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Abstract. To study the role of the amino-terminal do- 
main of the desmin subunit in intermediate filament 
(IF) formation, several deletions in the sequence en- 
coding this domain were made. The deleted hamster 
desmin genes were fused to the RSV promoter. Ex- 
pression of such constructs in vimentin-free MCF-7 
cells as well as in vimentin-containing HeLa cells, 
resulted in the synthesis of mutant proteins of the ex- 
pected size. Single- and double-label immunofluores- 
cence assays of transfected cells showed that in the ab- 
sence of vimentin, desmin subunits missing amino 
acids 4-13 are still capable of filament formation, al- 
though in addition to filaments large numbers of des- 
min dots are present. Mutant desmin subunits missing 
larger portions of their amino terminus cannot form 
filaments on their own. It may be concluded that the 
amino-terminal region comprising amino acids 7-17 
contains residues indispensable for desmin ilia- 

ment formation in vivo. Furthermore it was shown that 
the endogenous vimentin IF network in HeLa cells 
masks the effects of mutant desmin on IF assembly. 
Intact and mutant desmin colocalized completely with 
endogenous vimentin in HeLa cells. Surprisingly, in 
these cells endogenous keratin also seemed to colocal- 
ize with endogenous vimentin, even if the endogenous 
vimentin filaments were disturbed after expression of 
some of the mutant desmin proteins. In MCF-7 cells 
some overlap between endogenous keratin and intact 
exogenous desmin filaments was also observed, but 
mutant desmin proteins did not affect the keratin IF 
structures. In the absence of vimentin networks 
(MCF-7 cells), the initiation of desmin filament forma- 
tion seems to start on the preexisting keratin illa- 
ments. However, in the presence of vimentin (HeLa 
cells) a gradual integration of desmin in the preexist- 
ing vimentin filaments apparently takes place. 

I 
NTERMEDIATE filaments flFs), l along with microtubules 
and microfilaments, are part of the cytoskeleton of most 
eukaryotic cells. The different classes of IF subunits are 

expressed in a more or less tissue-specific manner in the 
adult organ (9, 70, 71, 74). Sequence data revealed that IFs 
can be subdivided into six types including the lamins (type 
V) (21, 70) and nestin (type VI) (48). 

All IF proteins share an t~-helical "rod" domain of con- 
served secondary structure and size. This central rod, which 
is flanked by nonhelicai end domains of variable size, se- 
quence, and chemical characteristics (9, 21, 23, 24, 48, 70, 
72, 74, 77), comprises ~310 amino acid residues for type 
I to IV as well as type VI, and 356 amino acids for lamins. 
The u-helical rod plays an important role in filament forma- 
tion. Albeit several proposals have been made to explain IF 

Dr. m a e k e r s '  present address is Department of Molecular Cell Biology. 
University of Limburg, Maastdcht, The Netherlands. Address correspon- 
dence to J. M. H. Raats, Department of Biochemistry, University of Nijrne- 
gen, P. O. Box 9101, 6500 HB Nijmegen, The Netherlands. 
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assembly (1, 9, 70, 72), the exact mechanism of filament for- 
marion is not yet fully understood. 

The IF end domains are the major sites of postsyntheric 
modifications such as phosphorylation and limited proteoly- 
sis (9, 22, 26, 42, 55, 74). Reassembly experiments with in- 
tact and proteolytically digested IF subunits revealed that the 
amino-terminal domains of desmin and vimentin are in- 
volved in in vitro filament formation (30, 41, 75). Next to 
limited proteolysis of the amino-terminal parts of desmin and 
vimentin, phosphorylation of these domains might be an- 
other mechanism involved in the regulation of filament rear- 
rangement (4, 13, 15, 17-19, 25, 26, 39, 40, 42, 47, 69). Fur- 
thermore, it has been suggested that the amino-terminal 
domain is involved in binding of IFs to the plasma membrane 
(29, 31). 

Removal of the last 27 carboxy-terminal amino acids did 
not affect the in vitro filament-forming capacity of the des- 
rain subunits (41). The existence of a tailless keratin 
(cytokeratin 19) (6) as well as transfection studies with mu- 
tant keratin cDNAs (2, 3) and modified desmin genes (37) 
allow the assumption that the tail domain is not an indispens- 
able part of IF proteins. On the other hand, the carboxy- 
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terminal domain has also been suggested to be involved in 
binding of IFs to the nuclear lamina (29-31). Since it dis- 
plays the highest variability in both length and sequence 
(74), it might also have some subunit-specific function. 

