
 

 
Z
r
L
L
E
:

.
.

.
.
.
.
w
.
.
M
.
.
.
.
§
b
.
L

..
..
,
w

v
.

_

.
.

3
.
5
”
?

 

.w
”.
..
..
m.

A
m
.

.
.
.
.
:
.

A

a.
_

2
.
3
;

3
:
3
.

 

.
“
J
u
fi
n
w
fi
a
2
:
5

.
I

.
u

i
.

A
1

VA
J
i
n
fl
fl
x
a
.
.
.
a
n
“

       
 

£
3
5
.
.

.
2
?

..
.

  
 

 
 
 

 
 
 
 
 
 
 
 

A
3
.
.
.
,
«
3
1
3
.

..
..

.
L

A

.
2
:
{
4
.
4
9
:

I
O
I

u
n
.
‘
r

L
:
A
v
a
p
s
i
g
i
u

 

 

 

A.

(‘38:

m
a
n
n
a

.
c

C
A
.

I
.
I

;

«
C
r

”
5
”
q
u

h
2
!
.

A
z
‘
:

 

a
m
u
w
m
a
?

r
1
3
.
.
.
“
.t
.
.
.

5
“

 

:
0

.
2
:
.

9
f
.

.
2
.

I
.

.
.

.
s

.
.

x
.

6
.
1

n

a

.

a
t
t
a
p
r
w
.

.

(
.

3
7
!
.

I
I

v.
.

fi
.
3
5
“
.

S
E
E
N

x.
.

A
1

.
.

o
n

t
.

A
I
t

.
l

A

A

.
3
1
.
!
I

.
.

A.
‘

e.
..

,
n

fl
u
“

.

.

x
4
r
4
m
$
w
a
1
fl
§

.
n
.
“

:
A
1

«
m
i

.
5

r
a
n
g
.

v

file: .1.

- M"

- i

I
t

:
3
1
.
3
N
.

$
2
.
3
.

a
.

‘ ‘2‘?” :

A
\

I
h
.
h

,
1
.

..
3
.
1
.
.
.
m
m
v
e
g

A
.

n
.
O

.
r

.a

A”
‘
1.
1‘

p
n
.
‘

.
.

1.
3.

.
n L

«
K
E
R

 



MSIQ

TATE

ullillllllllllllll r
3 1293 01390 7

This is to certify that the

dissertation entitled

SOMATIC DISRUPTION OF CHICKEN HMG-17 AND PING-14A GENES

presented by

YI LI

has been accepted towards fulfillment

of the requirements for

Ph. D. degree in MICROBIOLOGY
 

 

 

Date March 22, 1996
 

MSU i: an Affirmative Action/Equal Opportunity Institution 0-12771



 

LIBRARY

Michigan State

University
   

PLACE ll RETURN BOXtom
avethbchockwt

myum.

TO AVOID FINESM
m on or before date duo.

DATE DUE DATE DUE DATE DUE

      

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 * ll
MSU Is An Nflmutivo MIM

I/Equal Oppommlly
Institution

W

 

”Ia-9.1

 

 



SOMATIC DISRUPTION OF CHICKEN HMG-l7 AND HMG-14A GENES

BY

Yi Li

A DISSERTATION

Submitted To

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Microbiology

1996



ABSTRACT

SOMATIC DISRUPTION OF CHICKEN HMG-l7 AND HMO-14A GENES

BY

Yi Li

HMG-14 and HMG-l7 are ubiquitous non-histone

chromosomal proteins that bind to nucleosome core

particles. They form a family of chromosomal proteins

that have been reported to bind preferentially to

regions of active chromatin structure. To study the

functional role of the single-copy chicken HMG-17 and

HMG-14a genes, a targeted disruption (gene knockout)

technique was used to generate HMG-17 doubly disrupted

cell lines (D2, D20, D98—7, and D108-1), one HMO-14a

doubly disrupted mutant cell line (8/bsr8), and

quadruply disrupted cell lines (BpS, Bp39, Nh43, and

Nh52) lacking both HMG-17 and HMG-14a from a chicken B-

lymphoid cell line, DT40. As expected, doubly disrupted

HMG-17 mutant lines (D2, D20, D98-7, and D108—l)

produced no detectable HMS-17 protein, the doubly

disrupted HMO-14a mutant line (8/bsr8) produced no

detectable HMG-l4a, and quadruply disrupted cell lines

(BpS, Bp39, Nh43, and Nh52) produced neither HMG-17 nor

HMG-14a. No significant changes in proliferation rate

or other cell phenotypes were detected in all these cell

lines with respect to the parental DT40, and no



compensatory changes in HMS-14b or histone protein

levels were observed. It is concluded that HMG-l4a and

HMG-17 proteins are not required for normal growth of

avian cell lines in vitro, nor does the absence of HMG-

17 and HMG-14a lead to any major changes in cellular

phenotype, at least in lymphoid cells.
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INTRODUCTION

In eukaryotes, chromatin consists of DNA, histones, and

a variety of non-histone proteins. Among the non-histone

proteins are the high mobility group (HMG) proteins. These

proteins were named "HMG" because they consist of a group of

proteins which could be extracted from chromatin by 0.35M

NaCl and solublized in 2% TCA and which migrated with high

mobility in acrylamide gel electrophoresis (41). Due to

this arbitrary definition, the members of this family do not

necessarily play a similar role in cell nuclei, nor do they

necessarily have close structural relationships. As

molecular characterization of these proteins continued and

more have been learned of their functions, the HMG proteins

are now further classified into three sub-families: HMG-14

and HMG-17, HMG-1 and HMG-2, and HMG-I and its isoform HMG-Y

(12). HMG proteins within each family are structurally and

functionally related, yet proteins between families

demonstrate little, if any, relatedness. This thesis is

focused on HMG-14 and HMG-17 only.



The genes and transcripts

HMG-14 and HMG-17 comprise a family of nucleosome-

binding proteins with molecular weights of 10,000 to 12,000

(12). In fact, they are the only nuclear proteins

identified to date that bind specifically to nucleosomes and

bind nucleosomes more tightly than free DNA (79). HMG-14

and HMG-17 are ubiquitously expressed in all vertebrates

examined to date (57). Mammals appear to express single

HMG-l7 and HMG-14 proteins (12). In chickens, two rather

different types of HMG-14 (HMG-14a and HMG-14b) have been

identified (26, 88). HMG-14a is the dominant form in all

cell types examined, but HMG—14b is more closely related to

mammalian HMG-14s in amino acid sequence (26, 88).

The human genes encoding HMG-17 (47) and HMG-l4 (46,

49) and the chicken genes encoding HMG-17 (48), HMG-14a

(26), and HMG-14b (88, 89) have been cloned and

characterized. The human and chicken HMG-17 genes and the

human HMG-14 gene each contain 6 exons and S introns (Figure

1). In the chicken HMG-14b gene, the exon-intron

organization is very similar to HMG-l7 or human HMG-l4

except that intron 2 is absent producing a fusion at the

GT/AG boundary of exon 2 and exon 3 resulting in an

insertion of a GTA codon (valine). The chicken HMG-14a
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Figure 1. Structure of the HMG-14l-17 genes in human and chickens. The

position of introns and exons are drawn to scale and aligned at the

start of transcription. Arrows indicates direction of transcription.

onns are numbered by roman numerals. The black regions identify coding

regions of the genes. Exons marked with asterisks are coding for the

nucleosome-binding domain. The "HTF islands" starting from residues

-500 and ending at the start of exon 2 are shaded. The length of the

gene, from the start of transcription (nucleotide +1) to the poly(A)

signal (AATAAA) is indicated under its name. This figure is copied

from reference (12).
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consists of 7 exons and 6 introns. The presence of an extra

exon (exon 0) in chicken HMG-14b is due to alternative

splicing in this gene (10). Exons 1, 3, and 4 are well

conserved among all genes studied in this family while other

exons are either not conserved or weakly so (12).

The promoter regions of this gene family have a very

high GC content (75%) and contain multiple CpG

dinucleotides; both are expected for a typical housekeeping

gene. The HMG-17 genes contain two TATA boxes, whereas the

HMG—l4 genes lack a TATA box (12). This difference suggests

that these two genes may be regulated differently. Indeed,

when HMG-14 is overexpressed from transfected plasmid DNA,

the level of endogenous HMG-17 does not change (70).

In chickens, a single-copy gene codes for each of the

three genes in this family (26, 89). The human genome

contains 60-80 gene copy equivalents for HMG-14 (44) and 30-

50 for HMG-17 (47, 87), and the genes copies are not in

close proximity and are probably located on different

chromosomes (87). Most of the copies do not encode

transcripts. Sequence analysis indicates that these non-

functional genes hybridizing to the HMG-17 probe are

processed retropseudogenes which arose around ten million

years ago from a common ancestor (87). Northern blotting

analysis using a cDNA probe indicates that only one or at

most a few copies of either the HMG-l4 or HMG—l7 gene is

functional in human cells (47, 49).

The cDNA clones of HMG-l4 and HMG—17 from human (47,



5' oar: 3' ' '

m 72.5% 59.3% 51.3% mus-14 vs. swam

m: 54.7% gum 44.4% mHMG-M vs. cHMG-Iu

£1411»; 76 8% 86.4% 61.0% hHMG-M vs. mHMG-N

m; 55.5% 52.1% 43.3% mus-14 vs. cHMG-14b

m; 51.3% 53.4% 44.4% ems-14b vs. mus-14a

m; 62.0% 48.1% 48.8% mHMG-u vs. cHMG-14b_

{ aha : ”as : .nma

5' ORF 3'

m5 35.3% g35.3%§ 57.9% 552.1% hHMG~I7 vs. “MG-I7

m 35.0% 315.1%? 55.1% §ao.7% "mm-17 vs. “MG-17

'~ m; 92.7% 315.1%? 74.0% 534.3% hHMG-W VS» mHMG-W  

Figure 2. Sequence similarity between regions of HMG-14/-17 cDNAs.

The open reading frames (ORF) are identified by large solid blocks, and

the S'a and 3' untranslated regions are represented by solid lines. The

boundaries of the regions which have been compared are identified by

vertical dotted lines. The percentage of identity is shown. The cDNAs

that are compared are human HMG-17 (hHMG-17), mouse HMG-17 (mHMG-17),

chicken HMG-17 (cHMG-17), human HMG—14 (hHMG-14), mouse HMG-14 (mHMG-

14), and chicken HMG—14b (cHMG-14b). This figure is copied from

reference (12)
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comprise most (approximately 75%) of the transcripts, is

enriched in AT nucleotides. The nucleotide sequences

between the HMG-14 and HMG—17 sub-families are only

distantly related. Within each subfamily, the sequence in

the open-reading-frame is evolutionarily conserved. But

what is interesting is the remarkable sequence conservation

in the 3' UTR (especially true in HMG-17) (Figure 2).

Whether this non-coding region plays a role in mRNA

processing and/or stability remains to be identified, but a

recent report (9) suggests that it may enhance transcript

degradation.

The peptides

The peptide sequences of HMG-17 and HMG-14 from several

species including human (47, 49), mice (45, 50), and

chickens (26, 88, 103) have been determined. In addition,

HMG-17 sequences from swine (8), bovine (102), and rats (67)

and HMG-14 from bovine (102a) have been determined. The

alignment of HMG-14 and HMG-17 sequences identified several

interesting features of this family of proteins (Figure 3).

They all have a mildly basic N-terminus, a very basic

central domain enriched in proline and lysine, and an acidic

tail. The central domain is highly conserved in all

members of this family. This extremely high conservation

suggests that this region is important either functionally

or structurally. In vitro mutagenesis (22, 72a) studies



 

human HMG14

calf HMGl4

SSAEG--------AKEE-PKRRSARLSAKPPAKVEAKPKKKAAAK

SSAEG-------AAKEE-PKRRSARLSAKPAPAKVETKPKKAAGK

mouse HMGl4 S-ADG-------AAKAE-PKRRSARLSAKPAPAKVDAKPKKAAGK

chicken HMGl4a -AEGE-------AKEE-PKRRSARLSAKPAPPKPEPKPKKAAPK

Chicken HMG14b JAASRG--------GREEVPKRRSARLSAKPVPDKAEPKAKALAAK   

 

human HMGl7

calf HMGl?

mouse HMG17

chicken HMG17

porcine HMGI?

~--AEGDAKGDKAKVKDE-PQRRSARLSAKPAPPKPEPKPKKAPAK

P--AEGDAKGDKAKVKDE-PQRRSARLSAKPAPPKPEPKPKKAPAK

~--AEGDAKGDKTKVKDE-PQRRSARLSAKPAPPKPEPKPKKAPAK

~--AEGDTKGDKAKVKDE- QRRSARLSAKPAPPKPEPKPKKAAPK

~--AEGDAKGDKAKVKDE- RRSARLSAKPAPPKPEPKPKKAPAK

ESPASDEAGEK-EAKSD

AENGET ESPASDEAEEK-EAKSD

AENGET Q-SPASEE--EK-EAKSD

SENGDTKTNEAPAAEASDDK-EAKSE

AENGETK EETPASDAAVEKEEVKSE

AENGDAK AQK--AEGAG-DAK--

AENGDAKTNQAEK--AEGAG-DAK--

AENGDAKTDQAQK—-AEGAG-DAK-~

AENGDAKTNQAEK--AEGAG-DAK--

TDQAQK--AEGAG-DAK--

   
  

  

  

  
   

  

 

------DKSSDKKVQTKGKRGAKGKQ~AEVANQETKED

------DKSSDKKVQTKGKRGAKGKQ-AEVANQETKED

------DKASDKKVQIKGKRGAKGKQ-ADVADQQTT-E

KEKAANDKKEDKKAATKGKKGAKGKD--ETKQEDAKE

------DKSENKKAQSKGKKGPKGKQTEETNQEQIKD

-------xss--Kvp-KGKKs—-------KADAGKEG

-------KGE--KVP-KGKKG--------KADAGKDG

-------KGs--xvp-KGKKG--------KADAGKD

-------KSE--KVP-KGKKG--------KADAGKE

-------KsE--Kvp-KGKxG------—-KADAG  

Figure 3. Alignment of various HMG—14 and HMG-17 molecules. the: part

of this figure is modified from reference (12). Beside porcine HMG-17

sequence (90), all other sequences are from reference (12).
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demonstrated that it mediates nucleosome binding. Neither

the N-terminal nor the C-terminal region is well conserved

between HMG—14 groups and HMG-17 groups except for the first

four amino acids at the N-terminus and a stretch of 8 amino

acids in the C-terminus. When any member of the HMG-l7

group is compared to that of HMG-14, the sequence identity

is only 35-55% identical (88). However, when amino acid

sequences among HMG-17s from various species are compared,

the similarity is high (>90% identical). The human and

chicken HMG-17 genes diverged approximately 300 million

years ago, yet the HMG-17 proteins from these two species

are 94% identical (26). And when porcine HMG-17 is compared

to the sequence of HMG-17 in the human (47), mouse(50), rat

(67), and chicken (26, 48), there are only one, two, three,

and seven substitutions, respectively. The mammalian HMG-14

peptide sequences are very similar along the whole sequence.

