ~ senescence, the significance of the final c_essation 

of cell proliferation in cellu1ar senescence is not clear. An age-related increase in . 

expres_sion of these genes has not ·yet been.de~onstrated in vivo. Senescence is not 
( 

due to an irreversible loss of gen~tic material needed for proliferation, as evi~~nced 

by the effects of immortalizing oncogenes· ( 17). Normal HDF have been 

transformed with the gene for SV 40 T antigen (an_ oncogene) under the control of 

the steroid-inducible mouse mammary tumor virus promoter and _nurtured cells till 

they were able .to isolate a rare immortal cell line which had not lost its genetic 

material (16). It is possible that genetic instability eventually triggers a pattern of 

gene expression characteristic of what happens when cells becom~ committed to a 

nondividing phenotype in vivo. Perhaps genes other than those involved in 

proliferation are affected by the underlying processes of genetic instability. Thus, it 

is important to study the regulation of other genes, such as those involved in 

differentiated cell function (eg. CYP17), in long-tenn cells cultures as a model for 

aging (17). Since the loss ofCYP17 gene expression is gradual, and also since 

most of the previous work in our laboratory has been done on this gene, the 

phenotypic switching fa CYP 17 gene expression during cellular senescence was 

investigated in this project. 
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STRATEGY TO STUDY THE SWITCHING EVENT ATTHE MOLECULAR 

LEVEL 

The phenotypic switching· in the CYP 17 gene in bovine adrenocortical cells 

as these cells undergo cellular senescence, could be attributed to two general types 

of events. These two events are cis- or trans-acting events both of which are 

known to be involved in the regulation of gene expression (for a review see 27,28 

29,30). Some cis-events possible are methylation of sequences in the regulatory 

region of the gene or changes in the DN ase sensitive domain of transcribable 

chromatin. In our laboratory it has been seen earlier that the bovine CYP 17 Al and 

CYP 17 A2 genes do not undergo hypeimethylation of 5' sequences; in fact, they 

undergo demethylation (11). The methylationstatus of the CYP17genes at the 

CCGG sites was assessed by Southern blotting at various times after placing the 

cells in culture. Results showed that whereas one CCGG site is always non

methylated two other sites which were methylated in the adrenal cortex in vivo 

became demethylated when adrenocortical cells are placed in culture (11). Trans

events could be occurring wherein positive regulatory proteins are lost or negatively 

regulating proteins ·are synthesized.. In order to-determine whether changes in 

transcription factors was the cause for the loss in inducibility of CYP 17, as the cells 

aged in culture, the strategy employed was to clone 5' regulatory sequences of the 

CYP 17 gene, directly upstream to the firefly luciferase reporter gene. Therefore, 

luciferase expression was now regulated by the 5' regulatory sequences of CYP 17. 

These CYP JY .. luciferase chimeric constructs could ,then be transfected into 
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·. _ adrenocortical cells expressing:: CYP 17 upon induction with cholera toxin (by 
. . - . 

raising intracellular c.AMP"lev~ls), as weir as into-adrenQCortical cells which do not 
. .. . . . '. . , . -

express ( even on ind-µction) CYP 17 as a res.ult of aging in culture. _ The rationale for 

this strategy is th.at b~th constructs musl lie expressed in the cells expressing 

endogenous· CYP 1-7 when -the ·constructs are induced by raising intracellular cAMP 

. lev_els (at l~st theoretically). : ~xpression or non-expression of either construct in:. 
. . 

the cells which have lost endogenous CYP 17 expression even when induced, will 

. :- prqvide information oµ whether or not there is a change in transcription f ~tors with 

. respect to CYP 17 gene· expression in these cells. Expression of both constructs in "< 

nonexpressing cells will sugges~ that positive transcription factors, a~ting within the 

5' region included in the longer_construct, are still present in these cells. 

Nonexpre~sion of both ·constructs in these same cells will suggest tltat positive 
. . 

transcription factors; within the 5' region included in ·the longer construct are 

absent, or, some negative transcription factors are being synthesized in these cells. 

Expression of only one of the constructs in these cells will help in determining 
. . . 

regions involved in the switching process. A negative transcription factor could 

bind to sequences present in the gene which are involved in the gene's down-

regulation, alternatively, jt might bind to a protein involved in the up-regulation of 

the gene and __ prevent it from carrying out its function. Changes in the levels of 

transcription factors-may also affect the expression of the gene. However, any of 

these changes should also affect the expression of luciferase from either of the two 

constructs. 
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AIM OF THE PROJECT 

The overall aim of this project was to study the phenotypic switching 

mechanism in the CYP17 gene in bovine adrenocortical cells as they are grown in 

culture. Specifically, the ·presence or absence of transcrip~on factors in the cells 

. that had lost endogenous CYP 17 gene expression was investigated. 

SPECIFIC AIMS 

The .specific aims in the investigation of the phenotypic switching_ in the 

CYP 17 gene as the bovine adrenocortical cells age in culture_ were. as follows: 

1. To optimize the conditions for assaying firefly luciferase gene expression in 

bovine adrenocortical cells. 

2. To ~onstruct plasmids containing different lengths of the CYP 17 5' regulatory 

sequences cloned directly upstream to the firefly luciferase reporter gene. 

3. To optimize conditions for the expression of th,e CYP 17-luciferase chimeric 

plasmids in bovine adrenocortical cells. 

4. To compare the expression of the CYP17-luciferase chimeric plasmids in bovine 

adrenocortical cells which express the endogenous CYP 17 gene, with their 
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expression in bovine adrenocortical cells _which no longer express endogenous 

CYP17. 
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CHAPTER 2. rrHE EXPRESSION OF LUCIFERASE IN 

· ADRENOCORTICAL CELLS AND THE 

EFFECT OF SERUM ON PROMOTER ACTIVITY 
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USE OF REPORTER GENES (LUCIFERASE) IN MONITORING 

TRANSCRIPTIONAL REGULATION OF MAMMALIAN GENES 

The understanding of how cis-acting ·regulatory elements of mammalian 

genes workhas b.een .'greatly facilitated by the use of repo~r genes. The reporter 

gene is one which is pot present in the genome of the cell-type under investigation . 

and therefore, codes· for a unique enzypie that is not expressed in-that cell .. Cis

acting sequences of the gene· being studied are cloned upstream to ~e reporter in a 

plasmid which cont$s alt' the necessary elements for expression in a mammalian · 

cell such as the polyadenylation site and GU- or U~-rich sequences located 

downstream from the polyadenylation site. as well as the polyadenylation signal 

_sequence AAUAAA. Sequences downstream from the polyadenyiation site must be 

. inclu~ed in eukaryotic expression vectors to ensure efficient polyadenylation of the 

mRNA of interest_ Also, several reporter gene expression-vectors contain 
. . 

sequences to eliminate spurious transcription from cryptic promoters (31 ). Besides 

all these elements the plasmids also contain sequences ~uch as the origin of 

replication(ORI) of E.coli and the ~lac~se.gene for amplification-and selection 

(resistance to ampicillin) of the plasmids in bacterial hosts. After the 5 ' regulatory 

sequences of the- gene under investigation have .been cloned upstream to the reporter 

gene is now under the control of the cloned sequences. Changes in reporter gene 

activity is then inferred to reflect changes in transcriptional activity directed by the 

test DNA containing the regulatory sequences (32 31). 
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Several ·reporter _genes such as chlo~phenicol acetyl transferase (CAT), 

· (3-Galactosidase, human growth hormone (hGH) have been used extensively to 

study the regulation-of several genes (33). More recently, the.firefly (Pho.tinus · 

pyralis) luciferase cDNA has been used as a reporter to monitor mammalian gene 

expression from several promoters/enhancers (34,35,36,32,37 ,38,39). 

Advantages of the firefly· luciferase reporter gene compared to the ~uently used 
• • I ' 

CAT or ~galactosidasereporter genes ar~: the assay is easy, it is more sensitive 

and does not require radioactive ~r expensive chemicals (32). Additionally, 

luciferase is a monomeric protein (62-kD) that does not require• post-translati~nal 

processing for enzymatic activity. Thus it can function as a genetic reporter 

immediately upon translation fromits mRNA (40). 

The reactions catalyzed by fireflyluciferase are (41): 

Mg+++ luciferase + luciferin + ATP-----> luciferase. luci.feryl-AMP + PPi 

luciferase.luciferyl-AMP + 02 --> luciferase + oxyluciferin +AMP+ CO2 + hv 

Th~ first reaction is the formation of an_ enzyme-bound luciferyl-adenylate. 

During the second reaction, the luciferyl-adenylate undergoes an oxidative 

decarboxylation which results in the production of CO2, oxyluciferin, AMP, and 

light. When excess substrates are added to firefly luciferase the reaction produces a 

· flash of light.that is proportional to the quantity of luciferase in the reaction mixture. 
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The light emission then.decays to - 10 % of the peak level within 1 minute. This is 

followed by an extended period of low-level light emission that decays in intensity 

at a much slower rate. The production of light by firefly luciferase is very efficient; 

the quantum yield _is ().8~ with respect to luciferin. The reaction catalyzed by P. 

pyralis luciferase emits yellow;..green light at pH 7.5 to 8.5 with the peak emission . 

, at 560 run (41). 

The progressive _inhibition of light emission as. the reaction proceeds is· .. 

probably due to the production pf oxyluc_lferin which is a potent inhibitor of the 

reaction. Addition of coenzyme A (CoA) to the reaction mixture will stimulate . 

luminescence, 'due to the remoyal of this inhibitor from the· enzyme surface ( 42). If 

oxylucifetjn is allowed to react with .ATP and ~e enzyme for a few minutes prior to 

luciferin ~dltion essen~ally no light enn~sion occurs. These observations indicate. 

that oxyluciferinmust react with ATP in order to inhibit the subsequent function of 

the enzyme for light emission. The luciferase-oxyluciferin complex is still capable 

· · however of functi<>ning catalytically in the breakdown of ATP into pyrophosphate 

and adenylic acid. · Since no Ught is emitted under these conditions even in· the 
. . . ·~ . . .. 

· presence of luciferin, it is apparent that oxyluciferin does not dissociate readily· from 

the enzyme surfac~ (42). When CoA i~ added to ·a normal reaction mixnire which 

·has been allowed to proceed until inhibition is prominent, there is an imm~ate rise 

in the light intensity ·w~ch is directly pr~portional to the CoA concentration ( 42). 

After the initial flash due •to·CoA addition, the luminescence proceeds at this high 

level of light emission and finally returns to tlie normal base-line level. . The 
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duration of this stimulated light emission is directly proportional to the CoA 

concentration~ If CoA is added initially to the reaction mixture there is no effect on 

the iniµal intensity, but as the luminescence decays, the reaction mixture containing 

CoA always remains at a higher value (42). Thus, CoA may be added to the 

reaction mixture to generate a higher amount of light which remains constant for 

measurements of up ·to_ several minutes. This is n.ot necessary, however, when 

using potassium phosphate buffers for the reaction in-which the drop in light 

intensity is-very slow although the level of light emission is lower (43). 

The light e~ssion generated from luciferase can be detected in vitroor in 

vivo. This is an added advantage to using luciferase as. a reporter gene. Detection 

in vivo can be done using any film sensitive to yellow-green light emission eg. OG-

1 X-ray film (39) or a polaroid film or a Tmax 400 film. Detection in vitro can be 

carried out bya specially designed luminometer equippeQ with a fast mixing device 

or-a scintillation counter. Conditions under which the scintillation counter can be 

used to measure light production-by luciferase have been worked out by Nguyen et 
·.. ,. . -· . t!, . 

al ( 43) and are summarized below. Scintillation counters allow very low light 

emission analysis and ·are available in most laboratories. They are not very 

convenient to measure the-flash ~ght emission since it takes several seconds to 

introduce the sample· into the counting chamber-of such instruments. However, 

· integration of the photons emitted through the long-lasting emission process during 

a few minutes-period improves the signaVnoise ratio though the luminescence . 

intensity is lower. Assay conditions favoring the long-lasting light production · 
' . . . ' 
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involve the use of 100 mM·potassium buffer pH 7 .8 containing components like 

magnesium chloride, triton-,-X 100, g\ycerol, bovine serum albumin (BSA), 

dithiothreitol (DTI'), and ethylene diamine tetra-acetic acid (EDTA). The light 

emission has an absolute requirement for magnesium ions but an excess decreases 

the signal. Magnesium prevents disruption of nuclear structures and therefore is a 

convenient component of the lysis buffer since l~ciferase is localized in the 

cytoplasm. Triton X-100 slightly enhances the-light emission intensity and is also a 

convenient component for cell lysis. Glycerol and BSA are added to· prevent long 

_term enzyme denaturation due to low protein content; they do not affect the light 

emission. DTI is added to protect essential. sulfhy~l groups; EDTA is used to 

quench trace heavy metal impurities. Luciferase activity remains stable for several 

days in this buffer at 4°C (43). For longer storage, extracts containing luciferase 

may be stored in the lysis buffer at - so0c. 

Other reaction buffets containing the above components except for the use 

of 25 mM Tris/phosphate or 25 mM potassium phosphate instead of 100 mM 

potassium phosphate in the reaction give -rise to light production of greater intensity, 

however,:thedrop in intensity is much greater. Therefore; the 100 mMpotassium 

phosphate buffer is best .suited for the reaction when detection of luciferase is done 

using th~ scintillation counter. Thus, -the delay between reagent mixing and 

initiation of data acquisition is not too critical, and at low luciferase levels long data 

acquisition times may improve the sensitivity (from 1 to several minutes). (43). 
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The buffer described above is convenient since, many of the components of 

this buffer are required for the extraction of luciferase from the cells as well as in 

the reaction generating light. :Therefore, the same components can be used in 

makmg the lysis as well as the reaction buffer (43). The only difference being that 

25 mM potassium phosphate buffer pH 7 .8 is used for lysis of the cells and 100 

mM potassium phosphate buffer pH 7.8 is used for the light emission reaction. 

Luciferase activity is very .dependent upon the buffer, pH, and temperature. The 

optimum pH is in the range 7 .5 to 8.0._ The optimum temperature for the reaction is 

room temperature to 25°C. The rate of the r~ction increases with temperature up 

to 25°c and -then decreases. Extremes of temperature which inactivate luciferase, 

must be_ avoided (39). 

The concentrations of the substrates, ATP ·and luciferin, affected light 

production significantly. Optimal luciferin is 0.1 to 0.125 mM final concentration, 

an excess of luciferin results i~ lower luminescence intensity (43). _ The 

concentration of ATP should be empirically adjusted for different cell extracts as 

well as for different buffers. ~gh conc.entrations ( > 1 ~ 2 mM) inhibit the reaction 

possibly by substrate inhibition of luciferase. Two kinetically distinct binding sites 

for ATP on the luciferase ~nzyme have been demonstrated. Binding of ATP to the 

lower affinity .. noncatalytic-site resul~ in inhibition of light output, implying that 

ATP is both a regulatory factor and substrate for the luciferase enzyme (32). 