To study expression, assembly, and possible function of 
IFs inside the living cell various approaches have already 
been undertaken. For instance IF subunits were expressed 
in tissue culture cells by means of IF mRNA injection (20), 
by transfection with IF cDNAs or genes (2, 3, 16, 32, 33, 37, 
46, 54, 60), and by expressing IF genes in transgenic mice 
(11, 12, 45, 57). Because modifications can easily be 
achieved at the DNA level, transfection of modified cDNAs 
or genes into tissue culture cells is an excellent tool to study 
the role of the different IF protein domains in vivo. A number 
of such studies has already been published (2, 3, 37, 46, 51). 
However, we assume that in the transfection experiments de- 
scribed previously (2, 3, 37), the effects on filament forma- 
tion caused by deletions in the IF subunits were masked by 
the presence of intact endogenous IFs. To avoid this we es- 
tablished a vimentin-free in vivo test system for the expres- 
sion of intact and mutant desmin genes. In this expression 
system, the mutant desmin subunits form homopolymeric 
IFs. No copolymerization can occur with endogenous IF 
subunits. Our in vivo assembly study with normal and 
amino-terminally deleted desmin subunits shows a number 
of differences with the previous in vivo IF assembly study 
in ceils containing intact IFs (3). The use of a vimentin-free 
expression system also allowed us to study the initiation of 
(type 11I) IF assembly in the absence of preexisting IFs into 
which the newly synthesized subunits can be incorporated. 

Materials and Methods 

Plasmid Construction 
In general, the procedures suggested by Maniatis et al. (52) were followed 
for construction of plasmids and preparation of plasmid DNA. 

The complete hamster desmin gene without 5' regulatory sequences, 
pDes (57) was used for expressing the complete desmin protein in MCF-7 
and HeLa cells and for preparation of the amino-terminal deletion con- 
structs of the hamster desmin gene. In this construct 57 bp of 5' and 775 
bp of 3' untranslated sequences, including the poly A signal, are present. 

For the preparation of the amino-terminal deletion constructs of the ham- 
ster desmin gene (NAXpRSVDes) listed in Table I, the 0.7-kbp Hpa II-Bam 
HI fragment of the hamster desmin gene (60) (from +25 to +737 bp relative 
to the CAP site) was subeloned into an Ace I-Barn HI-digested pUCI9 plas- 
mid. Excision of DNA fragments with Stu I (+91) and Bal I (+385), or with 
Stu I (+91) and Sma I (+526) resulted, after religation of the remaining 
plasmid, in a deletion of 294 (8tu I-Bal I) and 435 bp (Stu I-Srna I) in the 
first exon of the desmin gene. Both plasmids were cleaved with Barn HI 
(+737) and Hind HI (pUC19 polylinker). The deletion-containing frag- 
ments were ligated in pDes from which the 0.7-kbp Barn HI (+737)-Hind 
HI (pUCl9 polylinker) fragment was removed. This resulted in the plasmids 
NA98pRSVDes and NA145pRSVDes. For the other amino-terminal dele- 
tion constructs, a pUC19 plasmid, containing the Hpa II (+25)-Barn HI 
(+737) fragment, was cleaved at the unique Stu I site at position +91. Bal31 
exonuclease was used to generate deletions of various length in the DNA 
sequence. The plasmids were treated with T4 DNA polymerase to create 
blunt ended DNA cleaved at the unique Barn HI site at position +737. A 
pUC19 plasmid containing the Hpa II (+25)-Barn HI (+737) desmin frag- 
ment was cleaved with Stu I (+91)-Barn HI (+737). The Barn HI blunt des- 
min fragments were ligated in this plasmid. The resulting plasmids were 
cleaved with Barn HI (+737) and Hind III (pUC19 polylinker) and the 
deletion-containing fragments were ligated in the pDes plasmid from which 
the 0.7-kbp Hind HI (pUC19 polylinker)-Bam HI (+737) fragment was re- 
moved. 