The human HMG-14 sequence is 94% identical to bovine HMG-14.

However, the chicken HMG-14b (mammalian HMG-14 homologue) is

quite dissimilar to mammalian HMG-14 sequences. Between

chicken HMG-14b and the human homologue the identity is only

69%. In chickens, HMG-14a is nearly as similar to HMG-17

(44% identical) as it is to HMG-14b (55% identical);

therefore, the avian HMG-14 and HMG-17 family should

probably be considered to contain 3 relatively independent

members rather than two sub-families, one of which (HMG-14)

contains two genes. The differences in sequence

conservation between the HMG-17 family and the HMG—14 family
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indicates that the HMG-17 family has evolved more slowly

than that of HMG-14.

The C-terminal region of HMG-14 and HMG—17 has been

reported to activate transcription on chromatin templates in

vitro (98). As discussed above, this C-terminal region is

not well conserved between HMG-14 and HMG-17; therefore,

perhaps, the acidic feature in this region rather than the

sequence itself is important for the in vitro activation

observed. A stretch of 8 amino acid residues are almost

invariably conserved in all HMG-14 and HMG-17 peptides

characterized to date, and the replacement of a glutamic

acid at residue 76 in that conserved region in HMG-14 with

glutamine resulted in an almost complete loss of the

transcriptional activation capability of this domain in

vitro (97). These 8 residues may form the core of the

activation domain.

HMG-17 and HMG-14 proteins are post-translationally

modified by acetylation, methylation, glycosylation, ADP-

ribosylation, and phosphorylation (5, 6, 73, 100). The

functional roles of these modifications are unknown, but

they potentially increase the structural flexibility and

variability and binding specificity. Recent data suggest

that phosphorylation of HMG-14 at the N-terminus by mitogen~

or anisomycin-stimulated kinases may induce immediate-early

gene expression through modulating the high-order chromatin

stucture (6). The phosphorylation of HMG-14 and/or HMG-17

may also be involved in nucleosome spacing (96).
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When not associated with nucleosomes, HMG-14 and HMG-17

do not seem to possess any stable secondary or tertiary

structure as shown by circular dichroism (16) and nuclear

magnetic renaissance (NMR) analysis (16). This is not

surprising since apolar residues are almost completely

absent in their primary structure. It is believed that a

more rigid structure is gained upon binding to nucleosomes.

Functions

HMG-14 and HMG-17 bind to core nucleosomes near the

dyad axis and interact with the DNA on the inside of the

superhelix near the entry/exit point (Figure 4) (4, 20, 79,

84). H2a is the primary histone with which the HMGs

interact; other histones are contacted as well but weakly

(21). Since the HMG protein is inserted between the

histone core and the DNA, the binding to nucleosomes may

alter the interaction between the octamer and the

nucleosomal DNA.

Since identical footprints were observed for both HMG—

17 and HMG-14 in reconstituted nucleosomes, these proteins

have been presumed to bind nucleosomes interchangeably (4).

Each nucleosome has two potential binding sites for either

HMG-17 or HMG-14 (3, 55, 79), and nucleosomes in association

with 2, 1 or 0 molecules of HMG-l4 and/or HMG-17 have been

shown to exist in chromatin as assayed in vitro (3). The

two bound HMG molecules do not seem to interact with each



ll

 

Figure 4. Model of the location of HMG-14l-17 on a nucleosome core.

The nucleosome core particle binds up to two molecules of HMG-14l-17,

which contact DNA near the entry and exit point. This figure is copied

from reference (4).
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other (21). The binding of the HMGs to nucleosomes

stabilizes nucleosomes and protects the ends of the core

particle DNA from DNase I digestion (55, 79). The HMG

proteins bind specifically to core particles, but the

binding does not seem to impede the binding of linker

histones H1 or H5 (3, 4) and the formation of higher order

chromatin structure (58). However, it must be noted that

the linker DNAs may promote the binding of HMGs to chromatin

since HMG-14/-17 bind in vitro with higher affinity to (92)

and are enriched in (34, 91) nucleosomes with DNA fragments

longer than the core DNA length ("146bp).

Although this family of proteins is ubiquitously

present in all higher eukaryotic cells examined to date, the

level of these proteins in nuclei is generally estimated to

suffice for the binding of only about 10-20% of the total

number of nucleosomes in the cell nucleus (assuming one

molecule of HMG-14 or -17 per nucleosome) (80). It has been

suggested that the subset of nucleosomes bound by these

proteins is preferentially located in the active chromatin

(29, 63,72, 79, 105—108). Active chromatin is generally

more sensitive to DNase I than bulk chromatin (104).

Reconstitution (105-107) experiments found that the

increased DNase I sensitivity of some active genes (beta

globin and nuclear RNA genes) is lost and regained upon

elution and restoration, respectively, of HMG-14/—17 to

mononucleosomes prepared from chick erythrocytes (105-107).

When mononucleosome preparations from chicken erythrocyte
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nuclei stripped of HMG proteins are partially titrated with

HMG-14/—17, the nucleosome-HMG complex fraction is enriched

in beta-globin gene sequences (79). Certain

transcriptionally active gene sequences such as alpha—globin

(erythrocytes), vitellogenin II gene (liver), ovalbumin, and

lysozyme genes (oviduct) and acetylated histones (which

preferentially associate with active DNA sequence) are

preferentially retained when oligonucleosomes are

fractionated on HMG-14/-17 affinity columns (29, 108, 109).

In addition, transcription (as determined by uridine

incorporation) is inhibited when antibodies against HMG-17

are microinjected into human fibroblasts (31),

immunofluorescent-labeled anti-HMG-14 antibodies bind

preferentially to transcriptionally active regions of

polytene chromosomes in Chironomus pallidivittatus (110),

and HMG-14 and HMG-17 are preferentially linked to the chick

erythrocyte beta-globin gene in protein-DNA cross-linking

experiments (72).

Despite these repeated observations of the association

of HMG-14 and HMG-17 proteins with active chromatin, the

structural basis for this association is unknown and,

furthermore, a number of reports (7, 32, 52, 56, 74, 80)

suggest HMG-14/-l7 may not be solely associated with active

chromatin domains. Seale et a1. (80) reported that the

enrichment of HMG-14/-17, relative to bulk chromatin, is

less than 2-fold in the chromatin fraction enriched 6-fold

in active sequences in HeLa cells and when the kinetics of
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reconstitution of bulk versus coding sequences were measured

with cDNA, there was no significant enrichment of active

sequences in the HMG-containing mononucleosomes of HeLa.

Similarly, Levinger et a1. (7, 52) reported that the

abundance of mononucleosomes containing HMG-14/-17 is not

much different between the amplified, transcriptionally-

activated dihydrofolate reductase gene and satellite

chromatin regions. Moreover, some reports (33, 35, 66, 82)

suggest that HMG-14/-17 may not be responsible for DNase I

sensitivity or hypersensitivity in active chromatin. It has

been observed that mononucleosomes from chick oviduct

exhibit little difference between nuclease susceptibility of

the ovalbumin gene and that of the globin gene (33, 82).

Goodwin et a1. (35) reported that when HMG-14/-17 were

extracted from chromatin by low pH, a developmentally

regulated DNase I hypersensitive site in the beta globin

domain was not perturbed and the overall DNase I sensitive

conformation of the beta globin gene (relative to the

ovalbumin gene) was only minimally affected. Additionally,

Nicolas et a1. (66) observed that HMG-14/-17 containing

chick erythrocyte mononucleosomes separated by

electrophoresis are not sensitive to DNase I cleavage and

contain both transcriptionally active and inactive

sequences.

These discrepancies in the literature can partly be

explained by the common extrapolation of results obtained

from erythrocyte mononucleosomes and in vitro systems to
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more complex systems and by the fact that different

nucleosome and chromatin preparations have been employed.

For example, the apparent affinity of HMG—17 to

mononucleosomes increases more than 100-fold when the length

of the nucleosomal DNA is increased by 3-5 bp over the core

DNA length ("146 bp) (92); therefore, the in vitro

preferential binding of HMG-14/—17 to active chromatin may

be due to the greater affinity of these proteins for

nucleosomes with longer nucleosomal DNAs released from

active chromatin rather than indicating an in vivo

preferential association.

The cellular levels of HMG-14 and HMG-17 mRNAs are

higher in dividing cells than in non—dividing cells and

their transcripts are made throughout the cell cycle with an

increase in late S-phase (13). Rapidly growing cells and

tissues also contain more HMG-14 and HMG-17 proteins than

non—proliferating cells and tissues (71). The expression of

this gene family is down-regulated during cellular

differentiation (83) and, recently, Pash et a1. (70)

reported that aberrant expression of human HMG-14 inhibits

the differentiation of mouse myoblast cells, suggesting that

these proteins may modulate cell differentiation.

HMG-14 and HMG-17 have recently been reported to

directly affect gene transcription on chromatin templates as

assayed in vitro (23, 25, 69, 97). HMG-14 enhances

transcription of genes by RNA polymerase II from in vivo

assembled Simian Virus 40 minichromosomes (25), HMG-17



16

enhances activated but not basal level transcription of in

vitro assembled chromatin templates (69), and both proteins

enhance transcription of SS rRNA by RNA polymerase III in a

xenopus egg extract assembly system (23, 97). The

literature is conflicting regarding whether these

transcriptional effects in vitro require the deposition of

the HMGs during chromatin assembly (25, 97).

As discussed above, HMG-14 and HMG-17 are similar in

molecular size, amino acid sequence, charge distribution

along the sequence, functional domain structure, and

interaction with nucleosomes. For this reason, these two

proteins are generally assumed to play similar, if not

identical, roles in cells. However, the facts that both

proteins are present in all cell types examined to date and

that the two proteins have evolved at different rates

suggest that a unique function(s) may be possessed by one

member but not the other. It has recently been reported

that phosphorylation of HMG-14, but not HMG-17, was detected

upon mitogenic induction of immediate-early genes in a mouse

fibroblast cell line (6).

Targeted disruption (knockout)

Although a great amount of information has been

generated on the biochemistry of HMG-14 and HMG-17 proteins,

the functions of these proteins in vivo remain obscure.

This is primarily due to the inherent limitation of the in
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vitro assays used in most of these reports and the fact

that, as discussed above, many of the reports are either not

conclusive or are conflicting. To address the question of

in vivo function more thoroughly we have taken a genetic

approach as have a few other laboratories.

One genetic approach as reported by Pash et al. (70) is

to over—express HMG-14 in cultured cells and study the

biological consequences. Their results demonstrated that

overexpression inhibits cellular differentiation in mouse

myoblasts. Natalie Brown in our laboratory (9) performed

similar studies in an avian fibroblast system without

obvious phenotypic effects. However, these studies have

been hampered by regulatory mechanisms, which seems to limit

the level of overexpression, and the presence of the

endogenous HMG genes in the transfected cells . Therefore,

we became interested in generating null mutant cell lines,

if possible, which were unable to express one or more HMG

genes.

Most gene disruption experiments in vertebrates have

been accomplished by using mouse embryonic stem (ES) cells

as a vector to generate null mutant transgenic animals (15,

95). By transfecting a replacement vector that contains

homologous sequences to the target gene sequence but with a

drug-selectable marker inserted in the middle of the

homologous sequence (or more frequently with the marker

replacing a portion of the homologous sequences) (Figure 5),

a nmtant cell line can be selected in which the functional
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gene sequence has been replaced by the vector sequence

through homologous recombination. This results in the

physical disruption of one copy of the target gene and,

presumably, the loss of its function. Since ES cells are

pluripotent, when reintroduced into mouse blastocysts, they

can contribute efficiently to the formation of chimeric

transgenic mice, including germ line chimeras. Therefore,

using ES cells containing a singly disrupted target gene,

mice heterozygous for the null mutant allele can be

generated, and their offspring can be bred to provide mice

homozygous for the null mutant allele (assuming it is not a

recessive lethal).

Because of the precise replacement due to homologous

recombination, gene targeting (knockout), as described

above, allows for the introduction of defined mutations into

a mouse genome and, in addition, any confounding effect of

the endogenous gene is eliminated. Knockout mice have been

generated for a number of important genes including the

cystic fibrosis (cftr) gene (19), muscle development genes

(Myo-D and myo-S) (76,77), proto-oncogenes Nlmyc (17), c-fos

(42), c-src (86), c-abl (99), p53 (28) and rb—l (51), and

genes that encode transforming growth factor (TGF) type 81

(85), tenascin (78), and retinoic acid receptor alpha (53)

and beta (59). Developmental, physiological, and

immunological analyses of these mice have provided increased

understanding of the in vivo function and regulation of

these genes.



19

It is currently difficult to produce knockout mice for

the HMG-14 and HMG-17 gene family for the following reasons.

Mouse genomic sequences for neither HMG-14 nor HMG-l7 have

been characterized. We may assume that their general

features are similar to those of their human homologues. As

discussed above, more than one functional copy may exist per

haploid mammalian genome at different chromosomal locations

(44, 87). With the current technology, it is very difficult

to disrupt multiple genes not located in close proximity.

In addition, the existence of a large number of processed

retropseudogenes complicates the difficulties in designing

PCR screening primers and in finding diagnostic Southern

blotting probes.