There are several luciferase vectors reported for mammalian_ systems ( 41 
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and 44). Most of the .currently.-used vectors are based on the well-characterized 

pSV vectors. developed by Berg and his colleagues and from pSV232AL-M5'. 

Some of the salient features of these vectors are noteworthy. Downstream of the 

luciferase cDNA are SV 40 splicing and polyadenylation sequences. Another SV 40 

polyadenylation signal is present immediately upstream of the cloning 

sites/promoter. These .sequences 3!e reported to diminish the generation of 

luciferase presumed to result from cryptic promoters in_ the plasmid sequences (44). 

EXPRESSION OF LUCIFERASE IN ADRENOCORTICAL CELLS . 

In order to work oufa system for the expression of luciferase in 

bovineadrenocortical cells, a luciferase plasmid pT109luc, was stably transfected 

into secondary bovine_ adrenocortical cells (SBAC). Stable transfection is the best 

method for obtaining moderate expression levels from a transferred gene in 

situations where multiple transfections need not be carried out. It is also the best 

method, when combined with selective gene amplification, for obtaining very high 

levels of expression in continuous culture (33). Additionally, once a stably · 

transfected cell line has been obtained several-experiments can be done without the 

need for repeated transfection as in the :.case of transient transfections. Due to these 

· reasons, and also since stable transfection of adrenocortical cells by electroporation 

had already been worked out in our laboratory, this was the method of choice. 

The plasmid pT109luc, contains the lucife~se cDNA under the regulation 
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of the Herpes simplex I thymidine kinase promoter. This promoter is insensitive to_ 

cAMP (45). ·using a p_lasmid which· was insensitiv~ to cAMP was desirable in 
. . . . 

order to obtabi culture conditions in which~ increasing cAMP levels did not non-

specifically. up~regtilate activlty even from non-cAMP-responsive promoters. 

CYP 17 gene expression is dependent on cAMP, therefore, to demonstrate true 

cAMP-responsiveness, conditions must be obtained wher~ o~y cAMf. inducible· 
.. 

promoters are &pecific~y turned on with cAMP. Thus, the use of pT1091uc was 

two-fold:-l. To work out conditions for--assaring luciferase activity and, 2~ To use 
. . 

it as a negative, control with.respect to cAMP inducibility. Condition$ for 

expression of the plasmid were. determined by .co.,transfecting the plasmid with 

_ pSV3nec> which. contains the genes enc.oding the large T antigen.of ~e SV 40 virus 

_. and 0418 resistanc.e. The large T antigen is kriown to increase. the replicative life

span of bovine,.adrenocortical cells without changing the status of the cells with 

respect to• steroid gene expression (discusse4 in Chapter 1 ), and. resi~timce to 0418 

c.an be used-to select for transfectants. 

· .For co":transfection, p1'109luc l;llld pSV3neo· were first ligated to each other 

to form long concatemers.. This was ·done by linearizing both plasmids in a region 

which was not _essential for expression of either.large T, 0418 resistance, and 

· luciferase. In order to.do this, a blunt-end cutter Asp700I (an isoschizomerof 

· Xmnl) was used to cut both plasmids in. their :pBR322 13-lactamase sequences. The 
' ' . ' . 

_different plasmids were -then ligated in the presence of T4 DNA ligase (2X ligase 

. _µnits wereuse<lperµg of DNA). The ligations-were done in the presence of 15% 
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polyethylene-glycol 8000 (maintained as a 30% .stockfu water and stored at 4°C)-in 

lX ligation buffer. The ligase ~d buffer were obtained from New England _ 

Biolabs.and the PEG.8000 from Sigma. The-reaction mixture was incubated for 

about 1-2 hours at room temperature. An aliquot_corresponding to 1 µg was _ 

removed from the mix~e to_check the reaction ~d run on a gel while the 

remaining was kept in the refrigerator. Vncut and linearized samples of the 

plasmids -along with -A.DNA cut with Hindill were run on the same gel to follow 

the reaction. Ligation was seen to occur by the formation of a series of new heavier 

bands which tlli.grated upward in the gel; the, reaction was stopped by _precipitating 

the DNA with 0.-~- volumes 7.5 ,M ammonium-acetate and 2,.volumes 100% _ethanol. 

The Ug3;ted material was pelleted by spinning for 15 minutes at 10,000 rpm in a 

bench t~p-Beckmancentrifuge. The pellet was then washed .with 100% ethanol and 

dried 'in a vacuum desiccator. 

For transfec_tion, pellets· were dissolved in 0.6 ml transfectiQn :buffer ( 140 

mM NaCl, 25:mM HEPES, 0.25 mM Na2PO4; pH 7~-l) so that-each ~sfection 

(for a-50% conflue_nt: 10 cm plate) was tarried out with at least 15 µg of pSV3neo 

(selectable plasmid). 

Secondary bovine-adrenocortical cells (SBAC), grown· in complete medium 

to 50 to 60% confluency, in fibronec_tin -CPa.ted 10 cm p_lates .Were used for_ 

transfection. All cell culture work·was-done as follows:· 
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COATING DISHES WITH FIBRONECTIN: The fibronectin stock 

.(prepared in our laboratory from human plasma obtained from a blood bank) was 

diluted 1 :5.0 and an :appropriate amount pipetted onto the -plate. The fibronectin was 

swirled around to-cover the plate completely then_placed in the incubator at 37°C 
' . . 

for about20-minutes.·Toe fibronectin was completely drained before_using the 

dish. 

THAWING AND PLATING FROZEN CELLS: _A vial containing.the. 

frozen ceUs · was removed from liquid nitrogen.and thawed quickly by pipetting up 

- anddownwith 1.mlofprewan;nedcompletemedium using a transferpipet· The 
. . 

thawed-~ells\yere then transferred to. a tube containing 10 ml complete ~ediuiil. All 

· the frozen cells were thawe<tand removed from the vfal. The tube containing the . 
. . 

thawed cells_ resuspended in complete. medium was then centrifuged for 3 minutes at 

. 1000 ·rpm at room temperature. The supernatant was aspirated and the pellet 

resuspended in ,an approptjate vol1illle of complete medium and:.plated in a 

fibronectin coated dish. The dish was .. ihen placed in _the incubator at 37°C with 5% 

oxygen, 5% carbon dioxide and 85% nitrogen. 

CHANGING CULTUREMEDIUM: Cells were·fed the day after they 

were plated. and every other day following that, tiU they reached the required 

confluence. 

SUBCULTURING:, Cells must be subcultured when they reach confluence 
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since t.}ley become density-inhibited and will not grow. For subculturing, cells 

were treated with an appropriately diluted .soluti~n of protease (2mg/ml final 

concentration). after the medium was removed from the cells. The cells were then 

observed under the microscope till they _started retracting and came loose from the • 

dish. This took about 1-2 minutes during which time, the·cells came off the plate as 

individual.cells. The ce~s were then removed from the plate and placed in a tube 
. ' . 

containing,complete medium •. The plate was then flushed well with some more 

complete medium to. make sure that all the cells .. had been removed from the plate. 

This __ w_as then:pooled with ~e rest of the cells. The cells.were then centrifuged at 

1000. :rpm fo:r 3 minutes at rQOm temperature. Toe supernatant was aspirated and 

the .pellet resuspended in.medium, plated in a fibronectin coated dish (usually at a 

1 :5 dilut?-on) and placed in the incubator. 

· COMPLETE MEDIUM contains: 

· 10% horse. senun 

. 2% -fetal ·bovine. s~rum-

90% DME/F~.12 

1% Penicilliri/Gentamicin. solution 
. '. . 

0.01 % Fungizone 

0.1% FGF 

20 nM·insu:lin 

2 mM.-asco:r;:bic·acid 

20 nM selenite 
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and 1 µM a-tocopherol 

DEFINED MEDIUM is serum free and contains: 

DME/F-121:1, 50 µg/ml BSA, 20 nM insulin, 2 mM ascorbic 

acid, 20 nM selenite.and 1 µM a-tocopherol. 

For transfection, cells were removed from the dish by treating them with 

approximately 2 mg/ml prot~se, the eells were then spun down on a bench-top 

centrifuge for 4 minutes at 2000 rpm. The supernatant was discarded and the 

transfection buffer (140 mM NaCl,:25 mM HEPES, 0.25 mM Na2PO4, pH 7.1) 

containing the ligated material (plasmid concatemers) was added to the cells and 

mixed gently .. The tubes were incubated for 10 minutes on ice following which, the 

solution was mixed and added to the pre~washed electroporation chamber. 

Transfections were carried out at 2500 volts/cm. Following the electric shock, the 

mixture was incubated-on ice for 10 minutes after which it was diluted 1:10 with 

complete medium and spun as before. The supernatant was aspirated ·and the pellet 

resuspended and plated in 7.5 ml of complete medium per 10 cm plate. 'The cells 

were then incubated at 37°C in a humidified, 5%.carbon dioxide environment 

overnight during which time many cells attached to the bottom of the dish. After 

this, the medium was changed and the cells were incubated in complete serum

cQntaining medium with 200 ·µg/ml of 0418 (at this concentration nontransfected 

bovine adrenocortic3:l cells do not survive) under the same conditions. 
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SELECTION OF TRANSFECTANTS 

For selection of transfectants, the medium was changed every other day for 

approximately 14 .to 15 days during which time nontransfected cells began to die 

and came off the plate. The. cells were then removed from the dish by treating them 

with. 2 mg/ml protease (SIGMA P~5147) and replated in a fresh 10 cm fibronectin

coated plate. Transfected clones could be clearly .observed in the dishes within a 

few days. Individual clones were isolated from the dishes using a cloning ring. 

The clone to be isolated was identified using a phase-contrast microscope and 

marked with a pen. The plate was then tilted so that only a film of medium 

remained on tQp of the clone. A cloning :ring with grease on one end was placed, 

grease side down, over the clone. The plate was then gently tilted back so that the 

medium spread allover the-plate exc_ept over the clone surrounded by the ring. A 

couple of drops of protease (1: 15 dilution in complete medium of a 20 mg/ml stock) 

were added on top of the cells to release them from the surface of the plate. 

Complete medium was then used to gently flush the cells by means of a glass 

pasteur pipette. The cells were transferred to a 15 ml polypropylene Sarstedt tube 

and the protease was -further diluted 1: 10 with complete medium. The cells were 

then spun down at 2000 rpm for 4 minutes following which, the supernatant was 

aspirated using vacuum and the pellet was resuspended in 500 µ1 of complete 

medium (200 µg/ml 0418) and the cells plated i~ one well of a fibronectin coated 

24 well plate. Several different clones transfected with either of the two luciferase 
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constructs were isolated and tested for their ability to express luciferase. Pooled 

clones were obtained by removing the remaining cells from the entire dish with 2 

mg/ml protease (1: 10 dilution of a 20 mg/ml frozen stock in complete medium) and 

flushing the plate well with complete medium. The cells were transferred to a 15 ml 

Sarstedt polypropylene tube and spun down at 2000 rpm for 4 minutes after which, 

the supernatant was aspirated using vacuum and the pellet was resuspended in an 

appropriate amount of complete mediuni containing 200 µg/ml of 0418 and the 

cells plated in· 2 to 3 35 mm fibronectin-coated dishes. Cells were grown up till 

confluent, treated with protease, spun down as before and resuspended in freezing 

medium (containing 20% horse serum,and 15% DMSO). Cells were frozen in 1.5 

ml vials in liquid nitrogen arid stored in a Cryomed model LL-450 storage tank until 

needed. 

This method ·of ligating plasmids before doing co-transfections has the 

advantage that the non-selectable marker (luciferase gene) is attached to ·a selectable 

marker (0418 resistance gene) which must be expressed for the cells to survive in 

the presence of 0418. Thus, the selectable (0418) gene must be in a region of 

active chromatin and so would the non-selectable gene. Co-transfections with 

selectable and non-selectable plasmids can be quite inefficient unless the ratio of 

non-selectable to selectable plasmids used in the transfection is very high. 

However, the method of ligating the two and transfecting them as concatemers is 

much more efficient and one need not use a high non-selectable to selectable marker 

ratio. Secondary bovine adrenocortical cells (SBAC) were transfected by this 
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method and yielded many transfectants (transfection efficiency was ~ 1 % ). All the 

transfections generated a high number of transfected clones.: Cells were also · 
- . . 

transfected with anotherJuciferase pla~~d, pSV2AL-AA5', in which luciferase is 

, expressed under the regulation of the SV40 promoter. pSV2AL-AA5; was co~ 

transfected with ·pSy3neo_ using the same procedlll"e as described above. 

Tran~fected cells were tested for their ability-to express luciferase. Since aU the 

0418 resistant clones isol~ted were able to express some level ofluciferase, the co

transfection efficiency appeared to· be almost 100%. 
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SOUTHERN ANALYSIS OF TRANSFECT ANTS 

Southern analysis was carriecf out in ord~r to en~ure that the luciferase gene 

had been integrated into the chromosome undamaged. All DNA isolations and 

Southern blotting were done :as follows: 

ISOLATION OF.DNA [THEEXTRACTbR (Kit from Molecular Biosystems, 

Inc.)] 

. Cells were grown in 1 O cm plates till .nearly confluent, thep. removed from 

the dish using 2 mg/ml pro~ease. and suspended in PBS~ The suspension was spun 
. . . 

in a bench top centrifuge and the .pellet resuspen4ed m: 1 ml of dilution reagent (all 

reagents were. supplied by the manufacturer). -.This wa~ ~en treated with proteinase 

. K and lysing reagent This was -incubated at 60°c for 30 minutes after which the 

·mixture was applied to the column·(THE EXTRACTOR COLUMN), bound to it 

and then el:uteclfrom it according to the manufacturers protocol.· The DNA which 

was present in the final-eluate was.precipitated with 100% (?thanol. The DNA was 

then _stored at-20°C until.required.·· 

SOUTHERN BLOTIING AND HYBRIDIZATION 

The D:NA from-the transfected.-cells was: analyzed to determine if the 

luc~erase constructs had integrated into the chromosomal ·DNA, undamaged. In 
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order to-do this, the DNA was digested with enzymes which released the intact 

luciferase ·gene fro111 .the construct and run on an agarose · gel to separate out the 

digested products,. A fragment containing the lucif¢rase -gene from pSV2AL-AAS' 

was labelled usin~,the random primer method and used as a probe to identify . 

specific fragments, from the luciferase construct. 

The-DNA samples (10 µg) were digested overnight with Pstl (for pT109luc 

transfected cells) or Pstl + BamHI (fot pSV2AL-AAS' transfected cells). The · 

.reaction was stopped by ·heating the samples· for 10 minutes at 65°c. ·The. above 

digests cut the lucifemse plasmids to release .the intact 2.3 kb piece containing the 

thymidine kinase/SY 40 promoter linked to -the hiciferase cDNA. The digested DNA 

was then loaded on a agarose gel and nin in the TEA buffer-at 45 volts for - 5 

hours~ The. gel was· then stained with ethidiu~- bromide and photographed, 
. . ' 

following-this it was denatured -and neutralized. The gel was then flipped over and 
. . 