The RSV promoter was isolated by linearizing the pRSV-CAT plasmid 
(34) by cleaving it at the unique Nde I site. T4 polymerase was used to create 

blunt-ended DNA. Hind IH linkers were ligated to this plasmid. The RSV 
promoter was excised with Hind HI. This resulted in a 0.58-kbp Hind 
II/-Hind HI fragment which was ligated in the 5'-3' orientation in the Hind 
II1 (pUC19 polylinker) site of all desmin deletion constructs. The resulting 
constructs contain some additional base pairs from the pUC19 polylinker 
between the Hind HI and Ace I sites. The DNA constructs were transformed 
into bacterial strain Escherichia coli HB101 or JM109. 

All DNA preparations to be used in transfection experiments were 
purified on two successive CsCI gradients. 

To determine which deletion constructs were in the proper reading frame 
for desmin protein expression, plasmid DNA from each deletion clone was 
isolated and sequenced using the double-stranded sequencing protocol de- 
scribed by Chen and Seeberg (14, 35). 

Cell Culture 

MCF-7 cells (50, 53, 67) were maintained in Eagle's modified MEM 
(EMEM; Flow Laboratories, Maclean, VA) supplemented with 10% FCS 
(Gibco Laboratories, Grand Island, NY) and 6 ng/ml insulin (bovine). 
HeLa ceils were cultivated in DMEM (Gibco Laboratories) supplemented 
with 10% FCS. Stably transfocted cell lines of MCF-7 and HeLa cells were 
maintained in EMEM supplemented with 10% FCS, 6 ng/ml insulin, and 
300 /~g/ml Geneticin (G418; Gibeo Laboratories), and in DMEM sup- 
plemented with 10% FCS and 300/~g/ml (3418, respectively. 

DNA Transfections 

Cells were transfected by the calcium phosphate precipitation method, es- 
sentially as described by Wiglet et al. (78). Cells were plates in 100- or 35- 
mm culture dishes (Costar Corp., Boston, MA) 24-48 h before transfection 
and grown in DMEM supplemented with 10% FCS. Transfections were car- 
ried out on cell cultures that had reached ,x,40% coiffluency. 20 #g/100 mm 
or 5/zg/35 mm plasmid DNA was added to each culture dish as a calcium 
phosphate precipitate, 20 rain later 5 ml/100 mm or 2 m1/35 mm culture 
medium containing 5 tLg/ml chloroqulne (Sigma Chemical Co., St. Louis, 
MO) was added. After 5 h of incubation the cells were glycerol shocked 
for 2.5 min, and incubated in normal growth medium for 48 h. Thereafter 
immunofluorescence assays, immanoprecipitation, and Western blotting 
procedures were performed. For preparation of stably transfected cell lines, 
ceils were plated in 100-ram dishes and cotransfocted with 1/~g pSV-neo 
(68) and 19/~g of a construct. 24 h after transfection the cells were brought 
under (3418 selection (300/~g/ml). After +14 d, colonies of stable transfor- 
mants were transferred to 96-microwell dishes with a sterile pipette tip. Af- 
ter wells reached confluency, these cells were analyzed for desmin expres- 
sion by indirect immunostaining and Western blotting. 

Antibodies and Indirect Immunofluorescence Assay 

Single- and double-label indirect immunofluorescence staining procedures 
were performed on cultured cells as described previously (45). We used the 

Table L Deletion Mutants of Hamster Desmin 

Number of 
Size of amino acids 

Construct deletion deleted 

pRSVDes None None 
NA3 3 AA APt 5-7* 
NA10 10 AA AA 4-13 (AA 14 Y ~  D)t 
NA13 13 AA AA 5-17" 
NA60 60 AA AA 4-63 
NA91 91 AA AA 4-94 
NA94 94 AA APt 4-97 (AA 98 Q "-" E)* 
NA98 98 AA AA 4-101 
NA125 125 AA AA 4-128 
NA145 145 AA AA 4-148 (AA 149 R ~ G)S 

The deletion constructions are named NAXpRSVDes (NAX) where N stands 
for amino-terminal deletion, whereas AX indicates the number of amino acids 
removed as a result of the deletions made in the hamster desmin gene. AA, 
amino acids. 
* After ligation AA 5 of desmin is restored. 