In chicken cells, both HMG-17 and HMG-14 are present as

a single copy gene per haploid genome (26, 48, 88, 89);

therefore, chickens and chicken cells are ideal for gene

targeting studies of this family of proteins. Furthermore,

chicken chromatin (especially chick erythrocyte chromatin)

has been one of the major systems of choice for the

biochemical analyses described above. However, an ES cell

line has not yet been established from chickens. Since the

HMG-14 and HMG—17 family is ubiquitously expressed,

suggesting that its members may function in any and all cell

types, and since a chicken lymphoid cell line, DT40, was

shown to exhibit high levels of homologous recombination, we

therefore chose to disrupt HMG—17 and HMG—14a genes in DT40

cells.
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Currently, there are two methods to generate a doubly

disrupted null mutant cell line. The first approach (60,

62, 75, 94) involves consecutive disruptions of two copies

of the target gene by homologous recombination. The method

for disruption of one copy of the target gene has been

described above. To inactivate the second copy, a second

drug-selectable marker must be cloned into the homologous

sequences in the vector since the heterozygous null mutant

cells are already resistant to the drug used in the first

round of transfection and selection. Other than this

difference in vector construction, the second round of

disruption is identical (Figure 5).

The other approach to generate a doubly disrupted

mutant cell line is based on the observation that several

heterozygous mutant cell lines produced homozygous sublines

at low frequency (14, 36, 64). (The mechanism for this has

not been well studied, but a recent report (37) suggests

that homogenization is probably due to duplication of the

targeted chromosome in combination with loss of the

untargeted chromosome via mitotic nondisjunction.)

Therefore, starting with a heterozygous targeted mutant one

can increase the selection intensity in hope of enriching

for those cells whose gene of interest has become homozygous

for the disrupted copy (homogenization of the disrupted copy

would result in the duplication of the marker genes;

therefore, it would be more resistant to the elevated

concentrations of the antibiotic) (38, 39, 61). To date, a
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Figure 5. Diagram illustrating the generation of homozygous null

mutants by two different approaches. The double construct method

involves consecutive inactivation of two alleles. The single construct

method depends upon the use of high concentration of G418 to enrich for

the mutant that become homozygous at the targeted allele. TK, herpes

simplex virus thymidine kinase gene (HSV-TK); GANC, gancyclovir;

superscript R, resistance to the antibiotic. This figure is copied from

reference (60}.
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mutated neo encoding a less active phosphotransferase that

confers resistance to only low concentrations of G418 is the

only marker that has been successful for this purpose (38,

39, 61).

The principal impediment in the gene disruption

technique is that homologous recombination often occurs at a

frequency of 3 to 5 orders of magnitude lower than that of

nonhomologous recombination (15). Experiments in the last

few years have shown that the frequency of homologous

recombination is affected by cell line, isogenicity (24,

101) and length of flanking homologous sequences (24, 95),

terminal nonhomologies of the transforming DNA (40), and the

transcription state of the target locus (65, 66b). Various

methods have been developed to increase the ratio of

homologous vs. random recombination and/or to improve the

screening efficiency for homologous recombinants; these

include positive-negative selection (15, 54, 111), promoter

trap (a promoterless selectable marker) (18, 27, 30), and

poly(A) trap (no poly(A) in the selectable marker) (68).

In chicken cells, some B—lymphoid cell lines (DT40, RP9, and

27L2) have been found to exhibit a remarkably high frequency

of integration of transfected DNA via homologous

recombination (up to 50%)(11). This high frequency has been

hypothesized to be due to the ongoing active gene conversion

in the immunoglobulin locus of these cell lines (11),

although the apparent mechanism of immunoglobulin gene

conversion differs substantially from simple homologous
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recombination. We therefore chose DT40 for our attempts to

disrupt HMG-17 and HMG—14 genes.

As discussed above, although HMG-17 and HMG—14 share

great similarities in gene structure and in predicted

protein structure, especially in nucleosome-binding domain,

HMG-17 has been much more highly conserved during evolution

than HMG-14. For this reason, we chose first to disrupt HMG—

17 gene in DT40 cells, and then the major HMG—14 gene (HMG-

14a) in parallel with an attempt to disrupt the HMG-14a gene

in a doubly disrupted HMG-17 cell line. A potential problem

for this line of research was that lack of HMG-17, HMG-14a,

or both could have been lethal, or, at least, very

deleterious to cell growth. More complex experimental

designs were prepared, which involved covering the lethal

phenotype by an additional regulatable HMG transgene. As

will be demonstrated in subsequent chapters, it became clear

that this was not something about which we had to be

concerned. Indeed, the experience of other laboratories

(28, 59, 76, 78, 81, 85, 86, 93) has been that homozygous

null mutants in a surprisingly wide array of presumably

critical genes are viable, even in the whole animal, let

alone in a cell line grown in vitro.



Chapter I

THE CHICKEN HMG-17 GENE IS DISPENSABLE FOR CELL

GROWTH IN vrrno'

Yi Li and Jerry B. Dodgson

ABSTRACT

HMG-17 is a highly conserved and ubiquitous non-histone

chromosomal protein that binds to nucleosome core particles.

HMG-17 and HMG-14 form a family of chromosomal proteins that

have been reported to bind preferentially to regions of

active chromatin structure. To study the functional role of

the single copy chicken HMG-17 gene, null mutants were

generated by targeted gene disruption in a chicken lymphoid

cell line, DT40. Heterozygous and homozygous null mutant

cell lines were generated by two independent selection

strategies. Heterozygous null mutant lines produced about

half the normal level of HMG—17 protein and homozygous null

lines produced no detectable HMG-17. No significant changes

in cell phenotype were observed in cells harboring either

singly or doubly disrupted HMG-17 genes, and no compensatory

changes in HMG-l4 or histone protein levels were observed.

It is concluded that HMG-l7 protein is not required for

normal growth of avian cell lines in vitro, nor does the

 

' This chapter has been published in Molecular and Cellular Biology, l5: 5516-5523, 1995.
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absence of HMG-17 protein lead to any major changes in

cellular phenotype, at least in lymphoid cells.

INTRODUCTION

The high mobility group 17 (HMG) and HMG-14 non-histone

chromosomal proteins are found in all higher eucaryotic

species. They bind to nucleosomes in chromatin, and that

binding has been found to stabilize core particles (31) and

to regularly space nucleosomes (39) when assayed in vitro.

Nuclease digestion (41, 42) and immunofractionation (14)

experiments have suggested that HMG-14 and HMG-17 are

preferentially associated with nucleosomes of regions of

transcribed chromatin, and reconstitution experiments (41)

have indicated that HMG-14 and/or HMG-17 is needed to

maintain the increased nuclease sensitivity of transcribed

chromatin in vitro. This hypothesis is supported by more

recent findings that HMG-l4 enhances transcription of genes

by RNA polymerase II from in vivo assembled Simian Virus 40

minichromosomes (12) and by RNA polymerase III in a xenopus

egg extract assembly system (11). The possible role of HMG-

17 and HMG-14 in regulating gene expression has also been

examined in studies involving ectopic expression of

exogenous genes; in these studies, Pash et al. (30) found

that aberrant expression of human HMG-14 inhibits the

differentiation of mouse myoblast cells.

HMG-17 and HMG-14 are expressed in virtually all avian

and mammalian cell types that have been examined. Unlike
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mammals, however, chickens express two rather different

types of HMG-14, HMG-14a and HMG-14b (8). HMG-17 and HMG-14

proteins appear to compete for the same binding sites in

vitro (1), although the homology between the two proteins is

less than 50% (8). HMG-17 is highly conserved among birds

and mammals (human and chicken HMG-17 are 94% identical [13,

23]), whereas HMG-14 proteins are much less well conserved

(approximately 50% identical, depending on the variant in

question [13, 36]).

The abundance, wide distribution, and evolutionary

stability of HMG-17 suggest that this protein plays an

important role in chromatin, but its exact function remains

unknown. We have taken a genetic approach in which null

mutations of the HMG-17 gene have been generated by targeted

disruption. The chicken HMG-17 gene was chosen because it is

highly conserved and is represented by a single copy per

haploid chicken genome (13, 23) and because chicken lymphoid

cell lines, such as DT40, have been shown to exhibit quite

high levels of homologous recombination (5). While existing

technology does not yet permit the generation of null mutant

transgenic birds, the fact that HMG-l7 is a ubiquitously

expressed housekeeping gene suggested that the phenotypic

effect of an HMG-17 null mutation in chicken lymphoid cells

might not differ greatly from analogous effects in other

avian cells.
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MATERIALS AND METHODS

Cells. The DT40 cell line (2) was obtained from Craig

Thompson, University of Chicago, Chicago, Ill. This cell

line and all its derivatives were cultured at 40°C under 10%

CO2 in DMEM supplemented with 10% fetal calf serum, 5%

chicken serum, 0.01mM 2-mercaptoethanol, 10 pg gentamicin

per ml, and 2.5 pg amphotericin B (fungizone) per ml.

Plasmid constructs. TFANEO (16), which contains the

neomycin phosphotransferase gene under the control of the

chicken S-actin promoter, was obtained from Steve Hughes,

National Cancer Institute, Frederick Cancer Research Center.

A gene cassette encoding histidinol dehydrogenase (19, 37)

under the control of the chicken S-actin promoter was

provided by Jean—Marie Buerstedde, Basel Institute of

Immunology, Basel, Switzerland. An EcoRI fragment (9.7 kb)

containing the chicken HMG-17 genomic sequence was excised

from the lambda phage clone H7-1 (D. Browne and JBD,

unpublished) and cloned into a pBSIIKSvSX vector, which was

made from pBluescriptIIKS(+) (Stratagene) by removing part

of the multiple cloning site (from XbaI to SmaI). The

resulting construct was named pBSH17 (Figure 1). Gene

cassettes for neo and hisD were used to replace a 755 bp

BamHI-SmaI fragment in pBSH17, which contains both TATA

boxes and exon 1 (encoding the initial 4 amino acid residues

of HMG-17 [23]). The resulting replacement targeting

vectors, each containing about 4.5 kb homologous sequence on
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Figure 1. Schematic diagram of the targeting vectors and

wild-type and disrupted HMG-17 alleles. Solid boxes

represent the exons of the HMG-17 gene. Hatched boxes

represent cassettes for drug selectable markers. E, B,

H, and X represent the cleavage sites for EcoRI, BamHI,

HindIII, and XhoI, respectively. Parenthesis represents

sites blunt-ended by Klenow fill-in. The EcoRI site at

the 3' end of pBSH17 originates from a synthetic linker

used in cloning the genomic DNA. The location of a

diagnostic 3' external hybridization probe (HindIII-BamHI

fragment, 0.2 kb) is shown by an asterisk. (A) Diagram

of pBSH17 linearized at an EcoRI site. Above the line

are shown the selectable cassettes inserted in the BamHI

and SmaI sites of pBSH17 to generate pBSH17his (hisD) and

pBSH17neo (neo), respectively. The thin line represents

pBS vector sequences. (B) Map of the wild type HMG-17

gene as found in DT40. (C) Map of a HMG-17 disrupted

mutant gene generated by homologous recombination of an

insert from pBSH17neo.
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either side of the selection marker gene cassettes, were

designated pBSH17neo and pBSH17his, respectively (Figure 1).

Electroporation. Cells (107) were washed with cold

phosphate-buffered saline (PBS) twice and resuspended in 0.5

ml of PBS in a 0.4-cm Bio-Rad Gene Pulser cuvette. A lo-pg

portion of targeting plasmid DNA was added, and the mixture

was placed on ice for 10 min. The electroporation was

performed at room temperature at 250V and 960 pf with a Bio-

Rad Gene Pulser. After electroporation and another 10 min

on ice, the cells were resuspended in 50 to 100 ml of growth

medium and plated in four 24-well plates. After 24 h of

recovery, incubation was begun with growth medium containing

appropriate concentrations of drugs (2 mg of Geneticin

[GIBCO BRL] per ml and/or 3 mg of histidinol [Sigma] per

ml). Resistant colonies typically develop in 10 days.

Screening. Genomic DNA samples were extracted from

individual colonies by digestion with proteinase K and

extraction with phenol—chloroform. After complete digestion

with EcoRI or BamHI, 15 ug of DNA was fractionated on a 0.7%

agarose gel, blotted onto a Magna Charge (Micron Separations

Inc.) membrane by the downward alkaline method (10), and

hybridized to a 32P-labeled probe made from a 0.2 kb BamHI—

HindIII template (3' to the HMG-17 gene [Figure 1]) by

random primer extension (34). Blots were washed with 0.2x

SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%

(sodium dodecyl sulfate [SDS]) at 65°C. Colonies whose DNA

yielded the expected band were further screened by probing
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the stripped blots with selectable marker cassette DNAs and

the 0.75-kb BamHI-SmaI fragment deleted in making the

targeting construct.

Protein analysis. HMG proteins were extracted from

exponentially growing cultures with 5% perchloric acid (PCA)

as described previously (6). The extract, which contains

HMG proteins and histone H1, was subjected to

polyacrylamide gel electrophoresis on a 15% polyacrylamide

gel (PAGE) containing SDS. For direct staining of the

proteins on the gel, 0.1% Coomassie blue R250 in 35%

ethanol-10% acetic acid was used. For Western

immunoblotting, proteins on the gel were transferred to

Biotrace polyvinylidene difluoride (Gelman) membrane with a

29 mM Tris—179 mM glycine-20% ethanol blotting solution in a

Bio-Rad Trans-blot apparatus as recommended by the

manufacturer. The membrane was blocked with 5% nonfat milk-

0.1% Tween 20 in PBS for 2 h and then incubated with rabbit

antibody against the DNA-binding domain of HMG-14/17 (gift

of Michael Bustin, National Institute of Health [7]) for 1 h

at room temperature. The blot was then washed three times

for 10 min each with PBS containing 0.1% Tween 20 three

times, 10 min each, and incubated with goat anti-rabbit

horseradish peroxidase conjugate. It was washed as above,

and Renaissance chemiluminescence (ECL) reagent (DuPont-NEN)

was used to detect the location of immune complexes.

Analysis of nucleosomes and nucleosomal proteins.

Micrococcal nuclease digestion of isolated nuclei and gel
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electrophoresis on a 3.5% polyacrylamide-0.5% agarose gel

containing 30% glycerol were performed as described

previously(21). Total histones and HMGs were extracted with

0.2 M sulfuric acid and fractionated on a 12% polyacrylamide

gel that containing 0.375% Triton X-100, 5% acetic acid, and

7.5 M urea as described previously(24, 40). The gel was

stained with Coomassie blue R250.