.. : placed on-a filterp~p~ (wllich acted-as a wick) immersed-in ~OX SSC in a glass 

:trough. A nylon:membrane .cut to-the size of the gel was placed overit, on top of 

which a stack of 3-min paper and paper towels-were placed. The DNA was allowed 

to transfer for a period of 18 to 20 hours. After the transfer, the DNA was 

crossll.nked onto .the membrane by ultraviolet light. The membrane was 
. . 

pre~ybridized in -a solution of 4X SSC, 0.02% Ficoll, 0~02% BSA, 0.02% PVP, 

3_.3% PiJlPi, SDS ~d ssDNA for 2 hours at 658 C. Hybridization was done in the 

pre~ence_ -of 4X S_SC, .10 mM ~OTA, SOS, ssDNA .an(i: probe, overnight, at 65°C. 

After hybridization, the membrane was washed in 2X SSC, 17 mM PiPPi and 
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0.1 % SDS (Wash 1) for 20 minutes ~t 65°C and then lX SSC, 17 mM PiPPi and 

0.1 % SDS (Wash 2) for another 20 minutes arid o~ 1.% SDS (Wash 1) for 20 
. . 

minutes at 65°c and then lX SSC, 17 mM PlPi and 0.1 % SDS (Wash 2) for 

another 20 minutes at 65°C:after which-it was exposed toX-Omat film for an 

appropriate length of time. 

Analysis by Southern blotting (Figure 3) showed that the luciferase gene 

had been stably integrated and was-also of the expected size (2.3 kb). The presence 

of the- gene. was .especially clear in blots using DNA from cells which had been 

transfected by pT109luc. Other transfections using different luciferase constructs 

like pSV2AL-AA5' (the same construct used to transfect cat kidney cells) also 

showed a weak but clear band corresponding'to the right size of 2.3 kb. As a 

control, DNA prepared from a clone of cat.;kidney cells transfected with pSV2AL

All5' called SLC-8 (a gift from Drs. Walter Gunzburg and Brian Salmons) was 

used. The cells transfected with pT109luc showed a band corresponding to the 

right size and also seemed to be of comparable intensity as the band from SLC-8 

cells. 

Southern·anal.ysis showed that the luciferase constructs had been integrated 

undamaged into the chromosomal DNA (Figure 3). 
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Figure 3. Luciferase constructs were stably integrated in the chromosomal DNA. 

Southern ~alysis was carried out using D;NA prepared from bovine 

adrenocortical cells transfected with pT1091uc. Genomic DNA was digested with 

the appropriate restriction enzymes. DNA from cat kidney cells transfected with 

pSV2AL-AA5' was used as a positive control. The expected band size of 2.3 kb 

indicates that the luciferase cONA linked to the TK promoter did indeed get stab~y 

integrated (without getting damaged), into the chromosomal DNA. 
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.,._ 2.3 kb band hybridizing 
to the luciferase cDNA probe 



NORTHERN BLOTTING OF TRANSFECTANTS: 

Northern blot analy~is was carried out to check if th~ integrated luciferase 

genes were.being expressed. 'RNA was prepared'from the transfectants and used 

for Northern blotting (SEE BELOW) .. ~A prepared from SLC-8 cells was used 

as a control.· The same probe used in Southern analysis· was labelled as before and 

used to detect luciferase mRNA. 

ISOLATION OF RNA (THE RNazotMETHOD): 

Cells were. grown in l0~cm plates until semi~confluent. The cells were then 

washed twic.e; with -cold PBS and then 5 ·m1 of RNazol was added per plate. 

RNazol is.supplie.d-by Cinm1/Biotecx and.contains _the ingredients guanidinium 

thiocyanate, phenol, and (3-mercaptoethanol. The ·cells ~ere scraped in RN azol 

with a st~rile mbber .policeman to make· a suspension; this suspension was· then 

pipetted up and down 10 times to solubilize -the cells. This was then transferred to a. 

sterile 8 ml polypropylene tube, .0.5 ml chloroform was added to each tube which 

was then.shaken vigorously for 15 seconds.and then placed on ice for 15 minutes. 

The tubes were then centrifuged at 12;000 g at.4<>c for 15 minutes. The upper 

aqueous phase was carefully transferred to a fresh and sterile 8 _ml polypropylene 

tube making sure that the.interface was not disturbed. This fracti~n contained the 

RNA which was pr~ipitated using an equal ·amount of isopropanol and storing the 

tube at ~20°c for, around 45' minutes. This was then centrifuged at 4°C for 15 
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minutes at 12,000 g. The supernatant was dis.carded and-the RNA pellet was 

washed with 70% ethanol by vortexing and then transferred to an Eppendorf tube 

where it was washed with 100% ethanol and then spun at 10,000 rpm for 8 

minutes. The pellet was then dried and resuspended in 200 µl of a freshly prepared 

mixture containing 0.1 M P-mercaptoethanol and 0.1 % Sarkosyl. The RNA was 

then reprecipitated with 0.5 vol. 7 .5 M ammonium acetate and 2 vols. ethanol and 

stored at-~so0c until required. 

NORTHERN BLOTTING AND HYBRIDIZATION 

An aliquot of 5-10 µg of RNA was removed.from storage and glyoxylated 

with 40% deionized glyoxal (Clontech) and dimethylsulphoxide (DMSO)-. The 

samples were run •on a denaturing sodium phosphate gel for ar<>und 2 hours at -45 

volts. The buffer was changed after an hour. After the run, the gel was flipped 

over and placed on a filterpaper (which acted as a wick) immersed in 20X SSC in a 

glass trough. A nylon membrane cut to the size of the gel was placed over it, on 

top of which a stack'of 3 .mm paper and paper towels were placed. The RNA was 

allowed- to-transfer onto the nylon membrane overnight after which it was fixed by 

baking t4e ·membrane for 1 hour at 80°C. The membrane was then prehybridized 

in a solution of formamide, SSC, sodium phosphate, SOS, poly-A RNA, ssDNA 

and Denhardt's solution at 55°C for 1 hour after which it was transferred to 42°c 

for another hour. Hybridization was done in a solution containing formamide, 

Denhardt's solution (2% BSA, 2% Ficoll, 2% polyvinylpyrrolidone), SSC, SDS, 
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_ sodium :phosphate, dexti'an sulfate, poly-A RNA ~4 ssDJ~A to~ether with the 

prpbe~ Hybridization was.don~· overnight at 42 °c .. the: membrane was· washed 

with 2X ssc,_· o~l% SDS afroom tempera~,afte.r·which it wa~ washed under 

. -mo:r;e stri~gent conditions using 0. lX. SSC and 0.1 % SOS ,at 50°C: The membrane 
" . ' - -

was then_.placed next to-an X-Omat film in a cassette for an appropriate time at -

so0 c·~ 

Northern analysis indicated that luciferase was being expressed from the 
- . ' . . . - . 

-ttallsfected luciferase con~truct, pTl~luc (Figll!e 4). However t'1e intensity of the 

band corresponding to· lucif~rase mRNA in SL0-8_ cells was greater than that 

observe<Un ,cells transfected with pT1091uc su~gesting that .the expression of, -

·luciferase was greater fa the-cat kidney-cells~ Presenc.e ·of luciferase protein in the 

transfect~ cells was deten:riin~ by tw~ separa,te methods, one us~g a 
photograp~ic filtn, the other using a scintillation counter~ 
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Figure 4. The TK promoter is able to express luciferase in bovine adrenocortical 

cells. This exptession, however, :appears to ,be at a lower level than that from the 

SY 40 promot~rin cat kidney cells. 

RNA was prepared from bovine adrenocortical cellnransfected with 

pT1091uc and analyzed for the presence of luciferase mRNA. RNA from SLC-8 

cells was used as a positive control. A band of 1.8 kb hybridizing to a specific 

luciferase cDNA probe.indicates that luciferase is· being expressed from pT109luc in 

the bovine·adrenocortical cells. 
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LUCIFERASE DETECTION USING A PHOTOGRAPHIC FILM OR 

A SCINTILLATION COUNTER 

The photographic film assay is useful for visual identification of cells 

expressing luciferase by the pattern of exposure on the film. This detection system 

can be quite se11:sitive since it 'integrates light emission over a long period of time 

(39). The sensitivity -can be. improved by using very sensitive, high speed films. 

Combin~g this method of detection with the process of replica-cloning, where 

transfected clones are selected anq grown on duplicate polyester meshes, is 

extremely useful in directly identifying high-luciferilse expressing clones. Although 

the. assay destroys the expressing colony on the mesh being tested, its replicate 

from .the other mesh can be .isolated. and grown~ fu this way, a large number of 

tran~fectants can be screened for their ability to express luciferase ( 46). Another 

elegant use devised for this assay has been in the elucidation ·of patterns of gene 

expression in plants. Transgenic plants expressing luciferase are fed a luciferin 

solution and.subseqµently placed over a photographic emulsion~ After -24 hours 

the film is developed and an image is-obtained that c.orresponds to the distribution 

of luciferase expression. Using this technique,, it is possible to visualiz~ the pattern 

of expression of a given gene in all parts of the plant simultaneously (39). 

The .us.e of films however, is less quantitative than the scintillation counter· 

assay. Another disadvantage is in the inefficient delivery of the substrate luciferin, 

into the cells (39). It is necessary ·therefor.e, to. refine· the procedure of delivery by 
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using uncharged luciferin analogs that enter the cell more readily, better 

permeabilization methods or combinations of these improvements. Since luciferase 

is peroxisomal, luciferin must cross tw~ lipid bilayers (the plasma membrane and 

the peroxisomal membrane) before it can come in _contact with the enzyme. The 

major disadvantage however, is that this method cannot detect very low levels of 

luciferase (39). 

Scintillation counters detec.t very low light emission levels and are available 

in most laboratories. Scintillation counters allow detection of.chemiluminescence 

from standard channels used for disintegration counting ( eg. 32P). On radioactivity 

co1:1nting channels, an event is processed as a disintegration event if and only if it is 

det~ted simultaneously by two independent photomultipliers. The-contribution of 

chemiluminescence to the signal is proportional to the probability of having two 

coincident events in two independent series of random e~ents, which corresponds 

to luminescence intensity. Thus, when chemiluminescence is monitored on

standard, radioactivity channels .(it is-detec.ted as a very low energy emission), its 
J 

intensity is directly proportional to the square root of the counts obtained per 

minute. Therefore, in addition to. being more sensitive than the film assay, the 

scintillation counter method is also quantitative~ This makes it a highly desirable 

method of choice in detecting luciferase .. Since it takes several seconds to introduce 

the sample .into. the counting chamber~ assay conditjons used must favor· the long

lasting light production. This can easily be done by using a buffer system in which 

the light decay is sl.ow (43). 
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THE PHOTOGRAPIIlC FILM ASSAY 

Cells were grown in 35 mm plates or in. 24 well plateS'to confluence after 

transfection~ They were then. washed with cold PBS twice, and potassium 

phosphate buffer pH7 .8 containing 25 µg/ml digitonin was added to the cells and 

incubated at room temperature for about 3-5 minutes. Duril'!g the incubation the· 

cells were observed under a light microscope to see whether the.cells were being 

permeabiliz.ed or not (after addition of digitonin the image of the cells became faint, 

this'.may be an indication ofpenneabilization). The digitonirt was then removed and 

po.tassium phosphate buffer containing 7.5 mM ATP-Mg++ was added. The plate 

was then taken to the dark room .and was placed over a Kodak Tmax 400 film (ill: 

the dark). Then, luciferin was· added to the buffer to a final concentration of 1 mM. 

The plate was then placed inside a lightproof bag and then placed inside a cupboard · 

till ready for development riiis took around 2 to 3 hours; incubating the plate for 

longer perioqs· of time did not increase the intensity of light produced· from the cells. 

After exposing. the plate to the. film for a sufficient period of time the film was tak~n 

from under the plate and developed according to the prot<;>col supplied with the film. 

The intensity of light produced from the cells is directly proportional to the intensity 

of the black spots produced on the film. A clone of cat kidney cells (SLC-8) 

transfected with anotherluciferase.plasmid, pSV2~-AM', in which luciferase is 

regulated by·the SV40 promoter by was used as a control in these experiments. 

This cell.line was supplied.to our laboratory by Drs. Walter Gunzburg and Brian 
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Salmons. In all photographic film assays the SLC- 8 cells were positive for 

luciferase (Figure -5). However, none of the bovine adrenocortical cell transfectants 

containing either stably integrated pT109luc or pSV2AL-AA5' expressed luciferase 

at a level that could be detected.by this assay. 
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FIGURE 5. ln~situ detection of luciferase using a photographic film. 

When .eel.ls are transfected with the firefly luciferase gene and incubated 

with luciferin and ATP, the cells prC>duce light.(due to .expression of luciferase) that 

can be detected.on a photographic film (above).· Wells 1, 5, and.6. contain 

luciferase-transfected cells and wells 2, 3, and 4 are control cells. Although this 

method easily detected light produced from the SLC-8 c.ells, it was not sensitive 

· enough to detect the light produced froin adrenocortical cells transfected with 

pT109luc .. 
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THE SCINTILLATION COUNTER ASSAY: 

This method was first standardized using pure luciferase from Sigma. Ten

fold serial dilutions were made in order to make sure that -the light enussion was due 

to, and sensitive to, the amount of luciferase present in the reaction mixture 

(unpublished data). The substrate, luciferin, and cofactors such as ATP- Mg++ 

were used in non-faniting quantities, so as to make the reaction limiting only with 

respect to the amount of luciferase in the mixture. Also, when using cell extracts, 

the reaction appears to be more stable when non-limiting amounts of ATP-Mg++ 

are present, since the exttacts contain ATP-depleting substances, such as A TPases 

and kinases (unpublished data). A standard curve _generated using pure luciferase 

showed a linear response of light production to increasing amounts of luciferase 

(Figure 6)! Next, cell extracts from SLC-8 cells were prepared, since they have 

high luciferase activity which is detectable even by the photographic film assay. 

DETECTION OF LUCIFERASE FROM CELL EXTRACTS USING THE 

.SCINTil..LATION COUNTER: 

Cells were grown in 35 mm plates until .almost confluent· The cells were 

then washed twice with cold phosphate buffered saline (PBS) and 200 µI of lysis 

buffer (8 mM magnesium chloride, 1 mM DTI, 1 mM EDTA, 1 % Triton, 1 % BSA 

and 15% glycerol in 25 mM. potassium phosphate buffer.pH 7 .8) was added on top 

of the cells which were_ then scraped using a plastic FalcQn scraper. The 
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suspension was transferred to an Eppendorf tube and spun at 10,000 rpm for 5 

minutes in a microfuge. The sqpemata.nt was the:n transferred to a fresh tube and 

50 µ1 was added to_ a reaction mixture· containing 0.4 mM Mg2+ ATP and 0.125 

· mM luciferin in potassium phosphate b~ffer described above. The tube was then 

placed in a glass ~cintillation vial and read-in a Beckman scintillation counter. 