Amino acid substitutions caused by ligation. 
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following polyclonal and monoclonal antibodies: (a) A polyclonal rabbit an- A 
tibody (poly-des) to chicken gizzard muscle desmin (65); (b) the mAb 
RD301 to chicken desmin (60); (c) the alfinity-purified polyclonal antibody 
(poly-vim) to bovine lens vimentin (64); (d) the mAb RV202 to bovine lens pUC19 
vimentin (66); (e) the afffinity-purified polyclonal antibody (poly-ker) to hu- 5' 
man skin keratins (64); and (f) the mAbs RCK102 to human keratins 5 and 
8 (10), RCK106 (66), CK 18-2 (10), and RGE 53 (63), all three to keratin I 
18, and RCK105 to keratin 7 (66). 

One-dimensional PAGE and Western Blotting 

The preparation of cytoskeletal extracts of cultured cells as well as one- 
dimensional SDS-gel electrophoresis and immunoblotting procedures have 
been described previously (10). Western blots were incubated either with 
the mAb RD301 to desmin, followed by t25I-labeled goat anti-mouse anti- 
body, or with the polyclonal rabbit antibody (poly-des) to desmin, followed 
by a swine anti-rabbit antibody, and subsequently with 125I-labeled Staphy- 
lococcus aureua protein A. The radiolabeled bands were visualized by auto- 
radiography. 

Cell Labeling, Extraction, and Immunoprecipitation 
of IF Proteins 

For cell labeling, tissue culture cells were grown in 100-mm dishes in 6 ml 
of methionine-free EMEM for 2 h. Thereafter, 200 #Ci [35S]methionine 
(>1,000 Ci/mmol sp act, Amersham Corp., Arlington Heights, IL) and 0.36 
ml dialyzed FCS (final concentration 6%) was added. After a 24-h incuba- 
tion at 37"C the cells were rinsed three times with PBS. Cells were har- 
vested by scraping with a cell lifter (Costar Corp.) in PBS and pelleting. 

IF proteins were isolated as described previously (8). In all solutions 
1 mM of the protease inhibitor PMSF was included. 

Radiolabeled IF proteins were obtained selectively by immunoprecipita- 
tion with specific monoclonal and polyclonal antibodies as described (8). 
An aliquot containing 5 x 106 cpm of the [35S]methionine-labeled cell ex- 
tract was used for each precipitation. A volume containing 2,000 cpm of 
the precipitate was used for gel analysis. After separation the gels were 
fluorographed, dried, and exposed to Kodak X-Omat AR-5 film (Eastman 
Kodak Co., Rochester, NY). 

Results  

Selection of the Desmin Expression System 

The hamster desmin gene and modifications thereof can be 
expressed after transfer into different types of nonmuscle 
cells (37, 57, 60). To study desmin filament formation in 
vivo, vimentin-containing cells have previously been trans- 
fected with different types of desmin deletion constructs 
(37). Since desmin and vimentin can form heteropolymers 
in vivo (62, 73), it could not be excluded that the endogenous 
vimentin compensates for the effects caused by deletions in 
the desmin gene. To avoid this, desmin filament formation 
was studied in cells lacking vimentin. The human breast ade- 
nocarcinoma epithelial cell line MCF-7 we used for our 
transfection studies does express keratins 7, 8, and 18, but 
neither desmin nor vimentin (38, 53). The effect of endoge- 
nous vimentin on mutant desmin assembly was determined 
by transfection of mutant desmin genes into HeLa cells, a hu- 
man epithelial cell line expressing both vimentin and kera- 
tins 7, 8, 17, and 18 but no desmin (53). 