Northern (RNA) blot and reverse transcriptase PCR

analysis. Total RNA was extracted from cells by the RNAzol

B method as described by the manufacturer (Tel—Test Inc.).

A 30 ug sample of RNA was fractionated on a 1.2% agarose gel

containing 1x MOPS (morpholinepropanesulfonic acid), 0.66 M

formaldehyde, and 1 pg of ethidium bromide per ml using 1x

MOPS buffer, and blotted to a Magna charge membrane by the

downward transfer method (10) in 10x SSC. The RNA was

hybridized to a 32P-labeled HMG-17 cDNA probe as for

Southern blot analysis (34). The template for making the

probe was the HMG-17 cDNA fragment (1.2 kb) excised from

pLGlA (13) by BstUI-EcoRI digestion. The membrane was then

stripped and reprobed with chicken HMG-14a, HMG-14b, and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

hybridization probes. The HMG-14a template was a 900-bp

EcoRI insert from pLMBB (13). The HMG-14b template was a

1.7-kb EcoRI fragment excised from a cDNA clone designated

E32 (JBD, unpublished). The GAPDH template was a PstI

fragment excised from pGAD28 (a gift of R.J. Schwartz,

Baylor College of Medicine [15]). Three primers were
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synthesized for reverse transcriptase PCR analysis. Two

sense primers were made to anneal to exon 1 (primer E1,

CTCTCCCTCCTCGCACAACA) and exon 4 (primer E4,

TCCGAAGCCAGAGCCTAAAC); one antisense primer (primer E6,

ACTTGGCATCACCAGCACCT) was made to a region in exon 6.

First-strand cDNA was synthesized from 5 pg of total RNA by

reverse transcription in a 40 pl reaction mixture containing

20 pg of oligo(dT) (Pharmacia), 800 U of Moloney murine

leukemia virus reverse transcriptase (Promega), 40 U of

RNAguard (Pharmacia), and 20 pmol of each deoxynucleoside

triphosphate (dNTP). After 1.5 h of incubation, 1 pl of the

reaction mixture was transferred to 99 pl of PCR mixture

containing 8 pl of dNTPs (10 mM each), 10 pl of 10X PCR

buffer with 15 mM MgC12 (Promega), 50 pmol each of sense and

antisense primers, and 2.5 U of Taq polymerase. PCR was

performed in a Programmable Thermal Controller (MJ Research,

Inc.) with 35 cycles of 1 min at 94°C, 2 min at 47°C, and 2

min at 72 °C. Then, 20 p1 of the product was analyzed on a

1.5% agarose gel.

Cell cycle distribution. A total of 106 logarithmic

cells were washed in cold PBS three times. After

resuspension in 0.4 ml of PBS-fetal bovine serum (1:1), the

cells were fixed by addition of 1.2 ml of 50% ethanol. The

fixed cells were then stained for 1 h at room temperature

with 1 ml of 50-pg/ml propidium iodide in PBS that contained

5 U RNase per ml, 0.1% Triton X-100, and 0.1 mM EDTA. A

minimum of 104 cells were used for flow cytometry analysis
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in a FACS Vantage apparatus (Becton-Dickinson). The cell

cycle distribution of the population was analyzed by the

Multiplus Cell Cycle program.

DNase I-hypersensitive site analysis. Nuclei were

isolated and digested with DNase I generally by previously

described methods (3). DNA was isolated from treated

nuclei, digested with either SalI or ScaI in separate

experiments, gel electrophoresed and blotted as described

above. Blots were hybridized to a 295 bp fragment of the

constant region of the chicken A light chain gene (32)

obtained by PCR amplification with the sequences

CCCCACCATCACCCTCTT and GCACTCGGACCTCTTCAG as primers.

RESULTS AND DISCUSSION

The DT40 cell line is diploid at the HMG-17 locus.

Southern blot hybridization of DT40 genomic DNA digested

with BamHI, EcoRI, and ClaI and hybridized to a probe

prepared from the 11.2-EcoRI genomic fragment containing the

cloned HMG-17 gene (D. Browne and JBD, unpublished)

indicated that the DT40 cell line remains diploid at the

HMG-17 locus (data not shown). Both band intensity and band

number corresponded to those expected for a cell with two

homologous copies of the chicken HMG-17 gene (13, 23). This

conclusion was confirmed by analysis of the singly disrupted

cell lines described below.
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Strategy for the isolation of null mutant cells. The

general scheme used to prepare cell lines lacking functional

HMG-17 genes is shown in Figure 2. First, one of the two

HMG-17 genes in DT40 was inactivated by homologous

recombination with either the G418-resistant construct

(pBSH17neo) or the histidinol-resistant construct

(pBSH17his). Resistant colonies were analyzed for

homologous recombination by Southern blot assay and, if

necessary, cloned at limiting dilution to eliminate any

potential contaminating resistant lines. The singly

resistant cell lines were then targeted with the alternate

selectable construct to inactivate the second endogenous

HMG-17 gene. Again, homologous recombinants were identified

by Southern blot assay and cloned, as necessary, by limiting

dilution. Null mutant lines were obtained with the two

selectable markers in either order (Figure 2).

Disruption of one copy of the HMG-17 gene. The neo

targeting vector pBSH17neo (Figure 1) was used in DT40

electroporation experiments as described in Materials and

Methods to generate 110 resistant colonies. For colonies

with targeted integration (i.e., homologous recombination of

the transfecting HMG-17 gene), hybridization of genomic DNA

cut by EcoRI with the 3' 0.2 kb probe (Figure 1) is expected

to generate a 12.9-kb band, and, similarly, a new 7.2- kb

band would be expected in a BamHI blot. The endogenous HMG-

17 gene will give rise to an EcoRI fragment of 11.2 kb and a

BamHI fragment of 5.7 kb when hybridized to the diagnostic
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DT40

HMG-I 7(+/+)

Tronsfect Tronsfect

pBSHl 7neo pBSHI 7his

A93 HisI

Clone by

 

    

limiting dilution
Transfect

pBSHI 7neo

ADSo

Tronsfect

pBSHI 7his

O2 D20 DIO8 D93

Clone by

limiting dilution

DIO8-I D98-7

Figure 2. Outline of a two-step transfection procedure

to generate homozygous HMG-17 null mutants. AD3, Hisl,

and AD3a are derivatives of DT40 with single disruptions

of the HMG-17 gene. D2, D20, D108, D108-1, and D98-7 are

derivatives of AD3a and Hisl with disruptions of both

copies of the HMG-17 gene. D98 is a mixed population

containing both homozygous mutant cells and heterozygous

mutant cells with a copy of the pBSH17neo targeting

vector inserted nonspecifically.
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Figure 3. Southern blotting analysis of representative

colonies. Genomic DNAs from DT40, AD3a and its

derivatives (D2, D20, and D61), and Hisl and its

derivatives (D107, D108-1, and D98) were extracted,

digested with EcoRI (A) and BamHI (B), fractionated on

agarose gels, blotted, and hybridized to a 32P-1abe1ed

0.2-kb diagnostic probe (Figure 1). The molecular sizes

in kilobases are indicated. The notations 11.2 kb (A)

and 5.7 kb (B) indicate the bands expected from the wild-

type DT40 cell 1ine,12.9 kb (A) and 7.3 kb (B) indicate

the expected bands after homologous recombination

mediated by pBSH17neo. 7.3 kb (A) and 8.2 kb (8)

indicate those expected to be generated by homologous

recombination of pBSH17his.
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probe. These fragments are still observed in the desired

cell lines, since one of the two endogenous HMG-17 genes

remains unchanged. By this assay, 12 colonies were

determined to have targeted integration via homologous

recombination (data not shown), for a frequency of 11%.

One colony, AD3, was cloned by limiting dilution, and one of

its derivative sublines, AD3a, was chosen for a second round

of transfection by the pBSH17his construct (see below).

Lanes 6 in Figure 3A and B shows the hybridization profile

of AD3a. The two equally intense bands in both lanes

indicate that one copy of the HMG-17 gene was disrupted, and

that the clone was free from contamination with parental

DT40 cells. When the blots were stripped and reprobed with

a neo probe, only one band (12.9 kb for the EcoRI blot and

7.2 kb for the BamHI blot) was detected, indicating that no

additional nonhomologous recombination events occurred in

AD3a (data not shown).

pBSH17his linearized by XhoI (which cuts in the

polylinker region of the vector) was also used to transfect

DT40 cells. For clones with a targeted integration, a 7.3

kb band would be expected when the 0.2 kb diagnostic probe

was used to hybridize to an EcoRI blot. Similarly, a 8.2 kb

band would be expected in the BamHI blot. Among seven

colonies selected for histidinol resistance, two were found

to have the bands expected from integration by homologous

recombination. This represents a targeting frequency of

30%. One colony, Hisl, was chosen for further investigation
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(see below). The hybridization profile of this colony is

shown in Figure 3, lanes 8. As withAD3a, the equal

intensities of the two bands in both lanes indicate that

Hisl is not contaminated with parental cells. Hisl was also

found not to have any random integrations of additional

exogenous DNAs when a his probe was hybridized to these

blots (data not shown).

Disruption of the second copy of the HMG-17 gene in AD3a

and Hisl. AD3a and Hisl cell lines were electrOporated by

pBSH17his and pBSH17neo, respectively, and selected in the

presence of both G418 and histidinol. A total of 130 clones

survived this dual-drug selection; 42 of these were derived

from AD3a, and 88 were from Hisl. When the HMG-17 gene is

disrupted in both copies by pBSH17neo and pBSH17his, 12.9-

and 7.3-kb bands are expected to completely replace the

endogenous 11.2-kb band upon EcoRI cleavage and Southern

hybridization with the 0.2-kb probe (Figure 3A, lanes 2, 3,

and 7). Similarly, the 7.3- and 8.2-kb bands would be

expected to completely replace the endogenous 5.7-kb band in

a blot of BamHI cleaved DNA (Figure 3B, lanes 2, 3, and 7).

By this assay 11 colonies were determined to have both

copies disrupted by homologous recombination. Besides these

11 clones, there were 2 further colonies (D98 and D28) which

not only had the new bands but also retained an endogenous

band, indicating that they were not clonally pure. D98 was

cloned by limiting dilution. As expected, both doubly

homologous recombinants and nontargeted transfectants were
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recovered as determined by Southern hybridization. Four

homozygous null mutants due to double homologous

recombination events (D2 and D20 were derivatives of AD3a,

and D98-7 and D108-1 were derivatives of Hisl) were chosen

for further studies. Blots of their DNA cleaved by BamHI

were additionally hybridized with the 0.75 kb fragment

replaced in the targeting constructs, the neo probe, and the

his probe, as described above. As expected, no hands

hybridized to the 0.75-kb probe; while 7.3- and 8.2-kb bands

hybridized to the neo and his probes, respectively (results

not shown).

Several higher eucaryotic cells lines have been shown to

produce homozygous doubly disrupted mutants from originally

heterozygous singly disrupted cells at low frequency in cell

culture (9, 18, 29), presumably via some sort of gene

conversion event. By raising the selectable drug

concentration in the culture media to enrich for cells with

two copies of the selectable marker allele, several

laboratories have been able to produce homozygous mutant

cell lines after initially disrupting a single gene copy

(20, 22, 27). In the course of our studies, an attempt was

made to select for such a mitotic recombination in the AD3a

cell line. Higher concentrations of geneticin (2, 4, 6, 8,

10, 15, and 20mg/ml) were added to the growth media. Cells

survived 20 mg of geneticin per ml (10-fold increase over

the primary screening concentration) without showing any

detectable generation of homozygous null mutant colonies as
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demonstrated by Southern hybridization (data not shown).

This may be because we used a wild-type neo gene in our

original transfections, since it has been suggested that a

mutant neo gene that makes a less active phosphotransferase

is conducive to the selection of doubly disrupted mutants

(26).

Null mutants express low levels of an aberrant HMG-l7

transcript. Both targeting vectors were designed to replace

the majority of the promoter sequence and exon 1 (which

contains the translation initiation codon and four

additional highly conserved codons) with drug-selectable

cassettes; therefore, the null mutants were not expected to

make a HMG-17 transcript. In fact, low levels of HMG-17-

hybridizing RNAs (5 to 28% of that in DT40 in various

experiments) with a mobility marginally higher than that of

the wild type were detected by Northern blot analysis in

total cellular RNA from all four homozygous null mutants

(Fig 4). To determine whether the faint bands observed were

due to nonspecific cross-hybridization or diminished

transcription at the disrupted HMG-17 loci, a reverse

transcriptase PCR assay was used. Two sense primers were

made complementary to exons 1 (El primer) and 4 (E4 primer),

and one antisense primer was made complementary to a region

in exon 6 (E6 primer). When the cDNA made from total RNA

samples was used as a template for PCR, a fragment of 170 bp

was amplified with primer pair E4 and E6 for all four null

mutants as well as for DT40, AD3a, and Hisl (data not
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Figure 4. Northern blotting analysis of RNA from

representative clones. (A) Total RNA (30 pg per lane)

extracted from parental DT40 cells, singly mutant Hisl

and AD3a cells, and doubly mutant D2, D20, D98-7, and

D108-1 cells was fractionated on a 1.2% agarose—

formaldehyde gel, blotted to a membrane, and probed with

32P-labeled HMG-17 cDNA. (B to D) The membrane was then

stripped and reprobed sequentially with HMG-14a (B), HMG-

14b (C), and GAPDH (D) hybridization probes. (See

Materials and Methods for a description of the probes.)

Arrows indicate molecular sizes of 2.37 and 0.24 kb.
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shown), indicating that the targeted gene is transcribed and

correctly spliced at least in the region of exons 4 to 6;

however, when primer pair E1 and E6 was used, a fragment of

313 bp was amplified for only DT40, AD3a, and Hisl,

indicating, as expected, that exon 1 was absent in the null

mutant RNA (data not shown). These experiments indicate

that the RNA observed arises from the disrupted HMG-17 genes

and not from partially homologous sequences elsewhere in the

genome or from contaminating cells having at least one wild

type locus. We conclude that the disrupted gene is

transcribed at low levels into an RNA that lacks at least

exon 1 of wild type HMG-17 mRNA. Since the translation

initiation codon is located in exon 1 and there is no other

known in-frame ATG codon, we would not expect the truncated

transcript to make functional HMG-17 peptide. Whether the

transcription was initiated from remaining (upstream)

:portions of the HMG-17 promoter, some other cryptic

Promoter, or a promoter in the selectable marker cassette

was not investigated. As has been demonstrated previously

for the HMG-14a gene (4) , the use of alternative promoters

axui splicing patterns is not unusual among HMG genes;

tinerefore, the use of a cryptic promoter upstream from the

ncDirmal HMG-17 promoter in the disrupted genes is a

reasonable possibility. Aberrant transcription from a

tlargeted gene has also been observed by Muller et al. (28).