Adrenal cells which had not been transfected with the luciferase gene were 

used as n~gative controls .. Serial dilutions were made in the buffer used to prepare 

the extract (lysis buffer); this was done so as to show that the effect of dilution was 

not due to -the dilution of something in the lysis buffer but of luciferase itself. The 

undiluted ~ample generated a high ·amount of light which went down 

proportionately with dilutions showing that luciferase could be detected in extracts 

prepared from SLC-:8 cells. Cell extracts were prepared in a similar manner from 

cells transfected with J?T109luc and used in the above assay. Extracts from these 

cells also produced high levels of light which went down according to the dilutions. 

The level of light produced by adrenocortical cells transfected with pTl 09luc was 

however, lower than light generated from SLC-8 cells transfected with 

pSV2AL-AM' (unpublished data). This may explain why the film method failed to 

detect light from the transfected adrenal cells. Since the scintillation counter could 

easily detect the'light produced from pT109luc in the adrenal cells all further 

luciferase determinations were carried out using the scintillation counter. 
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Figure 6. Standard cmve of light units (square root of counts per minute 

generated by the scintillation counter) versus picograms of luciferase. Different 

amounts ofpureluciferase (Sigma) were used.to generate the graph. 
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DETERMINATION OF OPTIMAL MEDIUM CONDITIONS FOR THE 
. . 

LUCIFER.ASE- EXPRESSION ASSAY 

The transcri,ption of a number of genes is rapidly activated following 

exposure ·of susceptible· cell_~ ·to growth factors and mitogens. These genes include 

the proto~oncogenes c{os and c~myc, cytoplasmic actins, and other genes such as 

the human tissue factor (TF) gene whose"productis a.cell surface glycoprotein that 

enables cells to initiate the coagulation protease cascade. The response of the c-fos 

gene is of particular interest. Transcriptional activation of this gene is detectable 

within .a few minutes of grow-th factor addition;· this response is transient and leads 

· to a transientaccumulation ofcjos RNA and protein. The c-f os gene induces 

cellular transformation whentransduced by retroviruses or when sequences at its 3' 

end are disrupted. These ·and othe.r studies strongly suggest thatthe c-fos gene 

product, p55c-fos, is involved with normal cellular growth and differentiation (47). 

Studies with a cloned :human c-fos gene transf ected into mouse fibroblasts have 
. ' 

been used to-identify an element essential for transcription activation which lies 

between nucleotides-332 and-276 relative to the start site (48). That c-fos is 

involved 'in normal. cellular grow-th and differentiation, is strengthened by the 

observation of' a rapid ,induction of the expression of its gene when quiescent 

fibroblasts are exposed to whole serum or serum components such as platelet

derived growth factor (POOF), fibroblast_growth factor (FGF), .or epidermal 

grow:th factor (EGF} (48). Additionally, a Fos-related geneJosB is also expressed 

upon serum induction. All of the Fos proteins can associate with Jun proteins to 
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form heterodimers :and bind to AP-1 sites with similar affinities. The c-Fos protein 

·can negatively-regulate the 'transcription of its own promoter but cooperates with 

Jun to augment the expression of the c-jun gene. On· the other hand, c-Jun protein 

positively regulates· its ~wn promoter but transcription of the c-jun gene is 

suppre_ssed by theJunB protein (49). The Sequences that the Jun and Fos proteins 

interact with· eg. AP-1, CRE or TRE, are frequent components of complex 

regulatory elements, containing.binding sites for multiple transcription factors that 

are responsive to a variety ·of extracellular stimuli. Association of Jun and Fos with 

the AP-l site results in a conformational change in the ba~ic amino acid regions that 

constitute the DNA~binding. domain .. It has been shown.~ecently that Fos and Jun. 

induce a corresponding change in the·coriformatl,on of the DNA helix. Fos-Jun 

heterodimers and-Jun hpmodimers induce bends at .the AP-1 site_and these DNA 

bends are directed in opposite directions (50). Previously, tµe Fos/Jun and 

A TF/CREB protein families were regarded· as distinct sets of transcription factors 

that share the -basic~region/leucine zippermotif but have different DNA binding 

specificities. Recently-however, it has -been sh<>wn that members of the 

A TF/CREB. family fonn ·sel~tive crosstfamily heterodimers with members of the 

Fosllun family.;These.hetero<limers have-diffe~nt bindmg activities than their 

parental homodimer_s and can bind to either the ATF/CREB or the AP-1 site, 

depending on the ~er composition, although in general they exhibit a preference 

for the CRE site. A common feature of the promoters that contain ATF/CRE, AP-

1, and related.binding Sites is that they respond-to environmental stimuli (eg. 

mitogens; phorbol esters, and peptide hormones that elevate cAMP ievels) (51). 
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The bovine CYP17 gene is dependent on·cAMP for its expression and is 

induced by the peptj.de hormone c.orticotropin (ACTH). Although it does not 

contain a consensus-·CRE in its promoter region, a sequence (-243/-225) which 

confers cAMP inducibility, and-the CRE bind a 47-kDa protein suggesting that this 

prote~n is a member of a family of related factors that bind to the CRE (8). The 

finding that Fos/Jun and A TF/CREB families of transcription factors are not as 

distinct as previously thought, suggests that they can be grouped into a superfamily 

of transcription factors. This group can generate a complex array of dimers that 

may be involved _in the-transcriptional regulation of several genes (51). Moreover, 

it has been shown that-excess of c-Jun or c-Fos .can inhibit the ability of the 

gluc.ocorticoid receptor (OCR), to activate the MMTV L TR. Hence, it appears that 

these proteins are capable of titrating each other by overexpression of one of the 

proteins (52). Thus, it was feasible that the presence of serum or serum 

components in the medium used during expression/induction of luciferase from 

either the thymidine-kinase promoter, SV40 promoter/enhancer, or, from the 

CYP 17-luciferase heterologous gene to be used later in this study, might interfere 

with promoter-activity. This-interference could be due to increasing levels of 

various transcription factors which could directly or indirectly affect theinduction, 

by raising cAMP levels, of the gene under investigation. This would obviously 

lead to confusing results. 

In order to test the above possibility, adrenocortical cells transfected with 

66 



\ 

pTl 09luc were grown to subconfluence, in 35 mm fibronectin coated dishes, in 

complete medium con~ing 10% horse serum an~ 2% fetal bovine serum. 

Following this, the cells were transferred to serum ·free defined medium for 24 

hours to remove the effects Qf serum (Figure 7). Next, cells were transferred back 

to complete serum containing medium, or _to defined medium containing either 1 nM 

cholera toxin, 1 nM TPA, 10 nM IGF.-1, 100 pg/ml FGF, alone, or in defined 

medium with IGF.;.I + FGF .or with IGF-1 +.TP A. As- a control, one set of cells 

was replac.~ with fresh defined medium whereas another, was left in the same 

serum free defined medium used in the 24 hour incubation. This second incubation 

was carried out for a period of 22-24 hours. Luciferase activity was determined 

using the scintiUation counter as described earlier. After 24 hours of serum 

withdrawal luciferase activity was greatly diminished. Further incubation of the 

cells in fresh serum free medium.did not.decrease it further. Retunilng the cells to 

serum containing complete medium caused a substantial increase in luciferase 

activity. The phorbol ester, TPA (protein kinase C activator), as well as insulin-like 

growth factor (IGF-.1), when present in defined serum free medium, mimicked the 

effect·ofserum; IGF-1-to a greater extent than TPA. When used together, IGF-1 

and TPA had a-synergistic effect on luciferase a~tivity. Fibroblast growth factor 

(FGF), in defined medium,· had.a minimal effect when used alone or together with 

IGF-1. It did not however,. interfere with the induction by IGF-1.· Raising cAMP 

levels (by adding ~holera toxin to defmed medium), did not affect luciferase levels 

to a grea~ e;xtent_ compared with levels obtained in defined medium alone. These 

. results indicated-that serum ·and IGF-1 and TPA induced expression from the · 
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Herpes-simplex I thymidine kinase promoter. 
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FIGURE 7. Serum as well as IGF-1 and TPA alone, Qr jn .combin_ation, increase 

luciferase activity from pT109luc. 

This figure shows the effect of various factors on luciferase expression 

from the thymidine kinase promoter. Bovine adrenocortical cells were grown in 

complete medium ~d incubated in seruril-.free •medium for 24 hours_ to remove th~ 
. ' 

effectof serun,~ Following this,. the cells were placed in serum-free medium 

containing clifferentfactors eg. IGF~I, TPA, etc., either alone, or in combination 

with others for another 24 hours. After this treatment, the. cells were assayed for 

luciferase activity. If serum was ,replaced in th~ medium, there was a marked 
. . 

increase bi luciferase levels. -Other factors such as IGF:I and TP A also increased 

luciferase levels whether supplied alone or together. FGF and. cholera toxin . 

however, did not appear t,o.have any effect. ·This shows that serum, IGF-1,_ or 

TP A, can induce the thy~cline kinase promoter; -seru~n having the greatest effect. 
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The TK promoter is non-cAMP-sensitive (53 and 45} and should not be 

induced by raisirig cAMP levels with cholera toxin. Therefore, the effect of cholera· 

. toxin on tile TK promoter was tested in the presence and absepce of serum or l<;iF-

1. Transfectants were grown in complete medium until semi-confluent, following 

this, cells. were transferred to either, fresh ~omplete medium, defined medium, or 

defined medium+ 10 nM IGF~I, alone; or containing l nM cholera toxin, 1 nM 

TPA (C~kinase activator),-or 5 nM staurosporine (a general kinase inhibitor, at 5 

nM concentration its primary effect is-on C-kinase). Cells were then used in 

· luciferase assays (Figure 8). Cells in the presence of serum ( complete medium), 

once again, produc~ high levels of luciferase. When cells were placed in serum 

_free defined medium, luciferase levels were reduced by ~4-fold as compared to 

levels in serum containing medium .. Comparatively, cells in defined medium + 

IGF-1 produced luciferase levels which were about half the level produced by the 

_cells in serum containing medium. This pattern of luciferase expression did not 

change significantly by the· addition of either cholera toxin, TPA, or staurosporine 

to -se~~ontaining· medium, serum free defined medium or defined medium+ 

IGP..-1 (however, their effects were more pronounced at the luciferase mRNA level, 
. . . . . 

see Figure 9). 

The above results indicate that factors pre.sent in serum clearly activate the 

. TK promoter and if its action is non-specific, whereby it increases promoter activity 

from an inducible promoter.(such as: the CYPl 7 promoter), this may mask the 

effects ofinducers (such as·choleratoxin) on such ·promoters. IGF-1 also, although 
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to a lesser extent, appears _to induce luciferase activity from the TK promoter. This 

must be taken into-account if it is used in the medium during induction. 
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Figure 8. E~ect of cholera toxin on the expression of lµciferase from the 

thymidine kiq.ase,promoter in the .presence•:.of serum. · -

•. . .· . 

In order to establish appropriate conditions for studying .the promoter -

activity of CYP 17 in adrenal ceUs using luciferase as a reporter gene,· specific 

culture conditions were·.established for the. assay. A 1:uciferase plasmid :pT109luc_, 

which has a,non~cAMP-sensitive promoter from the Herpes simplex I _thymidine 

kinase gene (53. and 45) linked to the luciferase cDNA, was transfected into adrenal 

cells. ~learly;- se~ appears to raise luciferase expression from this promoter. 

The effect of .cholera toxin in the•presence of serum was not significant at the level· 

· of luciferase · activity. 
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The down~regulation of the TK prQmoter by cholera toxin in the presence of 

serum was-further investigated at the inRNA level (Figµre 9). For this purpose, 

RNA from--adrenal cells transfected with pT1091tic and, ·cat~kidney cells with 

pSV2AL.-AA5' was used for Northern analysis. -pSV2AL~M5' is another 

luciferase expressjon plasmi~ in which the luciferase cDNA is regulated by the 

constitutively expressed SV 40 early promoter/enhancer which is also insensitive to 

cAMP (53 and 54). Transfectants -w~re grown up m 10 cm plates in complete 

medium + 0418-till -almost confluent. The cells were then transferred to the same 

· medium containing lnm cholera toxin or 1.nM TPA for a period of 24 hours.- Total 

RNA was:isolated-(describedpreviously underNorthem blot analysis) and 5 µg 

was glyoxylated,- this was then run on a denatw;ing gel, transferred to a nylon 

membrane and probed with a lucifen1:se cDNA probe prepared by the random 

labeling method. A clear-band-corresponding to the luciferase mRNA is observed 

in the presence or' serum ·by-itself.· Cholera toxin in the presence _of serum, 

decreases this mRNA level-whereas TPA appears tQ increase the mRNA level · 

produced in the presence of.serum alone. This effect is observed on expression of 

lucife~se.from pT109luc in adrenal·cells, as well as on expression from 

pSV2AL-AA5' iri cat-kidney cells. On the other hand~ 1 nM TPA in the presence of 

serum appears to increase luciferase specific mRNA lev~ls from pT109luc and 

pSV2AL-AA5' in adrenal a.pd cat-kidney cells, respectively. This provides further 

evidence that presence .of serum during induction may interfere with proper . 

induction.· This is s~en at_ the mRNA level where cholera toxin in the presence of 

serum, apparentlydowri:regulates the expression of luciferase from even non-
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cAMP-respomdve promoters such as thymidine kinase and SV 40. 

Thus_s~ may by itself~ induce promoter activity (as.seen by its induction 
. . ' . ' 

of the TK promoter) non-specifically-and mask the effects of ind'1cers, alternatively 
. -

it may interfere with proper promoter -activity· (as seen by the down-regulation ·by 

- cholera toxin, of the non~c.AMP~responsive TK and SV40 promoters in its 

presence). Due .to- these reasons·, induction of .the CYP 17-luciferase chimeric 

plasmids by cholera toxin were done in the absence of 10% horse and 2% fetal 

bovine serum. 
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FIGURE 9. The down-regulation of pT109luc and pSV2AL-M5' by cholera 

toxin in the pre,senc.e of serum is at the mRNA level. 

pSV2AL~M5' is another luciferase expression plasmid, in which the 

luciferase cDNA is regulated by the constitutively expressed SV 40 early 

promoter/enhancer which is also insensitive to cAMP (53 and 54 ). The effect of 

TP A was compared with that of cholera toxin in the pre.sence of serum. The figure 

shows that whereas 1 nM.cholera toxin decreases luciferase mRNA, 1 nM TP A 

increases it from both promoters. Therefore, this effect also does not appear to be 

confined to a particular cell-type ·or to a specific promoter. 
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TRANSIENT TRANSFECTIONS: 

Transient-transfection is an excellent method for obtaining very high levels 

of expression of a transferred gene in tissue ·culture cells. The object of transient 

transfection is to obtain a burst of gene expression, after which the cultures are 

disposed of. A major advantage of this method is it is a much faster method 

compared .to stable transfection. Therefore, several experiments can be carried out 

in a short period of time. The major drawback of this method is that gene 

expression •occurs in ·an explosive burst and then disappears, as the cells either lyse 

or fail to stably integrate and .eX;press the transfected gene. Thus, transfected 

cultures musfbe generated over·and over again to maintain.a continuous source of 

fresh material for analysis (33). 