Both the hamster desmin promoter (unpublished results) 
as well as the hamster vimentin promoter (38) show little or 
no activity in MCF-7 cells. For this reason we replaced the 
5' upstream region of the hamster desmin gene by the 0.58- 
kbp promoter fragment (34), yielding the pRSVDes plasmid 
(Fig. 1 A). The RSV promoter is capable of directing high 
level expression of different types of constructs in both MCF-7 
and HeLa cells (unpublished results). To test whether ex- 

pRSVDes 
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H HS BSm 

TATA-~I l a 

+401/~-. +25 ~ 
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IIIIllVV VI VII VIII IX 

• E 
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Figure 1. (A) Schematic representation of the expression vectors for 
hamster desmin (pRSVDes) and mutations thereof (NAXpRSVDes 
[NAX]). N indicates amino terminal deletion, whereas AX indi- 
cates the number of amino acids (AA) deleted as a result of the 
modifications made in the hamster desmin gene. RSV indicates that 
the desmin gene and mutations thereof are under control of the RSV 
promoter. --.--, pUC19; II, RSV sequence; [], noncoding area 
RSV promoter; ~ ,  deleted area of desmin exon 1; - ,  noncoding 
sequences; ,,, desmin exons. H, Hind In; S, Stu I; B, Bal I; Sm, 
Sma I; Ba, Barn HI; E, Eco RI. 1, relative to the CAP-site of RSV; 
2, relative to the CAP-site of the desmin gene. (B) Schematic rep- 
resentation of deleted desmin subunits. All deletion constructs con- 
tain AA 1-4. The size of each deletion is indicated by vertical 
arrows. 

pression of pRSVDes resulted in desmin filament formation 
in MCF-7 and HeLa cells, both cell types were transfected 
with this construct. In a typical transient transfection assay 
+30% of the HeLa cells and +15% of the MCF-7 cells 
reacted positively with desmin antibodies 48 h after transfec- 
tion. The desmin filament network in MCF-7 cells showed 
no morphological abnormalities and was similar to that of 
HeLa cells transfected with pRSVdes (compare Figs. 3 a and 
4 a) or with the complete hamster desmin gene (not shown) 
(37, 60). 

Construction of Mutant Desmin Genes 

Various mutant genes were constructed by removing se- 
quences of the hamster desmin gene encoding the amino- 
terminal region of the protein (Materials and Methods, Fig. 
1, and Table I). In all deletion constructs the original desmin 
ATG start codon, as well as the surrounding region starting 
from +25 up to +91 bp relative to the CAP site were re- 
tained. Therefore, in all amino-terminal deletion constructs 
the first three amino acids of desmin are maintained. 

Expression of the deletion constructs NAXpRSVDes 
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Figure 2. (A) Immunoprecipitation of mutant desmin proteins ex- 
pressed in MCF-7 cells with a polyclonal antibody against desmin 
(pDes) revealed that all mutant desmin genes were expressed 
properly and of the expected size. Bands corresponding to the mu- 
tant desmins are pointed out by an arrowhead. Mutant genes trans- 
fected are indicated as NAX (see Fig. 1 and Table I). Immunopre- 
cipitation of cytoskeletal proteins from BHK-21 cells with 
polyclonal antibodies against desmin (pDes) and vimentin (pVim) 
were used as markers for vimentin (Vim) and desmin (Des). Immu- 
noprecipitation of nontransfected MCF-7 cells with a polyclonal an- 
tibody against keratin (pKer) (A and B, lane C; pKer) indicated that 
additional proteins precipitated with poly-des might be keratins. 
(B) Immunoprecipitations of cell extracts of transfected and non- 
transfected MCF-7 cells with polyclonal antibodies against vimen- 
tin (pV/m), showed that in both transfected as well as nontransfected 
cells, vimentin could not be demonstrated. 

should result in amino-terminally deleted desmin subunits from 
which 3-145 amino-terminal residues are missing (Fig. 1 B). 

Expression of  Mutant Desmin 

MCF-7 cells were transfected with the different deletion con- 
structs, labeled with [35S]methionine, and analyzed for mu- 
tant desmin protein expression 48 h after transfection. IF 

proteins were isolated and immunoprecipitated with poly- 
clonal antibodies directed against desmin (poly-des), vimentin 
(poly-vim), and keratins (poly-ker). Immunoprecipitation of  
the mutant desmin proteins with poly-des demonstrated that 
all mutant genes were expressed properly and that the mu- 
tant IF proteins were of  the expected size (Fig. 2 A). In addi- 
tion to the mutant desmin bands four other protein bands 
were observed in each sample. These bands were also de- 
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Table II. Indirect Immunofluorescence 
Desmin Staining Patterns Observed in 
Transiently Transfected Vimentin-free MCF- 7and 
Vimentin-containing HeLa Cells 