Quantitative analysis of Northern blots by a

PhosphorImager demonstrates that heterozygous null mutants
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AD3a and Hisl make approximately 50% of the level of HMG-17

RNA observed in parental DT40 cells (Figure 4), suggesting

that HMG-17 mRNA levels are proportional to gene copy

number. (Hisl and doubly disrupted lines derived from Hisl

show consistently higher levels of HMG-17 RNA than do AD3a

and its doubly disrupted lines, respectively. This may be a

chance effect of the selection of the Hisl transfectant

line.) Dose-dependent transcription has also been observed

for HMG-14 by Pash et al.(30), who found that when human

HMG-14 mRNA was overexpressed in a mouse myoblast cell line,

the level of the endogenous HMG-14 mRNA was not affected.

Furthermore, the expression levels of chicken HMG-14a and

HMG-14b genes did not seem to be markedly altered in the D2

and D20 null mutant cell lines (Figure 4), suggesting that

the HMG-l4 and HMG-17 genes are not coordinately regulated

at the transcriptional level. This is consistent with a

previous observation in C08 cells (17) of mammalian HMG gene

expression. However, the two doubly disrupted lines derived

from Hisl, D98-7 and D108-1, do appear to contain somewhat

(about two-fold) elevated levels of HMG-14a and HMG-14b

RNAs. This is not reflected in the HMG-14 protein levels

found in those cells (see below), and it is unclear whether

it is in any way a response to the inactivation of the HMG-

17 gene.

Null mutants do not make detectable HMG-17 protein.

HMG proteins extracted from cells by 5% PCA were resolved by

SDS-PAGE. Chicken HMG-17 migrates at an apparent molecular
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Figure 5. SDS-PAGE analysis of 5% PCA extracts from

representative clones. The 5% PCA extracts from 107

cells were separated by SDS-PAGE (15% polyacrylamide) and

stained with 0.1% Coomassie blue R250 as described in

Materials and Methods. Cell lines tested include DT40

(lane 1), singly disrupted mutants Hisl and AD3a (lanes 2

and 3, respectively), and doubly disrupted mutants D2,

D20, D98-7 and D108-1 (lanes 4 to 7, respectatively).

Electrophoretic standards included 43, 29, 18.4, 14.3,

and 6.2 kDa.
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mass of 18 kDa. As shown in Figure 5, a band of about 18

kDa is clearly visible in the DT40, AD3a, and Hisl lanes.

After correction for loading variation (by comparison with

the total amount of histone H1 loaded per lane), the

intensity of the HMG-17 band in AD3a and Hisl was estimated

to be reduced by approximately 50%, indicating that the

level of HMG-17 protein (like that of its mRNA) is

approximately proportional to the number of functional genes

per cell. For all four double-knockout mutants examined,

the 18-kDa band was not discernible at the resolution of our

gel. (There is a faint background band that runs slightly

more slowly than HMG-17.)

To further examine these doubly mutant cell lines for

possible low-level expression of HMG-17 protein or some

truncated form thereof, Western immunoblot analysis was

performed with antibodies elicited against a peptide that is

common to HMG-14 and HMG-17 (7, 23). As shown in Figure 6,

lanes 11-14, HMG-17 protein was not detected even when the

blot was heavily overexposed. A minimum of 40-fold

reduction in the level of HMG-17 protein must have occurred

in these doubly mutant cell lines compared with AD3a or Hisl

(or >80-fold compared with DT40), since 1/4 of the HMG-17

band in lane 3 (approximately the intensity of the HMG-14b

band in lane 5) should be visible and since lane 3 is loaded

with 1/10 of the total protein loaded onto lane 11 (in which

we still cannot observe any HMG-17). Because the epitope

recognized by this antibody is located in the most highly
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Figure 6. Western blot analysis of representative

clones. The 5% PCA extracts from 106 cells (lanes 1 to

7) and 107 cells (lanes 8 to 14) were loaded onto SDS-

PAGE gel (15% polyacrylamide). After electrophoresis,

the gel was blotted to a polyvinylidene diflurodie

membrane, which was probed with antibody against the DNA-

binding domain of HMG-17/14 (7). ECL was used to locate

the bands after incubation in horseradish peroxidase

conjugate. Cell lines tested include DT40 (lanes 1 and

8), singly disrupted mutants Hisl (lanes 2 and 9) and

AD3a (lanes 3 and 10) and doubly disrupted mutants D2

(lanes 4 and 11), D20 (lanes 5 and 12), D98-7 (lanes 5

and 13), and D108-1 (lanes 7 and 14).
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conserved, common DNA-binding domain of HMG-17 and HMG-14,

any truncated form of HMG-17 that might retain normal

function should have been detected, if present. However, we

cannot rule out the possibility truncated or fused protein

that happens to comigrate with HMG—14a or HMG-14b is made in

these mutant cell lines.

Quantitative analysis of the autoradiogram in Figure 6

shows that approximately half the amount of HMG-17 was made

in the singly null mutant cell lines AD3a and Hisl as that

in DT40. This further demonstrates that HMG-17 gene

expression is approximately linear with the functional gene

copy number (at least for zero-two copies). Figure 6 also

shows that the levels of HMG-14a and HMG-14b were not

markedly affected upon the disruption of one or both copies

of the HMG-17 gene. This is in agreement with earlier

findings that the levels of these two proteins are not

coordinately regulated in mammalian cells (17, 30).

Null-mutation effects on phenotype and chromatin

structure. All four doubly disrupted mutant cell lines

divided normally in standard growth media, without any

observable difference in phenotype between them, AD3a, Hisl

and DT40. No change in morphology was found among any of

these cell lines when they were examined by phase contrast

microscopy. To test whether the mutant lines were stable

for extended periods in cell culture, they were grown in

vitro for 1 month without drug selection. At the end of the

period, genomic DNA and HMG proteins were extracted from
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each of the lines and examined by Southern hybridization and

western blotting. As expected, no differences were detected

from results of the same assays done before the extended

culture (Figure 3 and 6), indicating that the mutations

created are stable and that no reversions or genomic

rearrangements occurred at the HMG-l7 locus during long-term

growth in absence of selection (results not shown).

Growth rates of the mutant lines and DT40 were

determined following plating of each line at 104 cells per

ml in 60-mm plates. At about 12-h intervals, three plates

per cell line were counted. The results are presented in

Figure 7. It is clear that the singly or doubly mutant

cells grow just as well as the DT40 parental cell line (the

doubling time was 11.5 h under these growth conditions).

Since there was no detectable difference in growth rate, we

next examined the distribution of these lines in different

stages of the cell cycle by flow cytometry analysis. Again,

there was no consistent difference between DT40 and singly

or doubly mutant cell lines in the percentage of cells in

G1, S and G2 phases of the cell cycle (results not shown).

Normal cell proliferation and differentiation have been

suggested to require the regulated expression of HMG-14 and

HMG-17. Their expression is down-regulated during

differentiation of rat osteoblasts and promyelocytic

leukemia cells (35), and overexpression of HMG-14 inhibits

differentiation of mouse myoblast cells (30). To assess

whether the inactivation of the HMG-17 gene advanced the
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Figure 7. Growth curves of representative cell lines.

(A) DT40, singly mutant Hisl, and its doubly mutant

derivatives D98-7 and D108-1 were plated out at 10‘ per

ml at -10 h and counted at 10- to 15-h intervals.

Triplicate samples were counted at each time point, and

the standard deviation values were used to plot the error

bars (not visible for every time point). (B) Identical

analysis as in Panel A. for DT40, singly disrupted AD3a,

and its doubly mutant derivatives D2 and D20.
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cell differentiation of DT40 cells, we examined the targeted

cell lines by Giemsa staining, light-scattering profile

analysis, and the soft agar assay. Giemsa staining and

light-scattering analysis with flow cytometry detect the

complexity of the cytoplasmic structure. A more complex

cytoplasmic structure would be expected if DT40 cells

proceeded toward the next stage of their normal

differentiation, which would be to become plasma cells.

Neither Giemsa nor light-scattering analysis detected any

significant difference between HMG-17 mutant cell lines and

the DT40 parental cells. Furthermore, in a soft agar assay,

all mutant and parental cell lines were found to form foci

after a week of culturing, without obvious differences in

colony-forming efficiency (results not shown).

Results discussed above (Figure 5 and 6) indicated that

no change in HMG-l4 levels occurred in response to

inactivation of the HMG-17 gene. We also were unable to

discern any alteration in the pattern of total histone

proteins present in bulk chromatin of HMG-17 mutant cells

with respect to that DT40, as detected by electrophoresis on

Triton-acid-urea gels run under various conditions (24).

Figure 8 shows one example of such a Triton-acid-urea gel in

which the histone protein complements of two doubly mutant

HMG-17 cell lines are compared with that of DT40 and with

erythrocyte histones as markers. The absence of HMG-17 was

not expected to have a major effect on the levels of histone

variants or their modified forms, since only about 5 to 10%
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Figure 8. Histone profile of DT40 and null mutant cell

lines. Total histones were extracted from chicken

erythrocytes (RBC, lanes 1 and S), DT40 (lane 2), D108-1

(lane 3), and D2 (lane 4) with 0.2 M sulfuric acid and

separated on a Triton-acid-urea gel by the method of

Lennox and Cohen (24). Lanes 1 and 5 contain 15 *g of

protein, and lanes 2 to 4 contain 25 *g. The gel was

stained with 0.1% Coomassie blue R250 in 35% methanol-10%

acetic acid. Various classes of chicken histones were

identified as indicated by comparing the erythrocyte

pattern with those previously described by Urban et a1.

(40).
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of the nucleosomes, at most, would be expected to bind HMG-

17 protein in normal cells (25).

We also wished to examine the structure of mutant cell

line chromatin at the level of individual nucleosomes. When

chromatin is digested by micrococcal nuclease,

mononucleosomes of different sizes are released depending

upon the number of HMG-17 and HMG-14 and histone H1

molecules bound. These different forms of nucleoprotein

complexes can be partially resolved in a polyacrylamide-

agarose gel (21). Figure 9 is an example of the

mononucleosome (and dinucleosome) profile of DT40 and the

null mutant D2 and D108-1 cell lines in which the chromatin

has been treated with two different concentrations of

micrococcal nuclease. It is interesting that two bands are

clearly discernible for all these cell lines in the region

of the single mammalian MII particle (for nomenclature, see

reference 21). Whether this is due to the presence of both

HMG-14a and HMG-14b (compared with only a single HMG-14 in

mammalian cells), differential modification of the HMG

proteins, or some other unknown complex present in the

chromatin of DT40 is not clear. The differences in the

pattern observed between DT40 and the null mutant lines are

not dramatic, but there does appear to be a consistent

decrease in both MII bands (especially the faster-migrating

one) in the null mutant lines from those observed in DT40.

This is not surprising since MII consists of core

nucleosomes bound to one molecule of HMG-17 or HMG-14 and it
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Figure 9. Electrophoretic analysis of nucleosomes from

representative cell lines. Nuclear preparations from

DT40 (lanes 3 and 6) and doubly mutant derivatives D2

(lanes 2 and 4) and D108-1 (lanes 1 and 4) were incubated

with micrococcal nuclease at 20 U/mg of DNA equivalent

(lanes 1 to 3) and 40 U/mg (lanes 4 to 6) for 10 min at

37°C. After 10 min on ice and subsequent centrifugation,

the supernatant (81) was removed and the pellet was

resuspended in 2 mM EDTA, pH 7.4, and incubated on ice

for another 10 min. After centrifugation, the

supernatant (82) was mixed with 1 volume of glycerol and

loaded onto a 3.5% polyacrylamide-0.5% agarose gel

containing 30% glycerol (21). The gel was run at constant

current of 9 mA for 11 h at 4°C. Arrows indicate two

different bands in the region corresponding to the

mammalian MII band (21).
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was shown above that HMG-l4 levels do not increase in

response to the absence of HMG-17. There may also be some

difference in the intensity of more slowly migrating

nucleosome complexes, but the resolution of this

nondenaturing gel system is not enough to clearly

demonstrate any other changes.

As a lymphoid cell, DT40 is expected to express its A

light chain gene and to contain DNase I-hypersensitive sites

near this gene that are specific to the rearranged, active

locus, as demonstrated by Thompson and Neiman (38). We

examined DT40 and two HMG-l7 null mutant cell lines for

changes in the number or location of such sites due to the

loss of the HMG-17 protein. We were able to detect those

hypersensitive sites previously described (38) but observed

no differences in the hypersensitive site pattern between

DT40, D108-1, and D2 (results not shown).

Cellular function of HMG-17. In vitro assays on

isolated chromatin and more recent studies involving the

overexpression of exogenous HMG-17 or HMG-14 in vivo have

suggested that these HMGs may act to modulate gene

expression and thereby influence cell proliferation and

differentiation through their regulated expression or

activity. The results reported herein demonstrate that HMG—

17 is not required for cell growth in culture and,

furthermore, that no major phenotypic changes result from

the complete absence of HMG-17 in the DT40 cells. There are

several possible explanations for this result. A trivial
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explanation would be that in the gene disruption process, we

have selected for additional mutations outside the HMG-17

gene that somehow compensate for the loss of HMG-l7 gene

function. This seems unlikely since we have been able to

obtain doubly mutant cells via two distinct protocols.

Furthermore, the efficiency with which we obtained doubly

mutant colonies from a singly mutant parental cell was not

significantly different from the efficiency with which we

obtained initial homologous recombinants from DT40 (nor is

the frequency of targeted integration into the HMG-17 gene

significantly different from that for other gene constructs

[5, 37]). This argues that generation of the completely

null genotype did not require additional compensatory

mutations elsewhere in the genome which would presumably

have decreased the frequency at which such colonies

appeared.