Considering .the speed of analysis in transient assays, bovine ·adrenocortical 

cells and cat~kidney cell_s were 1:1sed in an ·attempt to standardize a transient 

transf ection assay. 

Transient transfections were done by growing the cells in a 6 or 10 cm plate 

till they were around 7 5% c~>nfluent.. They were then removed from the dish using 

protease and sµspending the cells in medium and centrifuging them in a bench top 

c;entrifuge at 1.000 rpm for 4 .minutes. Approximately 40 ug/tnl of the luciferase · 

plasmid was spun down in a Beckman bench top centrifuge at 10,000 rpm for 10 

minutes. The plasmid. was then washed with 100% ethanol and dried under 
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vacuum in a desiccator. The plasmid. was then resuspended in transfection buffer. 

Cells that-had been grown to about 75% confluence in a 10 cm dish were removed 

from the plate using protease and suspended in around 7 ml.of medium and 

centrifuged in polyallomer,Sarstedt tubes in a bench top ~entrifuge at 1000 rpm for 

4 minutes. The supernatant was aspirated and the· cells were resuspended in the 1.2 

ml transfection buffer with the plasmid. ·The cells and the plasmid were mixed well 

and then the.mixture was-kept on ice for 10 minutes. 0.6 m1·a1iquots were taken 

and introduced into· the electroporation chamber and transfected using 2500 V /cm . 

.After the shock the cells were kept on.ice for another 10 minutes. The cells· were 

then suspendedinmedium--andplatedmto 35 mm.platesandplacedin the 

incubator. All luciferase assays were done 48 hours after the transfections except 

once where a time course experiment was done using times ranging from 6 to 24 

hours. 

Transient assays were carried out, as described above, by transfecting the 

plasmids pT109luc -and pSV2AL-M5', in adrenal and cat kidney. cells. Results 
" • I • 

from these e~petiments showed that both, pT1091uc an~ pSV2AL-M5' were 

expressed in cat kidney ~ells. The activity of the SV40 promoter was several-fold 

higher than the. thymidine kinase promoter in. these cells (Figure 10). No luciferase 

activity was observed in the adrenal cells when transfected by the same method. 

The reason for this was not clear -and conditions for transient expression in adrenal 

cells may require several different manipulations which could be time consuming. 

Therefore, ~ince conditions· for stable- transfection of adrenal cells had already been 
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worked out, the stable transfection method remained the choice for further 

experiments. 
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Figure 10. Expression.ofluciferase in cat-kidney cells. ·The cells were 

transfected with eith~~ pT109luc or pSV2AL-AA5' .. Luciferase assays were carried 

out 48 hours after transfection. Clearly, luciferase is: expressed by either the TK or 

the SV 40 promoter in -these cells, however expression from the SV 40 promoter is 

much greater. 
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CONCLUSIONS: 

1. Bovine adrenal-cells are c~pable of expressing luciferase after stable integration 

· ofpT109luc into its genome. 

2. Luciferase activity from pT109luc in bovine adrenocortical cells is .elevated in 

the presence of 10% horse serum + 2% .fetal bovine serum. 

3. The serum present in complete medium may interfere with TK promoter activity, 

since in its presence, cholera toxin which raises intracellular cAMP levels, down

regulates this non-cAMP-responsive promoter. 

_) 
4. _Serum .may interfere with-proper activity of other promoters in other cell types 

as well. This is based_ on the observation that the SY 40 promoter in cat-kidney · 

cells, is also non~specifically down-regulated by cholera toxin in the presence of 

setum. 

5. The effect of serum may be at the transcriptional level since cholera toxin down-

. regulatesluciferase mRNA from pT109luc--an4 pSV2AL-AA5'. However, its effect 

on mRNA stability cannot be rul~ out. 

6._ Presence of serum in the medium for induction of CYP 17-luciferase chimeric 

constructs by cholera toxin .may obstruct the. correct interpretation of results. 
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Therefore, induction of the constructs in serum free defined medium is in.ore 

appropriate. 
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. CHAPTER 3 ... CONST.RUCTION OF THE CYPJ7-LUCIFERASE 

. CHIMERIC PLASMIDS 
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INTRODUCTION 

The understanding of how cis-acting regulatory elements of eukaryotic 

genes work, has been greatly facilitated by the use of reporter genes. The reporter 

gene luciferase, :which has been used extensively in recent years, has many 

advantages. These include ~se of assay, speed, use of non-radioactive materials 

and its sensitivity:(for a detailed discussion, see Chapter 1). Luciferase was 

therefore used.as the reporter gene in the investigation of the phenotypic switching 

in the bovine qp 17 gene. After establishing conditions for the expression of 

luciferase in bovine adrenocortical cells using pT109luc, CYP 17 5' regulatory 

sequences were cloned next to the luciferase cDNA. Sequence-specific 

transcription factors that activate or repress transcription from a gene are known to 

bind-cis~ elements. These elements are arrayed within several hundred base pairs 

from the initiation site. Some elements can also exert control over much greater 

distances·(l to 30 kb) (55). Therefore,two.different lengths (-488 to+ 29, and 

-2544 to+ 29) of the CYP17 5-' re,gulatory sequence were cloned upstream of the 

luciferase.cDNA. The region.-488 to +29 contains the promoter region including 

sequences conferring cAMP-responsiveness to the bovine CYP17 gene as well as 

the start of transcription site (cap site) (8). The start of transcription of the CYP 17 

gene was included so that transcription of the luciferase cDNA would .start from the 

same site as· the endogenous CYP 17 gene. The investigation of two different size 

fragments would help in defining regions in the 5' regulatory sequence, that are 

involved in the switching event. 
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CONSTRUCTION OF. pXP2-CYP17(-488). 

A plasmidpIBI3l-CYP17(-488) containing 517 bp of the CYP17Al 

generegulatory seq-µenc_e(-488. to +29) was provided by Dr. Perez Nallaseth. The 

way in which it was constructed is shown in the beginning of Figure 11. 

plBl3l-CYP17(-488) was digested with restriction enzymes SacI and 

Xholl in the recommended- buffers in as small-a volume as possible for 1 hour. A 

small aliquot.of the dige_st was then tested for completion of the reaction using 

agarose gel electrophoresis~ The -488 to +29 bp fragment was then isolated using a 

1.2% low~melting agarose gel (SeaPlaque from FMC Bioproducts) containing 

approx~ately 10 µg/ml ofethidium bromide. The luciferase plasmid, pXP2 (44) 

which was used as the cloning vector was regenerated (by release of .the TK 

promoter-which was inserted in pXP2 to produce pT109luc, 44) from pT109luc by 

digesting it with the restriction endonucleases, Sacl and Bgill in the appropriate 

buffers in. a minimum reaction volume .. The time of incubation was either 1 hour or 

overnight.at 37°C. The Sacl-Bgill digest released the Herpes-simplex: I thymidine 

kinase promoter from pT109luc .. The resulting 6.1 kb vector fragment (pXP2) was 

separated from the promoter region using a t2% low-melting agarose gel 

containing 0.5 µg/ml ethidium bromide (SeaPlaque from FMC Bioproducts ). All 

low-melting agarose gel electrophoreses were carried out in the cold room in lX 
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TAE buffer at 2 tp 3 volts/cm for approximately l-2 hours. The gel was then 

removed from the electrophoresis apparatus and placed over a 366 nm ultra-violet 

lamp and the appropriate bands were isolated within 1-2 minutes to avoid damage 

(nicking) to ~e DNA. The. gel slices containing the desired bands were excised· 

from the gel using a scalpel· in as small a volume as possible in order to maintain a 

high concentration of the fragment in the slice. The gel slices were then transferred 

to an eppendorf tube and .the low-melting. agarose was melted by heating at 65 to 

700C for 10 minutes~- The concentration of the fragment in the _gel was then 

estimated _based on the starting material and the volume of the melted agarose. For 

the ligation reaction, approximately 150 ng of the vector fragment was removed and 

added to an eppendorf tube containing rrrllliQ water which had been maintained at 

37°C (the remaining fragm~nt was stored at 4°C and could be used later if 

necessary). Next~ _lX ligasebuffer and 1.,.2.units ofT4DNA ligase (per 10 µl of 

reaction tnbtture) were. added and -mixed. Following this, approximately 70 ng of 

the insert was added to the ligation· mixture so that the final insert to vector molar 

ratio was about 3;.;5 to 1. The final reaction volumewas 30 to SO µI. Ligation was 

allowed to proceeded overnight at room temperature (approximately 20 hours). 

Although the ag~se _gelled during-the incubation the Ugation did not seem to be 

affected. The ligation reaction was terminated by heating the mixture at 10°c for 5 

minutes to remelt the agarose and then maintained at 37°C. An aliquot was then 

removed.for transformation. The-remaining mixture_ was stored at 4°C~ (56,57, 

31). 
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TRANSFORMATION OF BACTERIA 

MAX ;Efficiency DH5a competent cells from BRL were used for 

transformation-essentially·according tQthe ~ufacturers protocol. Frozen cells 

were.thawed on wet. ice and a 200 µI aliquot was removed and plac_ed in a pre·-

_cooled. 17 x H)0.mm_polypropylene tube. Unused cells were refrozen by placing 
. . 

· them in uky ice/ethanol .bath for .5 .minutes before returning .them to the -80°C 

freezer. An .aliquot containing approximately 2~ to 50 ng of vector was taken from 

the ligation .. mixture and diluted 1:1 ~tbTE (l0mMTris-HCl, 1 mM EDTA, pH 

1·.5). The en~e diluted-mixture• was then added to the co11:1petent cells. The 

volume added was not more than 5 to 10% of the volume ~f the cells. The pipette 

was moved through the cells while ·dispensing. The tube was then ·gently tapped to 

mix the cells and the DNA. Next, the cells. were incubated on ice for 30 minutes 

· after which they-were heat~shocked at 42°C for 2-3 minutes. The cells were then 

re.turned to ice:for 2 minutes~ 8.00 µl of.room temperature S.O.C. medium was 

.. · added and the. tube was shaken at 225. rpm (37°C) for an Q.our. The tube was spun 

at 1000 •rpm on a bench-iop centrifuge for 5 minutes to pellet the bacteria. The 
. . 

pellet was·thenresuspended in 50 to 100 µI ofS~o.c. medium. The entire 
. . 

suspension was plated on Luria~Bertani agar plates containing 50 µg/ml ampicillin. 

This was to ensure.that all potenti~ transfonnants were-plated. The suspension 

_ was _spread evenly on-the surface of the plate using a flame sterilized angle glass 

rod. The plate was then incubated a.t room temperature for 15 to 30 minutes till the 

surface of the plate. was dry. Then, :the plate was loosely wrapped in saran ... wrap, 
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inverted, and incubated at 37° C for 12 to 16 hours. 

SCREENING BACTERIAL COLONIES AFTER TRANSFORMATION USING 

IN-Sll'U HYBRIDIZATION 

Ampicillinresistant colonies were picked fro~ the agar plates and screened 

for transformants by ttansferring isolated colonies to a gridded Hybond N 

membrane placed on a Luria-Bertani agar plate containing 50 µg/ml of ampicillin by 

means of a sterile toothpick. The same colony was also patched on a regular Luria

Bertani (50 µg/ml ampicillin) agar plate (without a membrane) to create a Master 

plate. About 75 to. 100 colonies were patched·on a.10 cm-agar plate. A sharp 

instrument was used .to create holes at three places in the same location on both 

plates to ·ensure correct orientation of the colonies. The plates were then covered 

loosely with saran-wrap and placed in the incubator at 37°C for 12 to 16 hours. At 

the end of the incubation, dense streaks or patches. of 'bacterial colonies were · 

observed on both plates. The Hybond N filter was carefully removed from the agar · 

plate and placed colony side up, on a pad of absorbent filter paper soaked in 

denaturing solution (0.5 M NaOH, 1.5 .M NaCl) for 7 to 10 minutes. The 

membrane was then removed and placed on another pad of absorbent filter paper 

soaked in neutralizing solution (3 M sodium .acetate, pH 5.5) for 3 minutes, this . 

was then repeated for another .3 minutes on a fresh pad soaked in the same solution. 

The filter was then washed in 2X SCC, transferred to a filter paper and dried at 

80°C for lOmjnutes. For crosslinking, the dried filter was exposed ·to ultra-violet 
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· 'light (312 mn wavelength)Jor 3. mi11utes,. with the DNA side facing the 

transilluminator. For prehybridizatio~,. ~e filter was incubated "at 65°C for 1 hour 

in 200 ml of prehybridization solution :containing 4X SCC, 0.02 % ficoll, 0.02 % 
' ' 

bovine serum.albumin (BSA), 0.02 % polyvinylpyrollidine (PVP),. 3.3 % PiPPi, 

· 0.1 % ·sodium dodecyl sulfate (SDS). This was foll~wed by a· further incubation in . 

200 ml of fresh prehybridization containing 2 µglnu-of ssDNA for 1 hour at 65°C .. 

Hybridization was-done in:. the presence,9f 4X SSC, 10 mM EDTA, SOS, ssDNA 

and probe, overnight, at 65°C. The probe used in the screening proce_ss was a 

double stranded DNA fragment derived from pIBI3 l~PCR7 after digesting it with 

Apal to release:a 534 hp fragment containing_ - 500 bp of the 5' -regulatory region of 

the CYP17Al gen~ .. Thefrt1:gmentwastheni.~olatedon.a l% Seaplaque.(FMC 

Bioproducts) low melting-3:garose.gel-after running the ·gel in TBE buffer (45 mM 
' ' ' 

tris-borate, i mM EDT.I\, pH 8 .. 0) at 10 milliamps for about 2 hours in the cold· 

. room. An appropriate amount of TE buffer was added to the excised piece -and 

heated for at least 15 minutes at 900C. A 50 qg··~quot was removed. and labelled 

using 32p by the random primer method supplied with the oligo~abeling kit 

(Pharmacia LKB Biotechnology). After hybridization,. $e membrane was washed· 

. in 2X SSC, 17 mM PiPPi and O~ 1 % SDS (Wash 1) for 2.0 minutes at 65°C and. 

then lX SSC, 17 ,mM PiPPi and 0.1 % SDS (Wash 2) for another 20 minutes at 65 

0c after which it was exposed to X~Omat f~ for an appropriat~ length of time. 

Several positive colonies were obtained and 5 strongly hybridizing clones 

were.grown: up from the master plate by inoculating the colonies separately into 5 
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ml of LB broth. An.overnight culture was then used to isolat~ mini-preparations of 

the plasmid using Stratagene' s Plasmidquik ·column. The isolated plasmid was then 

cut with various diagnostic restriction enzymes to ascertain the correct construction 

of the·plasmid. After confirmation, a_large plasmid preparation was prepared .by 

moculating one of the transfonnants into LB broth (with glucose) containing 50 

µg/ml ampicillin.. The .bacteria was grown up ovemight and the next day 500 nil of 

LB broth- in a 2 literflask containing -5.0 µg/ml of ampicillin was inoculated with 2 

to 3 ml of the overnight culture. The flask was placed in a rotary shak:er/mcubator 

and shaken at 225 rpm at .37oc until a ldett of· 150 was obtained. At this point 200 

µg/ml of-chloramphenicol was added to the ~ulture for·plasmid amplification and 

. . the flask was replaced in the incubator/sh~er for 12 hours. The bacterial 

suspension was then transferred into three plastic 250 ml-bottles and spun at 8000 

rpm at 4°C for 10 minutes. The supernatant-was discarded and the pellets washed 

with saline_. The suspension was. pooled into. one of the bottles and-spun for 10 

minutes· at4QC at 8000-xpm. The pellet obtained was then lysed using lysozyme 

according to the-manufac.turers protocol. All further steps were carried according to 

the protocol supplied with the .column. The plasmid DNA obtained from the 

column was then precipitated with ammonium acetate and·ethanoland stored at 

. -20°c until required. This plasmid containing sequences -488 to +29 of the 5' 

regulatory region of CYP17 Al cloned directly upstream to the luciferase cDNA was 

called pXP2-CYP17(-.488). 
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FIGURE 11 .. CQN-STRpCTION OF pXP2-.,CYPl7(~488) 

The-plasmid pIBI3-1-CYP17 wasprovi<ted ~Y Dr. Ferez Nallaseth (its 

· construction is· shown in the initial part of the figure).. This.plasmid·was then 

dige~tedwithrestriction·endonucleases SaclartdXholland the 517 bp fragment -

isolated on-a low-melting .. temperature agarose geL The isolated fragment was then 
. . . 

. cloned into pX.P2, a luciferase vector generated.from pT109luc (luciferase cDNA 

under.the regulation of the herpes simplex thymidine kin_ase promoter). The 

thymidine-ldnas~ promoter was r~moved from pT109luc using the resf:1iction 
. . 

enzymes SacI and Bgm and replaced with. the 51-7 · bp of the promoter region of 

· . CYP 17. This construct was -called pXP2~CYPl 7( ~488). 
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· CONSTRUCTION OF pXP2-CYP17(-2544) 

A A clone containing one of the three bovine CYP 17 genes was isolated 

from a bovine genomic library in A vector EMBL3 by Dr. Ferez Nallaseth and 

Steve Maghsoudlou and was given to.me. 

DNA fromthis clone was then subjected to partial digestion with Sall. and 

EcoRI and the--11 kb fragment isolated on a low-melting agarose gel. The 

fragment was subcloned into the vector pBluescript II (KS-) at the Sall. and EcoRI 

sites. A positive· clone was identified-using in-situ· hybridization and the new 

construct was ·called pBluescript II CYPl 7A2. This clone was very unstable with 

respect to growth and yield; therefore the 2.3 kb regulatory fragment was isolated 

by digesting pBluescript II CYPl 7 to completion with Sall. and Eco RI and isolating 

it using low-melting agarose gel electrophoresis. This was subcloned into pBR322 

at its Sall. and EcoRI restriction.sites. A mini-prep made, using the alkaline lysis 

method, from a positive clone detected by in-situ hybridization was digested with 

the restriction endonucleas~s Sall. an':1 Stu!. The - 2.3 kb fragment was isolated by 
.. 

low-melting-temperature agarose gel electrophoresis and cloned into 

pXP2-CYP17(-48.8) digested with the same enzymes. In-situ hybridization was 

used to detect positive clones and the construction of the plasmid was checked by 

making mini-preps and doing restriction an~ysis. The construct was called 

pXP2-CYP17(-2544). 
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There appear to be at least 3 bovine CYP17 genes. Evidence for the 

presence of three bovine CYP17 genes has come from extensive southern analysis 

and by s·equencing the plasmid pXP2-CYP17(-2544). Southern analysis was done 

by Dr. Lianqing Yang; sequencing was done in our laboratory by Dr. 

Satyanarayana Raju (see Figure 1 for sequence and methylation sites). Based on 

this data, it was determined that the gene isolated from the above screening process 

(CYP 17A2) was not the same gene as that published by Dr. Waterman's group 

(CYP 17Al). However, the genes are extremely similar at least in the promoter 

region of about-488 to +29 bp (11). Sequence data beyond that from Waterman's 

gene is not available to make any comparisons. ·Southern analysis has shown that 

the two genes are similar at least based on their restriction maps. It is not clear 

whether the second gene is expressed in vivo but since it .appears to be similar to the 

first gene which is expressed in vivo, it is likely that this gene is also expressed. 

There are several sequence similarities to other genes within the 5' region of 

CYP17A2_. The sequence from-1429 to-1306 has a strong similarity to an 

interspersed repeat that occurs in many bovine genes and in bovine satellite l. 709. 

This sequence is present in other bovine steroid hydroxy lase genes: In CYP21 ( two 

examples; one at -1500 and another in the seventh intron) and in CYP 1 JA (at--450). 

Several regions within -1190 to -550 of CYP 17 A2 resemble elements within the 

long interspersed repeat families-(Line or Kpnl repeats) that occur in different forms 

in mammalian genomes·(ll). There are 5 sites in the CYP17 5' region which 

which have been investigated for changes in methylation patterns during the 

switching event. A specific demethylati<:>n at one of the sites, H4, occurs rapidly as 
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a result of placing bovine adrenocortical cells in culture. The early demethylation at 
. . 

H4 does not appear to be related to ongoing CYP 17 gene transcription and the 

functional significance of this is not apparent (11). However, this region is present 

within the the 5~ region cloned into pXP2-CYP~7(-2544) and transfection studies, 

combine<;l with:methylati9n studies of the constructs after transfection into bovine 

adrenocortical cells, may· help elucidate ·the significance of this specific 

demethylation~ . 
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FIGURE 12. CONSTRUCTION OF pXP2-.CYP17(-2544). 

In order to investigate upstream elements beyond -489 bp of the 5' 

regulatory sequence of the bovine CYP 17 gene a longer 5' fragment was cloned · 

upstream to the luciferase cDNA. A clone containing the CYP 17 A2 gene isolated 

from a bovine genomic library in A vector EMBL3 and was cloned into 

pBluescpriptII KS(-). A 2544 bp fragment of .the 5' regulatory.region was then 

initially subclonedinto pBR322 and finally, cloned into pXP2-CYP17(-488) after 

removing the 488 bp insert from it The new plasmid was called pXP2-

CYP17(-2544). 
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CHAPTER 4. CONDITIONS FOR THE EXPRESSION OF THE 

CYPJ7-LUCIFERASE CHIMERIC 

PLASMIDS IN BOVINE ADRENOCORTICAL CELLS 
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INTRODUCTION 

The time period of transient expression of luciferase varies depending on the 

cell-type into which it is introduced (58). For this reason, it is essential to 

determine the optimum time of expression in each cell-type. The luciferase 

construct pXP2-.CYP17( -.488), was used to determine conditions for expression of 

the CYP J7.;.luciferase constructs in bovine adrenocortical cells. The endogenous 

CYP 17 gene is dependent on cAMP for its expression. Therefore, pXP2-

CYPl 7 (-488) was also used to determine conditions under which optimum 

induction of the construct, by cholera toxin, was obtained. For this purpose, 

bovine adrenocortical cells were first transfected with the chimeric constructs as 

described below. 

TRANSFECTION OF ADRENAL CELLS WITH CYP17-LUC 

CHIMERIC PLASMIDS . 

The luciferase constructs, pXP2-CYP17(-488) and pXP2-CYP17(-2544) 

were linearized with the blunt-end cutters Xmnl and F dill respectively, in the 

pBR322 (3-lactamase gene. The plasmid pSV3neo was ·also linearized in the same 

place by digesting it with Xmnl. Linearized pXP2-CYP17 (-488) and j>XP2-

CYP17 (-.2544) were separately ligated to pSV3neo (in a 3:1 ratio ofluciferase 

construct to pSV3neo) at the blunt ends with t4 DNA ligase to form high molecular 

weight concatemers as described before. For transfection, the high molecular 
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weight DNA was dissolved in 0.6 ml transfection buffer so that each transfection 

was carried out with at least 15 µg of pT109luc (selectable plasmid). 50 to 60 % 

confluent .10 cm plates containing SBAC or L3-.20 were removed from the dish 

. using prot~se and the cells were spun down as described earlier.· Transfectiorts 

were carried out at 750 or 2500 volts/cm as described before. Following the 

electric shoclc, the ,mixture was incubated on ice for 10 minutes after which it was 
) 

· diluted l: 10 with complete medium and spun as before. The supernatant was 

aspirated and the-pellet resuspended and plated 'in 7 .5 ml of complete medium per 

10 cm plate. The cells were then incubated at 37°C in a humidified, 5 % carbon 

dioxide environment overnight during which-time many cells attached to the bottom 

of the dish. After this, the m~um was changed and the cells were incubated in 

complete serum-containing medium with 200 µg/ml of 0418 under the same 

conditions. 

SBAC and L3 .. 20 were also transfected using 50 µg of Lipofectin reagent 

per 6 or 10 cm dish. For thi·s, the-ligated materia1(20 to 25 µg of DNA) was 

dissolved in water and mixed 1.::1 v/v with lipofectin in a polystyrene tube to obtain 

a final volume of 100 µ1 per dish. The solution was mixed gently and allowed to 

stand at room temperature for 10 minutes. Cells were transfected at 50 to 60 % 

confluency after washing the attached cells twice with PBS. 3 ml of defined serum

free medium were added and the plate gently swirled. Next, 100 µ1 of the 

Lipofectin-DNA mixture was added to the cells dropwi~e, as uniformly as possible 

and the plate ag~ gently· swirled. The cells were then incubated for 6 hours at 
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37°Cin a humidified, 5 % carbon dioxide environment After this, 7 ml of 

complete medium was.added on top of the defined medium containing the mixture. 

The cells-were then incubated for a further 12 to 16.hours under the same 

condition~. _Following this, th~ medium was changed and the.cells were incubated 

with complete serum-containing medium in the presence of 200, µg/ml 0418._ 

Transfectants were selected and stored as described previously (see Chapter 2). 
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TIME. COURSE FOR LUCIFERASE 

SBAC transfected with pXP2-CYP17(-488) were removed from the freezer 

and plated in an appropriate number of 35 mm fibronectin-coated _dishes in complete 

medium containing200 µg/ml G418. The cells.were grown till the .plates were 

almost confluent, then, the medium in one set of plates was changed to complete 

medium ·without G4 l 8, another set was transferred to defined serum-free medium 

by itself or in the presence of IGF-1 or IGF-1 + cholera toxin. Finally, one set was 

changed to complete m~dium with G418 as a control. -Luciferase activity was 

determined from the different sets immediat~ly after changing the medium ( 0 hr), at 

6 hours, 18 hours and 24 hours (Figure 13). All luciferase assays were done using 

the scintillation.counter as described before. At Ohr, luciferase activity from cells 

from all the different conditions were the same. After a 6 hour incubation, cells 

incubated in defined medium alone showed a decrease-iii luciferase activity whereas 
., 

cells incubated with defined medium containing cholera toxin and IGF-1 showed a 

substantial increase.·in activity. Incubations under the other conditions did not bring 

about any change in activity at 6 hours .. After an 18 ·hour incubation, luciferase 

activity in cells iricubated with defined medium containing either IGF-1 or IGF-1 + 

cholera toxin went up. However, cholera toxin in the presence of IGF-1 did bring 

ah?ut a greater increase in activity as compared to IGF-1 alone. A 24 hour 

incubation period brought about a decrease in the stimulatory effect of cholera 

toxin. Therefore, clearly, cholera toxin in the presence of IGF-1 did increase 

luciferase activity frompXP2-CYP17(-488) in.these cells. This induction was most 
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apparent after 6 hours of incubation when co~pared with c:ells incubated in the 

presence of I.GF~I alone. Although ov~rall luciferase levels were higher at 18 _hours . · 

in cells incubated with.cholera toxin and IGF~I, the=difference between cells 
' ' ' 

' ' . 

incubated with defined medium+ IGF~I alone and •with IGF~I + cholera toxin was 

greater at 6 hours! Therefore, all inductions were done by growing the cells in· 
. . -. 

complete medium cQntaining 200 µg/tnl of 0418 till almost confluent. The medium 

was then replaced with defined medium containing IGF.:. I ·alone· ( control) or IGF-1 + 

cholera toxin for 6 hours. The ·apparent.incre~se in-luciferase activity by IGF-1 is· 

puzzling since the endogenous 17a,.hydroxylase,gene is not stimulated by IGF~I. 

One reason may .be that other sequences in· the endogenous gene which are missing 

from the constructs may play a role in the tight regulation. of the gene in vivo. 

. Alternatively, it mighi be that IGF.-I is required for proper growth of the cells; -it 

may be therefore, indirectly .required for the induc.tion .. However; clearly, the 

construct is induced by increasing intracellular cAMP levels using cholera toxin. 

Thus, _·jn that respect, the .construct pXP2.;.CYPl7( ~488) behaves like the 

endogenous· gene. The-basal l~vel of the construct is higher than the endogenous 

gene (which is·dependent on cAMP-for its expressfon) but that again may be due to 
. - . .· 

not having·all of the 17a-hydroxylase .5 'regulatory sequences present in th~ 

construct. 
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FIGURE.13. -Time course for the expression,of luciferase in y~ung adrenal cells 

using different medium.conditions.· 

After cO".'transfection of adrenocortical cells (passage 1) with· 

pXP2-CYPl7 (-488) and pSV3neo, _ cells were selected- by resistance to the toxic 

effects of 0418. Pooled transfectantswere_used to determine the time at which· 
' ' ' 

maximum induction.of-luc_iferase by cholera toxin (which increases intracellular 

levels of cA:MP) .was obs~rved. Maximum induction was observed at 6hours in 

' the presence-o,fl nM cholera toxin and lO nM IGF4. 
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INDUCTION WITHOUT SERUM DEPRIVATION IS BETTER 

Figure 14 shows the effect of seru~ deprivation 24 hours prior to 

stimulation by cholera toxin in POL 10 cells transfected with pXP2-CYP17(-488). 

Cells were grown in complete medium+ 0418 till almost confluent. They were 

then transferred to serum-free defined medium alone, or containing cholera toxin or 

IGF-1, or IGF-I + cholera toxin. Fo~ comparison, cells were transferred to defined 

medium containing cAMP or IGF-1 alone, or with IGF-1 + cAMP. Clearly, 

induction levels were higher with Defined medium + cholera toxin + IGF-1; Defined 

medium+ cAMP and Defined medium+ IGF-1 + cAMP when the cells had not 

been deprived of serum for 24 hours prior to addition of inducers. Also, induction 

by cholera toxin in the presence ofIGF-1 was higher as compared with conditions 

which did not include IGF-1. There was a slight stimulatory effect ofIGF-1 by 

itself. However, clearly, induction ofpXP2-CYP17(-488) by cholera toxin was 

enhanced in the presence of IGF-1. Although the IGF-1 effect is not clear, its 

inclµsion in the medium certainly does not interfere with the proper induction of the 

CYP 17-luciferase constructs. 