The most straightforward explanation for our results is

that HMG—17 and HMG-14 are functionally redundant and that

HMG-14 alone is sufficient for normal function. This is

certainly possible, although no change in HMG-14a or HMG—14b

level was observed in response to the absence of HMG-17.

Complete redundancy of HMG-14 and HMG-17 also contrasts with

the facts that HMG-14 proteins differ considerably in amino

acid sequence from HMG-17 sequences and that the HMG-17 (but

not HMG-14) sequence has been very highly conserved (8) in

the approximately 300 million years of evolutionary

difference between birds and mammals (33). This same
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evolutionary conservation argues strongly that HMG-17 (and

the HMG-14 and HMG-17 family in general) does play a

significant role in vertebrate development. While our

results prove that HMG-17 is not required for the growth of,

at least, chicken lymphoid cells in culture, it is certainly

possible that HMG-17 is required for the growth and/or

differentiation of other cell types, even though it appears

to be expressed ubiquitously in all cells. It is also

possible that the dispensable character of HMG-17 is

peculiar to a transformed cell line such as DT40. Perhaps

the simplest explanation for our results is that HMG-17 is

not required for the growth or gross phenotypic properties

of any individual cell type but, rather, functions in some

unknown way(s) in the development of the animal or that HMG-

17 function has a only a small effect in any individual

cell, one which is significant enough to be evolutionarily

selected but which is negligible when examined in short term

culture in growth media. Further genetic and cell

physiological experiments are required before these

alternatives can be clarified.



Chapter 2

NULL MUTANT CHICKEN CELL LINES UNABLE TO EXPRESS EITHER

HMGl4A AND HMG-l7 snow NO PHENOTYPIC DIFFERENCES

as A RESULT.

YI LI and JERRY B. DODGSON

ABSTRACT

HMG—14 and HMG-17 are ubiquitous non-histone chromosomal

proteins that bind to nucleosome core particles. They form

a family of chromosomal proteins that have been reported to

bind preferentially to regions of active chromatin

structure. Our previous studies demonstrated that the

chicken HMG-17 gene was dispensable for normal cell growth

of the DT40 chicken lymphoid cell line. Herein we report

that the major chicken HMG-l4 gene, HMG-14a, is also

dispensable and, moreover, that DT40—derived cells lacking

both HMG-l7 and HMG—14a show no obvious change in phenotype

with respect to the parental DT40 cells. Furthermore, no

compensatory changes in HMG-14b or histone protein levels

were observed in cells lacking both HMG-14a and HMG-17. It

is concluded that HMG—14a and HMG-l7 proteins are not

 

' This chapter is a manuscript to be submitted.
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required for normal growth of avian cell lines in vitro, nor

does the absence of HMG-17 and HMG-14a proteins lead to any

major changes in cellular phenotype, at least in lymphoid

cells.

INTRODUCTION

The high mobility group 17 (HMG-l7) and HMG-14 non-

histone chromosomal proteins are found in all higher

eucaryotic species. They bind to nucleosomes in chromatin

(1, 7, 21, 24), and that binding has been found to stabilize

core particles (19). The limited amount of these proteins

confines them to only a subset of nucleosomes (6), and a

number of experiments including nuclease digestion (31),

protein-DNA cross-linking (20), and immunofractionation (9)

have suggested that HMG-14 and HMG-l7 are preferentially

associated with nucleosomes of regions of transcribed

chromatin. The possible role of HMG—17 and HMG-14 in

regulating gene expression has also been examined in studies

involving ectopic expression of exogenous genes; in these

studies Pash et al. (18) found that aberrant overexpression

of human HMG-14 inhibits the differentiation of mouse

myoblast cells.

HMG-17 and HMG-14 are expressed in virtually all avian

and mammalian cell types that have been examined. Unlike

mammals, however, chickens express two rather different

types of HMG-l4, HMG—14a and HMG—14b (6) with HMG—14a being
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the dominant form in all tissues examined to date. HMG-17

and HMG-14 proteins appear to compete for the same binding

sites in vitro (1), although the homology between the two

proteins is less than 50% (6). HMG-17 is highly conserved

among birds and mammals (human and chicken HMG-17 are 94%

identical; [8, 13]), whereas HMG—14 proteins are less well

conserved (approximately 50% identical, depending on the

variant in question; [8, 25]).

The abundance, wide distribution, and evolutionary

stability of HMG-14 and HMG-l7 suggest that these proteins

play an important role in Chromatin, but their exact

functions remain unknown. Previously, we reported that

targeted disruption of HMG-17 in the chicken cell line DT40

does not affect cell growth and that no major changes in

phenotype and chromatin structure occurred in such knockout

cells (15). A possible explanation for this result could be

that HMG-17 and HMG—14 are functionally redundant, although

no increase in HMG-14 expression occurred in the cells

lacking HMG—17. To test this possibility, we disrupted both

copies of HMG-14a in both the DT40 cell line and in DlO8-1,

which is a homozygous HMG—l7 null mutant. Herein we

demonstrate that cells lacking HMG—14a and cells lacking

both HMG—14a and HMG-l7 genes show no obvious phenotypic

differences from the parental DT40 line.
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MATERIALS AND METHODS

Cells and cell cycle analysis. The DT40 cell line (2)

was obtained from Craig Thompson, University of Chicago,

Chicago, IL. This cell line and all its derivatives were

cultured at 40 °C under 10% C02 in Dulbecco’s modified

Eagle’s medium supplemented with 10% fetal calf serum, 5%

chicken serum, 0.01 mM 2—mercaptoethanol, 10 ug of

gentamicin per ml, and 2.5 ug of amphotericin B (fungizone)

per ml. Cell cycle distribution analysis was performed as

described (15).

Plasmid constructs. Gene cassettes containing either

puromycin acetyltransferase (puro) and blasticidin S

acetyltransferase (bsr) genes were kindly provided by Jean-

Marie Buerstedde, Basel Institute of Immunology, Basel,

Switzerland. Both genes are under the control of the

chicken B-actin promoter and end in a SV4O poly(A) signal.

pHMl.9HB and pHM1.5HP are genomic clones from the HMG-14a

locus (4). The 1.9-kb HindIII-BamHI insert from pHM1.9HB

was subcloned into the HindIII and BamHI sites of the 3.9-kb

pCRII vector (Invitrogen). The resulting construct,

designated pCRHM1.9, was digested with XhoI and XbaI and

ligated to the 1.3kb XhoI-XbaI insert from pHM1.5HP. This

new construct was named pT14a and used as the recipient for

insertion of the drug selectable cassettes. The puro gene

cassette was cloned into pT14a using the BamHI and XhoI

sites; the bsr cassette was cloned into pTl4a using the
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Figure 1. Schematic diagram of the targeting vectors and

wild-type and disrupted HMG-14a alleles. Solid boxes

represent the exons of the HMG-14 gene. Hatched boxes

represent the homologous sequences present in the

targeting vectors. Gray boxes represent the cassettes

for drug-selectable markers. E, B, H, X, P, N, and S

represent the Cleavage sites for EcoRI, BamHI, HindIII,

XhoI, PstI, N511, and SpeI, respectively. (A) Diagram of

pT14absr. (B) Diagram of pT14apuro. (C) Map of the wild-

type HMG-14a gene as found in DT40. Below the map are

shown the three hybridization probes (black bars). (D)

Map of a HMG-14a disrupted mutant gene generated by

homologous recombination of an insert form pT14apuro.
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EcoRI and XhoI sites. The resulting replacement constructs,

each containing 1.9 kb of the HMG—14a gene on the left and

1.4 kb on the right, were designated pTl4apuro and pTl4absr,

respectively. The HMG—l7 gene constructs pBSH17neo and

pBSH17his have been described (15).

Electroporation and Screening. The targeting vector

pTl4absr was linearized by NsiI digestion before use in

electroporation, and pTl4apuro was digested by NsiI or N311

and SpeI before electroporation of DT40 and Bsrl8 (see

below). Electroporation was carried out as described

previously (15). Cells were allowed to recover overnight

before being subjected to selection by one of the following

drugs: blasticidin S (ICN, 30 pg per ml), puromycin (Sigma,

0.5 pg per ml), G418 (Gibco-BRL, 2 mg per ml), and/or L—

histidinol (Sigma, 1.5 mg per ml). Resistant colonies were

expanded in drug-free media. DNA extraction and Southern

blotting analysis were described previously (15). The

diagnostic probes used were a 1.4 -kb BamHI—HindIII fragment

(5’ to the 1.9-kb fragment in pHM1.9HB, Figure 1) and a 1.8-

kb HindIII-ACCI fragment (3’ of the HMG-14a gene, Figure

1). Those colonies whose DNA yielded the expected bands

were further screened by probing the stripped blots with

selectable markers, and the 1.8—kb HindIII-BamHI fragment

deleted in making the HMG-14a targeting constructs. Probes

used in screening HMG-17 targeted mutants have been

described previously (15).

Blotting analysis. Cells were washed with PBS and
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lysed in 1x sample buffer (50 mM Tris—Cl, pH6.8, 2% SDS, 5%

B-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue)

by boiling for 5 min. A total of 74 pg of protein per lane

were fractionated on a 15% polyacrylamide gel containing

sodium dodecyl sulfate (SDS) and then transferred to a

Biotrace polyvinylidene difluoride (Gelman) membrane using

29 mM Tris-179 mM glycine-20% ethanol as blotting solution

in a Bio-Rad Trans-blot apparatus according to the

manufacturer's recommendation except that the membrane was

placed on the cathode side of the gel. Northern blotting

analysis was carried out as described previously (15). The

template for making the HMG-14a probe was the cDNA fragment

(900-bp) excised from pLM3B by EcoRI (8). The membrane was

subsequently stripped and reprobed with chicken HMG-14b,

HMG—17, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

hybridization probes. The HMG-14b template was a 1.7 kb

EcoRI fragment excised from a cDNA clone designated E32

(JBD, unpublished). The HMG-17 cDNA template was a 1.2—kb

BstuUI-ECORI fragment from pLGlA (8). The GAPDH template

was a PstI fragment excised from pGAD28 (a gift of R.J.

Schwartz, Baylor College of Medicine, [10]).

Analysis of nucleosomes and nucleosomal proteins.

Micrococcal nuclease digestion of isolated nuclei and gel

electrophoresis on a 3.5% polyacrylamide—0.5% agarose gel

containing 30% glycerol were performed as described

previously (12). Total histones and HMGs were extracted

with 0.2 M sulfuric acid and fractionated on a 12%
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polyacrylamide gel containing 0.375% Triton X-100, 5% acetic

acid, and 7.5 M urea as described previously (14, 29). The

gel was stained with Coomassie blue R250 in 35% methanol—10%

acetic acid. Nuclei were isolated and digested with DNase I

by previously described methods (3). DNA was isolated from

nuclei, digested with SalI and XhoI, gel electrophoresed,

blotted and hybridized to a 295-bp PCR fragment amplified

from the constant region of the chicken lambda light-chain

gene as described previously (15).

RESULTS AND DISCUSSION

Disruption of the HMG-14a gene. The general scheme used

to prepare cell lines lacking functional HMG-14a genes is

shown in Figure 2a. The puro targeting vector pTl4apuro

(Figure 1) was used in DT40 electroporation to generate 34

resistant colonies. For colonies with integration by

homologous recombination at the HMG—14a gene, hybridization

of genomic DNA cut by EcoRI with the 5' 1.4-kb probe (Figure

1) is expected to generate a 4.35-kb band (Figure 3a, lane

6) and, similarly, a new 5.15—kb band would be expected in a

BamHI blot probed by the 1.8-kb HindIII-ACCI fragment

(Figure 1 and Fig 3b, lane 6). The endogenous HMG-14a gene

will give rise to an EcoRI fragment of 8.8-kb (Figure 3a,

lane 5) and a BamHI fragment of 6.2-kb (Figure 3b, lane 5)

when hybridized, respectively, to these probes. These

fragments are still observed in the desired cell lines,
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DT40 D1 08-] 8/bsr8

Tronsfect Tronsfect Tronsfect

pTl dopuro pTl 40b5f pBSH] 7neo

DTpuro8 Bsrl 8 1 4N1 1

Tronsfect Tronsfect Tronsfect

pT] Aobsr pT] Aopuro pBSHI 7his

8/bsr8

395 Bp39 Nh43 Nh52

Figure 2. Outline of the transfection procedures to

generate targeted disruptions. (A) Transfection scheme to

obtain HMG-14a null mutant. DTpuroB is a derivative of

DT40 with a single disruption of the HMG-14a gene, and

8/bsr8 is a derivative of DTpuroB with disruption of both

copies of HMG-14a. (B) Transfection scheme to obtain the

quadruple disruptions of both HMG-14a and HMG-17 genes.

Bsr18 is a derivative of D108-1 (15) with one copy of the

HMG-14a gene disrupted, and BpS and Bp39 are derivatives

of Bsr18 with both copies of HMG-14a disrupted. D108-1

is a HMG-17 double knockout cell line (15). (C)

Alternative transfection scheme to obtain the quadruple

disruptions of both HMG-14a and HMG-17 genes. 14N11 is a

derivative of 8/bsr8 with one copy of HMG-17 disrupted,

and Nh43 and Nhsz are derivatives of 14N11 with both

copies of HMG-17 disrupted.
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Figure 3. Southern blotting analysis of representative

clones. Genomic DNAs from the indicated clones were

extracted, digested with EcoRI (A and C) or BamHI (B and

C), fractionated on agarose gels, blotted, and hybridized

to 32P-1abeled 1.4-kb (A), 1.8-kb (B), or 0.2-kb (C and

D) diagnostic probes (see Figure 1 and (15) for the

locations of the probes). The molecular sizes in

kilobases are indicated. The notations 8.8 kb (A), 6.2

kb (B), 11.2 kb (C), and 5.7 kb (D) indicate the bands

expected from the wild-type DT40 cell line, 4.35 kb (A)

and 5.15 (B) indicate those expected after homologous

recombination mediated by pTl4apuro, 3.3 kb (A) and 5.5

kb (B) indicate those expected after homologous

recombination mediated by pTl4absr, 12.9 kb (C) and 7.2

kb (D) indicate those expected after homologous

recombination mediated by PBSH17neo (15), and 7.3 kb (C)

and 8.2 kb (D) indicate those expected after homologous

recombination mediated by pBSH17his (15).
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since one of the two endogenous HMG—14a genes remains

unchanged. By this assay, 2 colonies were determined to

have integration via homologous recombination (data not

shown), for a frequency of 11%. One colony, DTpuroB, was

chosen for a second round of transfection by the pTl4absr

construct (see below). Lane 6 in Figure 3a and Figure 3b

shows the hybridization profile of DTpuro8. The two equally

intense bands in both lanes indicate that one copy of the

HMG—14a gene was disrupted, and the clone was free from

contamination with parental DT40 cells. When the blots were

stripped and reprobed with a puro probe, only one band (4.35

kb for the EcoRI blot and 5.15 kb for the BamHI blot) was

detected, indicating that no additional non-homologous

recombination events occurred in DTpuro8 (data not shown).

The DTpuroB cell line was electroporated with pTl4absr

and selected in the presence of blasticidin S. A total of

38 colonies survived the selection. When the HMG-14a gene

is disrupted in both endogenous copies by pTl4apuro and

pTl4absr, 4.35-kb and 3.3—kb bands are expected to

completely replace the endogenous 8.8—kb band upon EcoRI

cleavage and Southern hybridization with the 1.4-kb probe

(Figure 3a, lane 7). Similarly, the 5.15-kb and 5.5-kb

bands would be expected to completely replace the endogenous

6.2-kb band in a blot of BamHI—cleaved DNA probed by the

1.8~kb probe (Figure 3b, lane 7). By this assay, one

colony, designated 8/bsr8, was determined to have both

copies disrupted by homologous recombination. The blot of
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its DNA cleaved by BamHI was additionally hybridized with

the 1.8-kb HindIII-BamHI genomic fragment deleted in making

the targeting constructs and the bsr probe. As expected, no

bands hybridized to the 1.8-kb probe; while the 5.5-kb band

hybridized to the bsr probe (results not shown). When a

blot of 8/bsr8 DNA cleaved by EcoRI was hybridized to the

puro probe, one band of 4.35 kb hybridized to the probe,

again as expected.

Isolation of cell lines lacking both HMG-17 and HMG-14a

genes. The general scheme for the isolation of cell lines

lacking both HMG—17 and HMG-14a was illustrated in Fig 2b.

First, the D108-1 cell line was transfected with pTl4absr

and selected in the presence of blasticidin S. Resistant

colonies were analyzed for homologous recombination by

Southern hybridization as described. One of 33 resistant

colonies was determined to have one copy of HMG—14a

disrupted. This triply disrupted cell line was designated

Bsr18 and used for another round of transfection by

pTl4apuro to inactivate the second HMG—14a gene. A total of

45 colonies survived puromycin selection. Among them, 2

(Bp5 and Bp39) were determined to have both copies of HMG—

14a disrupted as shown by Southern blotting analysis using

the 5 probes as stated above in the analysis of 8/bsr8

(Figure 3a and 3b).

An alternative strategy to obtain cells lacking both

HMG-14a and HMG-17. As a control against fortuitous

mutations that could compensate for the complete loss of
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both HMG-14a and HMG—17, we also disrupted the HMG—l7 gene

in the HMG-14a null mutant cell line, 8/bsr8 (see Figure 2c

for the strategy).

The neo targeting vector pBSH17neo (15) was used to

disrupt one copy of HMG—17 in 8/bsr8. For colonies with

targeted integration, hybridization of genomic DNA cut by

EcoRI with the 3' 0.2 kb probe (15) is expected to generate

a 12.9 kb band, and, similarly, a new 7.2 kb band would be

expected in a BamHI blot. The endogenous HMG-l7 gene will

give rise to an EcoRI fragment of 11.2 kb and a BamHI

fragment of 5.7 kb when hybridized to the diagnostic probe.

These fragments are still observed in the desired cell

lines, since one of the two endogenous HMG—17 genes remains

unchanged. By this assay, 23 of the 44 resistant colonies

were determined to have targeted integration via homologous

recombination (data not shown), for a frequency of 52%. One

colony, 14N11, was chosen for a second round of transfection

by the pBSHl7his construct (15). Lanes 3 in Figures 3C and

D show the hybridization profile of 14N11. The two equally

intense bands in both lanes indicate that one copy of the

HMG-17 gene was disrupted, and the clone was free from

contamination with parental 8/bsr8 cells. When the blots

were stripped and reprobed with a neo probe, only one band

(7.2 kb for the BamHI blot) was detected, indicating that no

additional non-homologous recombination events occurred in

14N11 (data not shown).

14N11 was then electroporated by pBSH17his and selected
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in the presence of L-histidinol. A total of 14 clones

survived the selection. When the HMG-l7 gene is disrupted

in both copies by pBSH17neo and pBSB17his, 12.9 kb and 7.3

kb bands are expected to completely replace the endogenous

11.2 kb band upon EcoRI cleavage and Southern hybridization

with the 0.2 kb probe (Figure 3c, lanes 1-2). Similarly,

the 7.2 kb and 8.2 kb bands should completely replace the

endogenous 5.7 kb band in a blot of BamHI-cleaved DNA

(Figure 3d, lanes 1-2). By this assay, 11 colonies were

determined to have both copies disrupted by homologous

recombination, yielding a targeting efficiency of 79%. Two

clones, Nh43 and Nh52 were chosen for further studies.

Blots of their DNA cleaved by BamHI were additionally

hybridized with the 0.75 kb fragment replaced in the

targeting constructs and the his probe. As expected, no

bands hybridized to the 0.75 kb probe; while 8.2 kb-bands

hybridized to the his probe (results not shown). The high

frequencies of integration by homologous recombination

obtained in generated Nh43 and Nh52 argue strongly against

the possibility that cell lines were selected with mutations

in other genes that compensated for the loss of both HMG—14a

and HMG-17.

Null mutants do not express HMG-14a but do make low

levels of an aberrant HMG-17 transcript. Both HMG-14a

targeting vectors were designed to replace four of the six

HMG-14a exons with drug-selectable markers; therefore, the

HMG—14a doubly disrupted cell line 8/bsr8 and the quadruply
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Figure 4. Northern blotting analysis of RNA from

representative clones. (A) Total RNA (15 ug per lane)

extracted from the indicated cells lines was fractionated

on a 1.2% agarose-formaldehyde gel, blotted to a membrane,

and probed with 32P—labelled HMG-14a cDNA. (B to D) The

membrane was then stripped and reprobed sequentially with

HMG-17 (B), HMG-14b (C) and GAPDH (D) hybridization probes.

(See Materials and Methods for a description of the

probes).
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disrupted HMG-l4a/HMG—l7 cell lines were not expected to

make any HMG—14a message. Indeed, there was no transcript

detected when total RNAs of these cells were analyzed by

northern hybridization. As reported previously (15), the

disruption of both copies of the HMG-17 in cells resulted in

low levels of aberrant HMG—17—hybridizing RNAs with a

mobility marginally faster than that of wild type, which,

however, do not encode the HMG-17 protein.

Quantitative analysis of the northern blots by a

PhosphorImager demonstrates that the heterozygous null

mutants DTpuro8 and Bsr18 make approximately 50% of the

level of HMG—14a RNA observed in the parental DT40 cells and

D108-1 (Figure 4, lanes 1, 2, and 5), suggesting that HMG-

14a mRNA levels are proportional to gene copy number as we

have reported previously for the HMG-17 gene (15). This is

also in agreement with the results of Pash et al. (18), who

found that when human HMG—14 mRNA was overexpressed in a

mouse myoblast cell line, the level of the endogenous HMG—14

message was not affected. Furthermore, the expression

levels of any remaining chicken HMG—l7 and HMG—14b genes in

both the HMG—14a doubly disrupted 8/bsr8 and the quadruply

disrupted Bp5, Bp39, Nh43, and Nh52 were not markedly

altered (Figure 4b and 4c), indicating that the HMG—14 and

HMG—17 genes are not coordinately regulated at the

transcriptional level.

Quadruple disruptions do not make detectable HMG-14a or

HMG-17 protein. HMG proteins extracted from cells by 5% PCA
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were resolved by SDS—PAGB and transferred to a PVDF

membrane. Western blot analysis was performed with

antibodies elicited against a peptide that is common to both

HMG-14 and HMG-17 (5, 13). As shown in Figure 5, HMG-14a

protein was not detected in the HMG-14a doubly disrupted

cell line 8/bsr8 (lane 7) or in the quadruply disrupted

cells (lanes 1, 2, 9, 10). Because the epitope recognized

by this antibody is located in the most conserved,

nucleosome-binding domain, common to both HMG-l7 and HMG-14,

any truncated form of HMG-17 that might retain normal

function should have been detected, if present.

Figure 5 shows that HMG-14a gene expression was

approximately linear with the functional gene copy number

(lanes 6 and 7) in accordance with our previous observations

on the HMG—17 gene (15). This gene copy number—protein

level relationship is not affected by the presence or

absence of a functional HMG—l7 gene (lanes 3-6). HMG-17

expression is also unaffected by the presence or absence of

HMG-14a (lanes 5-8). And the total absence of both HMG—14a

and HMG-l7 did not affect the cellular level of the HMG-14b

protein (lanes 1-10). Thus, all three members of the HMG-l4

and HMG-17 family are not coordinately regulated.

Null-mutation effects on phenotype and chromatin

structure. All four quadruply disrupted cell lines divided

normally in standard growth media, without any observable

difference in phenotype from DT40. No change in morphology

was found among any of these cell lines when they were
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Figure 5. Western blotting analysis of representative

Clones. The total cell lysates (74 pg per lane) were

separated by SDs-PAGE (15% polyacrylamide) and blotted to

a polyvinylidene difluoride membrane. The membrane was

probed with antibody against the DNA—binding domain of

HMG-14/17 (5). ECL was used to located the bands after

incubation in horseradish peroxidase conjugate. Cell

lines tested are shown at the top, and the locations of

the HMG proteins are indicated by arrows on the left.
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Figure 6. Growth curves of representative cell lines.

Cell lines as indicated in the insert were plated out as

103 cells per ml and counted at 12-h intervals.

Triplicate samples were counted at each time point, and

the standard deviation values were used to plot the error

bars.



76

examined by phase contrast microscopy. Growth rates of the

mutant lines and DT40 were determined following plating each

line at 104 cells/ml in 24-well plates. At about 12 hour

intervals, three plates per cell line were counted. The

results are presented in Figure 6. It is clear that the

quadruply disrupted cells grow equally as well as the DT40

parental cell line. Since there was no detectable

difference in growth rate, we next examined the distribution

of these lines in different stages of the cell cycle by flow

cytometry analysis. Again, there was no consistent

difference between DT40 and the mutant cell lines in the

percentage of cells in G1, S and G2 phases of the cell cycle

(results not shown).

Normal cell proliferation and differentiation have been

suggested to require the regulated expression of HMG-14 and

HMG-17. Their expression is down-regulated during

differentiation of rat osteoblasts and promyelocytic

leukemia cells (23), and over-expression of HMG-14 inhibits

differentiation of mouse myoblast cells in vitro (18). To

assess whether the inactivation of the HMG-17 and HMG—14a

genes affected the differentiation of DT40 cells, we

examined the targeted cell lines with Giemsa staining,

light-scattering profile analysis, and IgM fluorescence

staining. Giemsa staining and light-scattering analysis

with flow cytometry detect the complexity of the cytoplasmic

structure. A more complex cytoplasmic structure would be

expected if DT40 cells proceeded toward the later stages of
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their normal differentiation, which would be to become

mature B cells and then plasma cells. Both Giemsa and

light-scattering analysis did not detect any significant

difference between mutant cell lines and the DT40 parental

cells. Surface IgM is a differentiation marker of B-cells.

It is present on immature B-cells and mature B-cells but

not on plasma cells. When DT40 cells and the quadruply

disrupted cells (Bp5, Bp39, Nh43, and Nh52) were examined

for surface IgM expression by flow cytometry, no difference

was detected (results not shown).

The results discussed above (Figure 5, 6) indicated that

no change in HMG-14b levels occurred in response to

inactivation of the HMG-l7 and HMG-14a genes. We also were

unable to discern any alteration in the pattern of total

histone proteins present in bulk chromatin of the quadruply

disrupted cells versus DT40, as detected by electrophoresis

on a 15% Triton-acid-urea gel (Figure 7). This is not

surprising, since only about 10% of the nucleosomes would be

expected to bind HMG-14 and HMG-17 proteins in normal

cells.

We also wished to examine the structure of mutant cell

line chromatin at the level of individual nucleosomes. When

chromatin is digested by micrococcal nuclease, mono-

nucleosomes of different sizes are released depending upon

the number of HMG-17 and —14 and histone H1 molecules bound.

These different forms of nucleoprotein complexes can be

partially resolved in a polyacrylamide-agarose gel (12). We
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Figure 7. Histone profiles of DT40 and quadruply

disrupted cell lines. Total histones were extracted from

the indicated cell lines with 0.2 M sulfuric acid and

separated on a Triton-acid-urea gel ( 30 ug per lane) by

the method of Lennox and Cohen (14). The gel was stained

by Coomassie blue R250. Various classes of chicken

histones were identified as indicated by comparing the

erythrocyte pattern with those previously described by

Urban et al. (29).
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previously reported that in the region of the mammalian 321

band, two bands are discerned and the intensities of both

bands (especially the faster-migrating one) are decreased in

HMG-17 null mutants (15). When the HMG-14a doubly disrupted

8/bsr8 and the quadruply disrupted Bp5 and Nh43 were

examined by this gel, the lower MII band was absent in both

Bp5 and Nh43. Since the MII particle consists of core

nucleosomes bound to one molecule of HMG—17 or HMG—14, it

appears that the low levels of the remaining HMG-14b are

insufficient to form detectable MII-type nucleosomes in

quadruply disrupted cells.

It has been repeatedly reported that the increased

sensitivity of active chromatin domains to DNase I

correlates with the presence of HMG-14 and/or HMG—17 (16,

30, 31). However, whether HMG-17 and HMG-14 are directly

responsible for the increased DNase I sensitivity is

controversial (11, 17, 22, 26, 27). As an immature B-cell,

DT40 expresses large amounts of immunoglobulin light-chain

proteins from the rearranged copy of its lambda light-chain

gene. It has been shown that DNase I hypersensitivity

exists in both the rearranged and the germline loci with

some sites specific for each type of locus (28). We have

previously shown that the disruption of HMG-17 in DT40 does

not affect the preferential DNase I sensitivity and the

hypersensitive sites (15) in both the rearranged and the

germline loci. To determine whether the complete absence of

both HMG—14a and HMG—l7 affect the DNase I sensitivity,
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Figure 8. Electrophoretic analysis of nucleosomes from

representative cell lines. Nuclear preparations from the

indicated cell lines were incubated with micrococcal

nuclease at 40 U/mg of DNA equivalent for 10 min at 37°C.