The induc.ti~n by cAMP analogs alone, or with IGF-1 was not very strong. 

The reason for this is also not very clear .. However, it is.known that 8-Br-cAMP 

inhibits the transient expression of firefly lucif erase. This inhibition is at the 

translational or post-translational level (59). This might be the cause of lower 

induction of the cAMP responsive CYP J.7-luciferase construct, by cAMP analogs. 
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However; since good induction was observed with cholera. toxin in defined medium 

· containing IGF-I, all further inductions were carried out under these conditions 

after the·cells-were :grown to semi-confluence~ Luciferaseactivity from cells. 

incubated in defined medium with IGF~I alone was used as a control. The time 

period for all inductions was-6 hours •. 
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FIGURE 14. · Induction of luciferase is better when cells are not deprived of 

serum prior to induction. 

_ The effe.ct of serum on induction of luciferase fro.m pXP2-CYP~ 7(-488) -

was studied by plating SBAC transfected with the constructin two sets of plates in 

· complete medi~ containing 200 µg/ml 0418. The cells were grown up till almost 

confluent and- then one set of plates was incubated in defmed medium _only, for 24 
. . 

hours; the -medium-'in -the other set was not changed. · J:!ollowing this, all the cells 

were mcubated·in defined medium contairiing either defined medium + IGF-I or 

IGF-I t cholera.toJdnfor 6hours. ,Q.leady,. cells that hild,not_ been deprived of· 

serum and were directly incubated' in defined medium- with IGF-.I + cholera toxin 

had the most activity. Therefore, for ~ further inductio1:1s_ cells were directly given 

· defined medium with IGF-I and cJiolera toxin after gro~g the cells to s~b

confl.uency. 

\ 
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. CHAPTER 5. ANALYSIS OF THE INDUCTION OF LUCIFERASE 

AND ENDOGENOUS CYP17 GENE 

EXPRESSION IN TRANSFECTED CELLS 

105 



INTRODUCTION 

Expression of CYP 17 after incubation of cultures with cAMP (or cholera 

toxin), declines throughout the life span of bovine adrenocortical cells (60). This 

decline coul~ be due to changes in cis- or trans .. events. Some cis- events that may 

be taking place are changes in methylation, whereby methylation of cytosine in 5' 

regulatory sequences inhibit mammalian gene expression~ This may be due to the 

involvement of a recently identified CpG binding protein, MeCP-1 ( 61 ). Other cis

related events may involve changes in chromatin structure. For example, methyl-5-

cytosine (m5C) plays a role in determining transcriptionally inactive chromatin (29). 

Trans-events may also be occurring wherein po_sitive transcription proteins are 

missing or-negative transcription proteins are synthesized in cells that have lost 

cAMP inducibility of the CYP 17 gene. The main object of this study was to 

distinguish between these events. This was done by using the CYP17-luciferase 

constructs and transfecting them into bovine adrenocortical cells. Following this, 

luciferase activity from the construe.ts was compared with the loss <>f endogenous 

CYP17 gene activity. This was done by using.two approaches. One, in which a 

luciferase construct was transfected into cells expressing the endogenous CYP 17 

gene upon induction with cholera toxin. These cells were then passaged until they 

lost CYP 17 inducibility. Luciferase activity from the construct was measured in 

parallel to see if there was a point, where the expression/loss in expression of the 

endogenous CYP 17 gene, could be dissociated from the expression of lucif erase · 

from the CYPJ7-luciferase construct. In other words, does expression· of 
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. luciferase decline with a decline in.cAMP inducibility of the endogenous CYP17 

gene or not? ·This approach was used to investigate whether cellular events 

occurring during th~ decline. affected the transfected gene as well as the endogenous 

gene. The. other approach ·was to trartsfect separately, the luciferase constructs into · 

cells capable of expressing endogenous CYP 17, as well as .into cells that had 

already lost their capacity to-express endogenous CYP17. This approach was used 

to investigate whether cells that had lost their ability to express the endogenous gene 

had done so due to·a change in transcription factors; in this case the· transfected gene 

would not be affected by cellular·changes occurring during- the decline, since it was 

transfected at a time point-after the switch had already taken place. Both these 
' • ' > • 

- approaches were used to investigaie whether there was a. dissociation between the 

presence/absence of endogenous CYP 17 gene expression and the expression of the 

transfected .gene.· This dissociation (or lack of) should provide information on the 

switching event. If both, the endogen<?ils gene and the transfected. gene expression 

declined together, it would suggest a change in· levels of transcription factors within 

the cells. If only the endogenous gene expression declined, or if the transfected 

gene was still expressed in cells that ·have lost endogenous· gene expression, it 

would suggest that positive .. transcription factors (acting within ~e ,region included 
' . ' 

in the construct) were .still present in the cells where: the endogenous gene had lost 

its .inducibility. 
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THERE IS NO ASSOCIATION BETWEEN LOSS IN ENDOGENOUS 

CYP17 INDUCIBILITY AND INDUCTION OF CYP17-. 

LUCIFERASE CHIMERIC CONSTRUCTS AS THE CELLS ARE 

PASSAGED IN CULTURE 

Pooled SBAC transfected with pXP2-CYP17(-488) were plated into 35 rinn 

fibronectin~coated plates from a -frozen vial prepared.after isolating the transfectants 

(PDLl0). Theywere grown in complete medium contaj.ning 200 µg/ml 0418 till 

_: almost confluent They were then stimulated with cholera toxin for induction of 

luciferase_andendogenous 17a-hydroxylase activity. A.plate was also subcultured 

·at a 1 :5 split ratio into 35 mm plates to study, the effect of passaging on the 

induction ofluciferase versus induction of endogenous 17a-hydroxylase activity. 

Cells w~re passaged in the same way five times. At each passage, cells were· 

stimulated by .cholera toxin as described befpre. The results are shown in Figure 

15. The effect of passaging.the cells on the endogenous 17a.-hydroxylase activity 

is that there is a decrease in its inducibility as the cells are passaged, whereas, there 

is a minimal effect of passaging on the inducibility·of the luciferase_ cpnstruct pXP2- . 

CYPl 7(-488) .(overall levels of luciferase are variable). Therefore, even though the 

cells are losing endogenous· gene activity, there does not appear to_ be a loss in 

positive regulatorr transcription factors acting up to -488 bp of the 5 ' regulatory 
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region of CYP 17 A2. 
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FIGURE 15. Luciferase induction from pXP2-CYP17(-488) is not associated 

with a decreasein inducibility of the endogenous CYP 17 gene at increasing POL. 

Expression ofluciferase (above) in-POL 10 cells transfected with 

pXP2-CYP17(-488) was compared with the expression of endogenous CYP 17 

activity (below) in the same cells at increasing passages . Different passages of 

young pooled cells transfected with pXP2-CYP17(-488) were assayed for 

luciferase activity as described before. For induction of the endogenous CYP 17 

gene, cells were grown till semi-confluent in complete medium+ 0418. Then, the 

cells were switched to defined medium with· 1 nM cholera toxin in the presence of 

10 nM IGF-1 for~ 72 hours. At the end of this-period, cells were transferred to 

defined medium with 10 nM progesterone as substrate. Steroi4 metabolites were 

extracted from the medium after incubation at 37°C for 2 hours. The products were 

then analyzed using high performance liquid chromatography (HPLC). The data 

(for endogenous CYP 17 activity) was determined by the amount of substrate 

(progesterone) converted to its product-(170H-progesterone), after induction. 
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EXPRESSION OF CYP17-LUCIFERASE CONSTRUCTS IN 

BOVINE ADRENOCORTICAL CELLS. AT PDL 10 A~D PDL 55 
, ' 

Pooled bovine adrenocortical cells at PDL 10 and PDL 55 (in which the 

endogenous CYP 17 gene. is already switched oft), were transfected with pXP2-

CYPl 7(-488) ·or pXP2-CYP17 ('.'"2544) and stimulated with cholera toxin in the 

presence of IGR .. I to demonstrate the presence or absence of endogenous CYP 17 

activity in ·comparis_on with the expression of luciferase in the same cells. Figure 16 

shows that cells ·at PDL 10 and PDL 5~, transfected with pXP2-CYP17(-488) 

demonstrate 2 to 3 fold and 7 · to 8 fold induction .respectively, when intracellular 

levels of cAMP are raised Therefore, clearly, the cells that are no longer able to 

express endogenous CYP 17 are neverthe~ess still able to express luciferase under 

conditions forinduction. Thus, the positive transcription factors acting up to -488 

bp of the CYP J.7 5' regulatory region are still availab~e and functional in these cells. 

Furthermore, there-is a two fold induction ofpXP2-:-CYP17(-2544) in the cells at 

PDL 55. Therefore, positive transcription factors acting up· to -2544 bp of the 5' 

regulatory region of CYP 17 must be present in the cells that are no longer able to 

express the endogenous· CYP 17 gene. Clearly both, pXP2-CYP17 (-488) and 

pXP2-CYP17(-2544), are expressed in the cells which ·no longer express the 

endogenous CYP 17 gene~ Therefore, other cis- type of events, such as-changes in 

methylation, may be responsible for the phenotypic switching in the CYP 17 gene in 

the adrenocortical cells as they· age in culture. 
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The methylation pattern of CpG sites in the CYP 17 genes has also been 

investigated using the ·technique of Southern blotting (11). Of 5 sites in the CYP 17 

5' region at which methylation was investigated ( 4 HpaII sites and 1 BsaHI site; 

Figure 1) one, Hl, is methylated in all cells and tissues, as are also all HpaII sites 

downstream of Hl in the coding region ·of the gene. H2 is nonmethylated in 

fibroblasts and in some tissues, all of which do not express CYP 17, but is 

methylated in the·adrenal cortex or cultured adrenocortical cells. H4 and the BsaHI 

. site are mer,tylated in. the adrenal cortex in vivo but become nonmethylated as a 

result of placing bovine adrenocortical cells in culture. These sites also appear to be 

partially nonmethylated in liver and kidney whichdo not express CYP 17. The 

demethylation at H4 in. cultured adrenocortical cells is rapid, occurring within 6 

passages and sometimes substantial in the primary culture itself. Therefore, it is 

unlikely that the change is a result of overgrowth of a minority cell-type having that 

demethylated pattern. Also, the primary cell suspension prepared from the adrenal 

cortex is a homogeneous population of parenchymatous cells and a large number of 

these cells are plated to make primary cultures; thus, the primary cultures do not 

grow from-a small number of starting cells. The demethylation at H4 is specific 

since there are no ·obse~able changes at other CCGG sites in the region -1500 to 

8000 in the CYP 17 genes. This early demethylation at H4 does not appear to 

correlate with the transcription of CYP17 since, cells depved from the zona 

fasciculata-reticularis where CYP 17 is expressed in vivo expressed the gene in 

culture despite the demethylation at H4. These early cells would be expected to 

transcribe the gene since some stimulus for transcription will persist for a while in 
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culture. In addition, cells derived from the ·zona glomerulosa in which CYP 17 gene 

expression-is negligible in vivo demonstrated the same type of early demethylation 

at H4 (11). 
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EVIDENCE OF A ·NEGATIVE CONTROL ELEMENT lN THE 

REGION -2544 TO -489 OF THE CYP17A2 S' REGULATORY 

SEQUENCE 

The region·.;.489 to -2544 of the· 5' regulatory region of the CYP 17 A2 gene 

appears to coptain a negative regulatory element This i& .derived from the fact that 

pXP2-CYPl 7(-2544) is induced to a lower· extent than pXP2-CYP17( .;.488) in 

both, ceUs which d~ and do not express the endog~nous CYP 17 .gene (Figure 16). 

INDUCTION OF PXP2-CYP17(-488) VS PXP2-CYP17(-2544) 

Induction of pXP2-CYP17(-2544) is lower as compared to induction of 

pXP2-CYP17(-.488) in cells notexpressing endogenous CYP 17 as well as in the 

cells e,cpressing the.-endogenous gene (Figure 16). this sugge_sts the existence of a 

negative regulatory element in-the .region· -489 to -2544 of the 5' regulatory 

. sequence of CYPJ7.A2.. it is quite possible that this putative negative element is 

involved in th~ switching proce&s. However, pXP2-CYP17(-2544).is barely, if at 

all, induced in the cells expressing .endogenous CYP17. This. is demonstrated in 

two separate transfections. by pooled .cells, as well as in three separate clones 

(Figures,.16· and 19J. Why is pXP2~CYP17(:·2544) poorly induced in the cells 

which. are expressing the_ endogenous gene, ~, pXP2~CYP17(-2544) contains a 

sequence involved in the.switching process? The reason for this is not clear. A 

hypothetical explanation for this· may be the followin.g : there is a possibility that 
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there is a -signal generated by the cells which· is responsible for the switching 

process. This .signal is a transient one which is. produced -at an early stage, perhaps 

soon after the .cells are placed in culture from the gland~ Such a signal may be 

responsible for turning-off the CYP 17 gene later on in culture-even though the 

signal was given at a time when the cells are still able to·express cYP17. 

Transfection of cells-at this stage may enable the signal to act on the transfected 

· construct (pXP2~CYP17(-2544)) also. However,.its effect on the construct may be 

more drastic if the. construct is not in the same environment as the endogenous 

gene. Sequences adjacent to the endogenous CYP 17 gene may be important in the 

proper response to the-sigrial (eg. theymight ensure that the· gene is not turned off 

immediately to protect other genes situated nearby). The process of integration of 

the transfectedDNAis entirely random, therefore, the possibility that-the integration 

is in a regjon adjacent or in close vicinity to: the endogenous gene is insignificant 

Therefore, the construct responds to the signal at an earlier time frame as compared 

to the endogenous gene. 

Later pass~ge cells- which did not express CYP 1-7 may have been at a stage 

when the ·transient signal was no longer generated by the cells. In these cells, the 

construct pXP2.,CYP17(-2544) would be expres~ed since they were transfected 

after the signal required (or the phenotypic switch. 

There does .however, appear to be a negative regulatory element in the 

region -489 to -2544 since, induction of pXP2~CYP17(-2_544) compared to 
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induction•ofpXP2-CYP17(-488), is clearly less in both, cells atPDL 10 andPDL 

55. 

. . 

INDUCTION OF LUCIFERASE CONSTRUCTS IS BETTER IN 

BOVIN.E ADRENOCORTICAL GELLS AT. PDL 55 THAN IN PDL 10 

Both theconstruc~, pXP2.-CYP17(-488) andpXP2-CYP17(-2544), appear 

to be induced better in the CYP 17 non.-expressing cells as compared to the CYPl 7 

expressing cells. 

Itappears-that the induction ofboth theCYP17-luciferase chimeric 
,. - . 

constructs.is betteffu.cells at PDL 55 d1an in cells at PDL 10 (Figure 16). This·may · 
. . 

be d~e to a more efficient integration of the. luciferase constructs in the PDL 55 cells 

as compared with ·t11e integration in the PDL 10 cells (see _Figure 18). 
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FIGURE 16. _Loss of inducibility of the en_dogenous CYP17 gene is not due to a 

loss in positive·transcription factors acting withln-2544 t~ +29 bp of the CYP17A2 

gene. 