After 10 min on ice and subsequent centrifugation, the

supernatant (81) was removed and the pellet was

resuspended in 2 mM EDTA (pH7.4) and incubated on ice for

another 10 min. After centrifugation, the supernatant

(S2) was collected and quantitated for DNA content. A

total of 30 ug was loaded, after mixing with 1 volume of

glycerol, onto a 3.5% polyacrylamide—0.5% agarose gel

containing 30% glycerol (12). The gel was run at

constant current of 9 mA for 12h at 40C. Arrows indicate

two different bands in the region corresponding to the

mammalian MII band (12).
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nuclei from Nh43, 8/bsr8, and DT40 were digested with

limited amounts of DNase I. As shown in Figure 9, the 7-

and 5- kb bands were about equally sensitive in all cell

lines tested and no difference in number and intensity were

seen for the smaller bands produced due to cleavage at

hypersensitive sites. This clearly suggests that the HMG-

14a and HMG-17 are not required for the DNase I sensitivity

and hypersensitivity exhibited at the l light-chain locus.

Since HMG-14b exists in very limited amounts in these cells,

it seems unlikely that it could be sufficient to induce the

DNase I sensitivity observed. Our results are consistent

with a number of reports suggesting that the DNase I

sensitivity of active chromatin is not the result of the

presence of HMG proteins but rather is due to an altered

higher order chromatin configuration (11, 17, 22). However,

our data do not argue against the evidence that HMG-17 and

HMG-14 associate preferentially with active genes, nor can

we rule out the possibility that these proteins are involved

in the DNase I sensitive chromatin structures observed in

parental cells, but that in the knockout cells they are

replaced by other proteins that can also confer DNase I

sensitivity.

Cellular function of HMG-17 and HMG-14. In vitro assays

on isolated chromatin and more recent studies involving the

over-expression of exogenous HMG-14 in cultured cells have

suggested that these HMGs may act to modulate gene

expression and thereby influence cell proliferation and



 

Figure 9. DNase I sensitivity analysis of representative

cell lines. Nuclei from Nh43 (lanes 1, 4, and 7), 8/bsr8

(lanes 2, 5, and 8), and DT40 (lanes 3, 6, and 9) were

prepared and incubated in the presence of DNase I at 0

(lanes 1, 2, and 3), 25x“ (lanes 4, 5, and 6), and 25x%

(lanes 7, 8, and 9) U per mg of DNA equivalent for 20 min

at room temperature. The partially digested DNAs were

extracted and doubly digested by Sal I and XhoI, gel

electrophoresed, and blotted as described previously

(15). The blot was hybridized to a 295-bp fragment

amplified from the constant region of the chicken 8

light—chain gene (15). The intact Sal I—XhoI fragment

(approximately 5—kb) is shown by an arrow on the right.
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differentiation through their regulated expression or

activity. The results reported herein demonstrate that HMG—

14a and HMG-17 are not required for cell growth in culture

and, furthermore, that no major phenotypic changes result

from the complete absence of these proteins in DT40 cells.

One possible explanation for our results is that the

remaining member of this family, HMG-14b, is functionally

reconstituting the lost HMG-14a and HMG-17 in these knockout

cell lines. But this explanation is unlikely to be true

since no compensatory increase in HMG-14b protein expression

was detected in these knockout lines and HMG-14b is present

at only approximately 10% of the amount of either HMG-14a or

HMG-17.

The most straightforward explanation for our results is

that HMG-14a and HMG-17 are simply not required for the

normal growth of, at least, chicken lymphoid cells in

culture. This may seem surprising considering the fact that

these two proteins (especially HMG-17) are well conserved in

evolution. But recent reports have shown that the knockout

of histones genes H2b-v (27a) and OlHl (21a) in DT40 also

resulted in no obvious phenotypic change and studies on

knockout mice (10a) have shown that homozygous null mutants

in a surprisingly wide array of presumably critical genes

are viable, even in a whole animal. It is certainly

possible that HMG-14a and HMG-17 are required for the growth

and/or differentiation of other cell types, even though they

appear to be expressed ubiquitously in all cells. It is
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also possible that the dispensable character of these

proteins is peculiar to a transformed cell line such as

DT40. Perhaps the simplest explanation for our results is

that HMG-14a and HMG—17 are not required for the growth or

gross phenotypic properties of any individual cell type, but

rather function in some unknown way(s) in the development of

the animal. It is also possible that their function has

only a small effect in any individual cell, one which is

significant enough to be evolutionarily selected but which

is negligible when examined in short term culture in growth

media. Further genetic and cell physiological experiments

are required before these alternatives can be clarified.



1.

SUMMARY

HMG-17 doubly disrupted cell lines were generated by

targeted gene disruption. When these lines were examined

for morphology, proliferation rate, cell-cycle

distribution, steady-state levels of histones, and DNase

I hypersensitivity at the lambda light-chain gene, no

difference was detected with respect to the parental DT40

cells. Furthermore, no compensatory increase in HMG-l4

protein levels was observed.

One HMG-14a doubly disrupted cell line was generated by

targeted gene disruption. No major phenotypic changes

appeared to have resulted from this disruption when the

tests listed in 1 were performed for this cell line. The

levels of HMG-14a and HMG-17 did not rise in compensation

for the loss of HMG-14a.

Quadruply disrupted cell lines lacking both HMG—14a and

HMG-17 were generated by targeted gene disruption. No

major phenotypic changes resulted from the absence of

both HMG-14a and HMG—17 when examined similarly as in 1.

This proves that the observations made in 1 and 2 do not
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result from functional redundancy between HMG—14a and

HMG-17. Furthermore, typical DNase I sensitivity of

active chromatin was retained in these cells despite the

absence of both HMG-l7 and HMG-14a. In addition, the

level of HMG-14b did not show a compensatory increase in

these quadruply disrupted mutants, demonstrating, in

combination with the results in 1 and 2, that this family

of proteins is not coordinately regulated.

It is concluded that neither HMG-l7 nor HMG—14a is

required for cell growth in culture and the absence of

these proteins does not cause phenotypic differences with

respect to the parental DT40 cells.
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APPENDIX

Unpublished Results

The aberrant transcript from HMG-17 null mutants does not

contain exon 1 (Figure 1).

The cell cycle distribution does not correlate with the

presence of a functional HMG-l7 gene (Table 1).

The colony-forming efficiency in soft-agar does not

correlate with HMG-l7 gene activity (Table 2).

The side-scattering profile does not correlate with HMG-

17 gene activity (Figure 2).

The hypersensitive profile is similar in the HMG-17 null

mutants and DT40 (Figure 3).

The cell cycle distributions of the quadruply disrupted

mutants lacking both HMG-14a and HMG—l7 do not show

consistent differences compared with that of DT40 (Table

3).

The side-scattering profile does not correlate with HMG—

14a and HMG-l7 gene activity (Figure 4).

Surface IgM expression is similar in the quadruply

disrupted mutants lacking both HMG—14a and HMG-17 and the

parental DT40 cells (Figure 5).

Targeting frequencies of various vectors used (Table 5).
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Figure 1. The aberrant transcript from HMG-17 null

mutants does not contain exon 1. After PCR amplification

of the first-strand cDNA reverse-transcribed from the

mRNA extracted from DT40 (lanes 2 and 11), Hisl(lanes 3

and 12), AD3a (lanes 4 and 13), D2 (lanes 5 and 14), D20

(lanes 6 and 15), and D98-7 (lanes 7 and 16) as described

in MATERIAL AND METHODS in Chapter 1, the product was

electrophoresed on a 3% agarose gel and stained. Reverse

transcriptase control (lanes 8 and 17) and no—DNA control

(lanes 9 and 18) were included. Markers were 100—bp

ladders (lanes 1 and 10). The bands were stained by

ethidium bromide. The primer pairs used were E1-E6

(lanes 2-9) and E4-E6 (lanes 11-18). Only the 170—bp

(but not the 313-bp) band was amplified from the double

knockouts, indicating that the aberrant transcript seen

in the northern blotting analysis was made from the HMG—

17 locus but lacked the exon 1.
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Table 1. The cell cycle distribution does not correlate with the

presence of a functional HMG-17 gene. Cells were prepared and analyzed

as described in MATERIALS AND METHODS IN Chapter 1.

 

 

 

   
 

%G1 %G2 I %S

Cell line Average SD Average SD] Average SD

DT40 17.70 0.89 21.97 0.89l 60.33 3.64

Hisl 19.20 1.18 19.27 1.18 61.53 0.74

AD3a 17.70 0.78 21.77 0.78 60.57 0.55

D2 20.27 0.46 16.47 0.46 63 .23 1.70

D20 23.53 1.17 16.83 1.17 59.67 1.45

D98-7 20.53 0.06 16.57 0.06 62.90 1.28

D108-l 20.80 0.70 15.87 070' 63.30 1.35

Table 2. The colony-forming efficiency in soft-agar does not correlate

with HMG-17 gene activity.

 

 

 

Colony No.‘

Cell line Dish 1 Dish 2 Dish 3 Dish 4 Averag

e

DT40 72 47 70 54 61

H131 72 64 70 77 71

A033 9 12 17 5 11

DZ 7 14 15 20 14

020 0 0 1 0 0

098-7 96 90 85 105 94

0108-1 65 67 46 45 56

 

*Colony numbers were determined 8-days

post-plating (250 cells per dish).
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Figure 2. The side—scattering profile does not correlate with HMG—l7

gene activity. Cells (104) in logarithmic growth were analyzed in FACS

Vantage (Becton Dickinson). Side scatter profile is shown here for the

indicated cell lines. X—axis shows the channel numbers, and I—axis

indicates the cell numbers.
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Figure 3. The hypersensitive profile is similar in the HMG-17

null mutants and DT40. Nuclei from DT40 (lanes 1-6), D108-1

(lanes 7—12), D2 (lanes 13—18) were digested by DNase I for 20

min (room temperature) at 0 (lanes 1, 7, and 13), 25x1/16 (lanes

2, 8, and 14), 25x1/8 (lanes 3, 9, and 15), 25x1/4 (lanes 4, 10,

and 16), 25x1/2 (lanes 5, 11, and 17), and 25 (lanes 6, 12, and

18) U/mg DNA equivalent. The DNA was extracted and digested

separately by SalI (A)and Scal (B), electrophoresed, blotted to

a membrane, and probed by 32P labeled 295—bp fragment amplified

from the chicken lambda light-chain by PCR as described in

MATERIALS AND METHODS in Chapter I. Arrows indicate the intact

bands.
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Table 3. The cell cycle distributions of the quadruply disrupted

mutants lacking both HMG-14a and HMG-17 do not show consistent

difference compared with that of DT40. Cells were prepared and analyzed

as described in MATERIALS AND METHODS in Chapter 2.

 

 

Cell line “/1161 %62 %s

Bp5 27.5 23.6 49.0

Bp39 24.1 17.7 58.2

Nh43 20.5 18.1 61.4

Nh52 19.0 16.7 64 4

DT40 20.5 16.0 63.5



Figure 4. The side-scattering profile does not correlate with

the HMG-14a and the HMG-l7 gene activity. Cells (104) in

logarithmic growth were analyzed in FACS Vantage (Becton

Dickinson). (A) The histograms show the side-scattering profile

of the indicated cell lines (5, 39, 43, and 52 represent Bp5,

Bp39, Nh43, and Nh52, respectively). The X-axis indicates the

channel numbers, and the Y-axis indicates the cell numbers. (B)

The table lists the peak, mean, and median channels in the M1

region in (A).
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B

DT40 8/bsr8 Bp5 Bp39 Nh43 Nh52

PkChl 362.00 364.00 362.00 356.00 383.00 399.00

Mean 385.62 379.26 372.73 374.12 378.22 383.88

Median 382.00 378.00 371.00 372.00 378.00 382.00

 

Figure 4
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Figure 5. Surface IgM expression is similar in the quadruply

disrupted mutants lacking both HMG-14a and HMG-l7 and the

parental DT40 cells. Cells in logarithmic growth were incubated

with goat anti—Chicken IgM FITC conjugate diluted in FA buffer

(DMEM-1% BSA-0.1% NaN3) for 20 min on ice. After 3 washes with

the FA buffer, the cells were resuspended in FA buffer and

analyzed by FACSCan (Becton-Dickinson). The X-axis represents

the fluorescence Channels, and the Y-axis indicates the number of

cells. The cell lines tested were DT40, Nh43, Nh52, Bp39, and

Bp5 (clockwise from the top-left).
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Table 4. Targeting frequencies of various vectors used.

 

Cell line No. colonies No. colonies %targeted

 

 

 

 

 

 

 

Constructs targeted screened vs. screened

pBSH17-neo DT40 110 10.9

PBSH17-puro DT40 5 0 0

pBSH17-puro DT40 58 0 0

pBSH17-hygro DT40 18 0 0

pBSH1 7-hygro DT40 34 0 O

pBSH17-his DT40 7 2 29

pBSH17-his AD3a 42 1 26.2

pBSH17-neo His1 88 2 2.2

pT14a-his DT40 25 2 8.0

pT14a-puro DT40 34 2 5.9

pT14a-bsr DT40 15 0 0.0

pT14a-hygro DT40 2 0 0.0

pT14a-gpt DT40 1 1 0 0.0

pT14a-his DTpur08 23 1 4.3

pT14a-hygro DTpur08 2 0 0.0

pT14a-bsr DTpur08 38 1 2.6

pT14a-ze0 DTpur08 34 1 2.9

pT14a-puro 0108-1 28 1 3.6

pT14a-bsr 0108-1 33 1 3.0

pT14a-gpt 0108-1 18 2 11.1

pT14azeo 0108-1 29 0 0.0

pT14a-gpt Bsr18 37 0 0.0

pT14a-puro Bsr1 8 45 2 4.4

pT14a-bsr Gpt8 95 0 0.0

pBS17-his 14N11 14 11 78.6

pBS17-neo 8/bsr8 44 23 52.3
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