Adrenocortical cells at POL 10 were transfected with either, pXP2~CYPl 7 

(-488) or pXP2~CYP17 (~2544 ), transfectants were pooled and grown in complete 

medium+ 0418 till semi-:-confluent. Following this, the cells were induced as 

before and luciferase activity was measured. 

Adrenocortical cells at POL 55 were also transfected with either pXP2-

CYP17(.:488)-QrpXP2-.CYP17(-2544); transfectan~s were pooled and grown in 

complete medium+ 0418 till semi-confluent. The cells 'Yere then induced and 

assayed for lqcif erase activity. 

A) .. Luciferase activity in POL 10 cells ~sfected at passage 1 with 

pXP2-CYP17(~4~8)-or pXP2.:.CYP17(-2544) in two separate experiments. In both 

cases data are from_ pooled ·clones (Tl and T2 represent data from two _separate 

experiments).. 

B). Luciferase activity.in POL 55 cells- transfected at passage 20 with 

pXP2-CYP17(~488) or pXP2-CYP17(-2544). Data are from pooled clones. 

t 17 -



1.0 
■ 

0.9 ■ 
0.8 

< 
! 

0.7 

bD 0.6 t 
~ 0.5 -
i 0.4 

j 0.3 

0.2 

0.1 

0 

Defined medium+ IGF-1 

.Defined medium + IGF-1 + cholera toxin 

T1 T2 

PDLlO 
x 

pXP2-CYP17 
(-488) 

T1 

PDLlO 
X 

T2 

. pXP2-CYP17 
(-2544) 

PDLSS 
X 

pXPZ-CYP17 
(-488) 

PDLSS 
X 

pXP2-CYP17 
(-2544) 

\ 
\ 



The same·cells were also analyzed for-their ability.to express endogenous 

CYP 17. This was to make sure that the cells analyzed for luciferase above were 

consistent with the predicted pattern of .expression of endogenous CYP 17 (see -

Figure 17). The early passage cells transfected with either pXP2-CYPl 7(-488) or 

pXP2~CYP17{:-25~) were able to express the endogenous CYP 17 gene as 

expected whereas, the later passage cells transfected with either construct were 

unable to express the endoge~ous gene as predicted. 



Figure 17. Endogenous CYPJ 7 is expressed in POL 1 O· adrenocortical cells· 

transfected With .pXP2-CYPl7(-488) or pXP2-CYP17(-2544), whereas it is not .· 

expressed in PDL 55 cells transfected with .either of the two constructs, on 

induction with cholera toxin. 

Cells· were grown to semi-confluence and ~timulated, in defined medium 

containing 10 nM IGF,,:l, with cholera toxin for 48 hours (described earlier). The 

enzyme levels Ji-om two replicates are plotted, while the mean is represented by the 

bar. 
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SOUTHERN ANALYSIS OF TRANSFECTANTS 

Southern analysis of adrenocortical cells at POL 10 and POL 55 transfected 

with pXP2-CYPl 7(-488) or pXP2-CYP17(-2544) .revealed that the constructs 

appear to be integrated more efficiently in the cells at PDL 55 (Figure 18). Band 

intensities produced by the endogenous gene and pXP2-CYP17 (-2544) from the 

same ~ells are highly comparable. H~wever, it appears that adrenal cells transfected 

with pXP2-CYP17(-2544) at PDL.55-have more copies of this plasmid than cells at 

POL 10. This may e}tplain why the construct is better induced in POL 55 cells 

compared to POL 10 cells. Also, Southern analysis of POL 10 and POL 55 cells 

transfected with pXP2-CYP17 (-488) shows that this plasmid is present m greater 

copy numbers in cells transfectedatPDL 55 than in cells atPDL 10. This is 

demonstrated by the presence of a 1.5 kb band which is of greater intensity in the 

DNA from POL 55 cells than in POL 10 cells. The reason why the integration · 

appears to be more efficient in the cells at POL 55 than in cells at PDL 10 is not 

cle~. It may be due to the presence of increased DNA strand breaks which are 

observed in cells of later passages. These strand. breaks may then facilitate the 

integration ·of exogenously introduced pieces of DNA. 
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FIGURE 18. The .poor inducibility_ of pXP2-C~l 7(-2544) _in POL 10 cells is 

not due-to damage to the construct upon integration into chromosomal DNA. 

Southern analysis of DNA from POL 10 cells transfected with pXP2-

CYPl 7 ( ..;2544) was carried-out to demonstrate-·that the .construct had integrated 

undamaged, into the chrcmiosomal genome. The-construct was very poorly 

induced in .these ·cells; therefore, it was necessary to .determine 1.f this was because 

the plasmid was damaged, when it integrated into the chromosomal DNA. Total 

DNA was i~olated and digested-wi~ the-enzymes_ Sall-and Ecorl. Cutting with 

these enzymes· should release the intact CYPJ-7-luciferase gene out of the plasmid in 

the form of a 3-~i kb fragment. A CYP 17Al 5' 534 bp sequence labelled with the 
. . 

random primer method was used as_ a p~obe. Presence of this· band demonstrates 

that the the. plasimd was not damaged upon integration. This probe ·a1so hybridizes 

to the CYP 17,endogenous gene and produces a 4.7 .kb:band DNA from POL 55 
. . 

cells transfected with pXP2:-C:YP17(-488) and pXP2.-CYP17.( -:e2544) as well as 

from POL 10 cells ttansfected with, pXP2:..cyp17 (-4~8) was used as- a positive 

control. DNA from nontransfected bovine WBC. was used as a negative control. 
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ANALYSIS OF TRANSFECTED CLONES 

Several transfected clones_ were ·isolated and screened for their ability to 

express luciferase on Jnduction with .cholera toxin. Three clones each.of SBAC ... 

transfected with pXP2-CYPl7(-488) or,P:XP2-CYP17(-2544) were sel~ted and 

used for further experiments~ The .SBAC clones· transfected with pXP2-

CYP17(-488) e~presse<fboth, luciferase and 17a-hydroxylase on induction with 

cholera toxin (Figures 19 and 20). The level of induction was highly compar3:ble 

between the clones .. However, the absolute amount ofluciferase e~pressed varied. 

The ·induction of .luciferase from the individual clones was also compared. 

with the induction from pooled clones. (Figure 16 and 19). This comparison was··· 

done in order to address the question whether clones within. the pooled population 

which expressed luciferase· \vere also the same clones which were expressing 17 a-

hydroxylase i.e. we were. not dealing with. a mixture of adrenal cells some of which 

expressed luciferase and some of which expressed 17a-hydroxylase._ 

Clearly, SBAC transfected with pXP2-CYP17(-488). or p~-

CYPl 7(-2544), pooled and clones, exp~esscd luciferase.··on induction with cholera 

toxin and .there was no significant difference in -induction levels obtained fyom 

bothindividual clones as well as pooled clones. Therefore~ p00led or individual 

clones can be used in the analysis of the phenotypic :switching in ·the endogenous 

CYP 17 .gene .. 
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FIGURE 19.. Inductfonlevels are comparable ·betw~en pooled cells and separate 

clones although ·the actual amount of luciferase may vary. 

Individual clones of POL 10 cells transfected with pXP2-CYP17(-488) or 

pXP2-CYP17(-2544) were randomly isolated using cloning rings as described 

earlier. 

The induction of luciferase was investigated in three individual clones. Cells . 

· were grown up till semi-confluent ~d stimulated with cholera toxin as before. Data 

is from individual clones, plated· and stimulated in triplicate with the results 

presented-as-mean +:/-S.E. As shown in.the figure, the three clones transfected 

with pXP2-CYP17(-488) ~how the same pattem of induction, however, the actual. 

amount of light,generated varies. Similarly, the three. clones ~sfected with 

pXP2-CYP17( .;.2544). also demonstrate·, that although the actual amount of 

luciferase .production-varies; the .pattern- of :~duction is highly similar. The 

induction pattern is similar to the one obtained with pooled clones. (see Figure 16). 
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FIGURE 20 .. The endogenous CTP17 gene is also induced in the three separate 

clones (described under Figure 19) transfected with pXP2-CYP17(-488) at the 

mRNA level when induced with cholera toxin. 

RNA was isolated froin the three clones expressing luciferase to ascertain 

their ability to ~so express endogenous CYP17~ Northern blotting.was carried out 

as before to demonstrate induction of CYP 17 at the mRNA level on induction with 

cholera toxin. 
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EXPRESSION QF THE CYP17-LUCIFERASE CHIMERIC 

CONSTRUCTS IS CELL-TYPE SPECIFIC 

To ·check the. cell-type specificity of the constructs, the plasmids were 

ligated separately-to.pSy3neo as before and co-transf~ted into cells which do not 

normally ex.pres~ the 17 a-hydroxy.lase gene. For this purpC>se, bovine 'kidney 

fibroblasts were selected. These cells do not express 17a-hydroxylase on 

induction with cholera toxin and therefore should not allow expression of the 

CYP 17A2 promoter/enhancer .driven luciferase c~nstructs which are dependent on 

specific factors which must be present .only in cell which normally_ express 17 a ... 

hydroxylase. The fibroblasts were grown in 10 cm plates until they were 40 % 

confluent and transfected with either pXP2-CYP17(-488)-or pXP2-CYP17(-2544) 

by the method described earlier for transf~tion of bovine adrenOCClrtical cells. · 

Transfected cells were selected using 0418 as -before. Two individual ~lones 

transfected with pXP2~CYP17(-488) or pXP2 ... CYP17(-2544) were isolated ·and 

stimulated with cholera toxin as described. As shown iri Figure 19,. none or very 

little CYP 17A2 promoter/enhancer directed luciferase expression was ·observed in · 

the fibroblasts. Clearly, there was no, induction of the constructs with cholera 

toxin. Therefore, the 5 ,·regtJlatory sequences-4,88_to +29 and--2544 to+ 29,, 

both, are able to confer-cell-type specific expression to the luciferase constructs. 

It should be noted that the phenotypic switching mechanism of the CYP 17 

gene in the adrenocC>rtical cells is at present unknown. It may or _may not resemble 
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the mechanism by which the gene is repressed in a cell-type specific manner in 

fibroblasts. 
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FIGURE 21. The induction of the CYP17-luciferase.constructs by cholera toxin 

is cell-type specific. 

Two individual clones of bovine kidney fibroblasts transfected with 

pXP~-CYP17(-488) or pXP2-CYP17(-2544) were grown up and stimulated with 

cholera toxin· as describe4 earlier. They were then a~sayed for luciferase activity. 

As the figure shows, there is very little; if any, induction of either construct in these 

cells. This is.expected since the·se cells do not express the CYP 17 gene. 

Therefore, .this demonstrates the cell-type spediicity of the CYP 17~luciferase 

chimeric constructs. 
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CHAPTER 6. OVERVIEW AND CONCLUSIONS 
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In this sm4y, a differentiated bovine adrenocortical cell system was used to 

investigate the-decline in the iriducibility of the CYP 17 gene during cellular 

senescence. In particular, -the 'involvement of transcription factors in the decline 

was investigated. In order to-do this, two separate hetero~ogous gene constructs 

were created. The.c.onstructs contained sequences either-2544 to +29 or ,.4gg to 

+29 of the CYP 17A2 and CYf 17Al genes respectively, linked to the luciferase 

cDNA. Luciferase was :therefore used as a reporter of the heterologous gene 

activity. By transfection experiments it was demonstrated that the phenotypic 

switching in the endogenous CYP 17 .gene in bovine adrenocortical cells is not due 

· to a loss in positive transcription factors acting within-2544-_to +29 bp of the 5' 

regulatory region of.the CYP 17 genes. This-evidence came from experiments in . 

which the heterologous gene .constructs were separately transfected into bovine 

adrenocortical cells at PDL 10 ( cells which active~y express the endogenous CYP 17 

gene on activation with cholera toxin) ~d PJ?L 55 (cells which do not express the 

endogenous CYPJ 7 gene even on induction with cholera toxin). Luciferase was 

induced from both constructs by ·cholera toxin, 'in the cells at PDL 55. Thus 

clearly, the positive .transcription factors acting within at least --2544. to + 29 bp of 

the 5' regulatocy region of the CYP 17 genes must b_e present in these cells despite 

the apparent loss ·in ~xpression of the endogenous CYP 17 genes. Th~s the 

phenotypic switching-in the endogenous CYP 17 gene is not due to- a loss in positive 

transcription factors acting within -2544 to- +29 bp of the 5' regulatory region of the 

CYP 17 genes. 
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Furthermore, there is evidence that there may be a negative re.gulatory 

element within the seqµence -2544 to-489:~ Thisis based·on the fact that the 

induction ofpXP2-CYP17(-2544) in both POL 10 and POL 55 ~ells is lower as 

compared to the induction· of pXP2-CYP17( ~488) in·hoth cell types. 

Additionally, the expres.sion ofthe-heterologous constructs appears to be 
. ' 

better in the cells at POL 55 .compared to their expi;ession in cells at POL 10. This 

is· surprising since the cells at POL 10 e~press the endogenous gene :and not the 

cells at PDL .55. The reason for this is• not clear at present, however the POL 55 

cells appear to, have a higher copy number of the transfected plasmids. This may be 

a factor contributing to the higher induction the consttucts in these cells. 

Since the loss in inducibility of the endogenous gene does not appear to be 

due to a loss or change in positive transcription factors, it is. possible that this loss 

~Y be due to cis;.. type of events -such as changes in methylation in the 5' regulatory 

region. Othei; experiments in our-labo~tory have demonstrated a specific change 

(during senescence)in methylation at particular CpG sites (11). These sites are 

present in the region -2544 to -489 of the endogenous CYP17 genes and may 

therefore .be involved in the. decline in inducti~n of the endogenous genes. 

Both the C(?nstruc.ts function in a cell-type specific manner. This was 
' . 

determined by transfecting the constructs separately into non-steroidogenic cells 

(fibroblasts) .. Luciferase.expression from either constructs in these cells was low. 



More importantly, their induction with cholera toxin was minimal. Therefore.the 

constructs appear to _be regulated (with respect to cAMP -inducibility) in a manner 

similar to the endogenous gene. 

Finally, the above.results also provide further evidence suggesting that the 

endogenous CYP 17 A2 gene is likely to be expressed in-vivo since, 2544 bp of its 

5' regulatory region are able to confer both, cAMP inducibility and tissue specificity 

to theluciferase constructs. 

Since a loss in transcription factors does not appear to be. the primary cause 

for the switching event,. the involvement of cis- ·ch~ges needs to ·be investigated. 

For example.the methylation status of the constructs after they have been· integrated 

in the genome must be detemut1ed. It. is also of obvious interest to identify the 

exact regions of DNA which bind to the transcription factors. This work is now 

underway in our laboratory by means of gel-shift as well asDNasel footprinting 

analysis. Furthermore, deletion analyses of th~ CYP 17 5' regulatory region starting 

with pXP2-CYP17(-2544) is also being carried Qut to detenniµe the sequence of the 

negative regulatory element and to investigate its role in the switching event. 
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