Transfected Immunofluorescence pattern Immunofluorescence pattern 
constructs in transfected MCF-7 in transfected HeLa* 

pRSVDes F F 
NA3 F F 
NA10 F, Do F, Do 
NA13 Do, Di F, Do, Di 
NA60 Di F, Di 
NA91 Di F,  Di 
NA94 Di F, Di 
NA98 Di F, Di 
NA125 Di F,  Di 
NA145 Di F, Di 

F, filamentous staining pattern; Do, dotted staining pattern; Di, diffuse staining 
pattern. 
* Staining pattern depends on expression level of mutant desmin. If expression 
level was low, most cells showed intact desmin filaments; if the expression lev- 
el was high, most cells showed staining patterns identical to those seen in 
MCF-7 cells. 

tected in nontransfected MCF-7 cells (Fig. 2 B, lane C; 
pDes). Immunoprecipitation of transfected and nontrans- 
fected MCF-7 cells with poly-ker indicated that these bands 
probably represent endogenous keratins (Fig. 2 B, compare 
lanes (7; pVim, pDes, andpKer). MCF-7 cells are completely 
devoid of vimentin, as demonstrated by the absence of vi- 
mentin after immunoprecipitation with poly-vim, both be- 
fore and after transfection (Fig. 2 B). 

The mutant desmin genes were also expressed properly af- 
ter transfection into HeLa cells, as demonstrated by Western 
blotting with polyclonal antibodies against vimentin and des- 
rain (results not shown). 

The Effect of Amino-Terminal Deletions on the 
Filament-forming Capacity of Desmin in MCF-7 Cells 

Transient transfection of the amino-terminal desmin deletion 
constructs into MCF-7 cells resulted in four, morphologi- 
cally distinct immunofluorescence patterns after staining 
with poly-des (Table II and Fig. 3). Expression of pRSVDes 
and the deletion construct NA3 yielded normal filamentous 
desmin staining patterns (Fig. 3 a). Expression of the dele- 
tion construct NA10 resulted in a deviating picture. In addi- 
tion to desmin filaments, in nearly all transfected cells small 
fluorescent desmin dots were seen (Fig. 3 b). While in some 
cells the dotted pattern was most pronounced, others showed 
a predominantly filamentous feature. The filaments were 
mainly observed in the nuclear area, whereas the dots 
seemed to be situated more closely to the plasma membrane. 
Upon transfection of the deletion construct NA13 no normal 
desmin filaments were observed. The transfected cells dis- 
played a diffuse cytoplasmic staining together with strongly 
fluorescent dots (Fig. 3 c). These dots were not seen in close 
proximity of the nucleus. In few transfected cells, hazy 
filamentous structures were observed together with the 
diffuse cytoplasmic and dotted staining pattern. Although af- 
ter transfection of NA10 and NA13, the observed desmin dots 
did not show any particular interaction with the nuclear 
envelope, very large dots often clustered around the nucleus. 

To ensure that these dots were not caused by overexpression 
of the mutant desmin proteins, MCF-7 cells were transfected 
with smaller quantities of the respective constructs (2-200 
times less than described in Materials and Methods). The to- 
tal amount of DNA used to transfect cells was kept constant 
by adding pUC plasmid DNA. These experiments showed 
that the dots were not caused by overexpression, since they 
remained at each concentration, although they became very 
small when lower amounts of the construct were transfected. 

Expression of the deletion constructs NA60 to NA145 did 
not result in the formation of desmin filaments. Only a 
diffuse cytoplasmic staining reaction was seen in these 
MCF-7 cells (Fig. 3 d). 

The Effect of Amino.Terminal Deletions on the 
Filament-forming Capacity of Desmin in HeLa Cells 

The effects of amino-terminal deletions on filament forma- 
tion in HeLa cells were much less pronounced as compared 
with the effect seen in MCF-7 cells (Table II and Fig. 4). 
Transfection of the mutant desmin genes generally yielded 
normal filaments (not shown). However, for each construct, 
at least some transfected HeLa cells displayed desmin pat- 
terns, similar to those observed in MCF-7 cells (Fig. 4, 
a-d). Transfection of smaller quantities of construct DNA 
into HeLa cells (200 times less than described in Materials 
and Methods), resulted in intact desmin filaments only. Pre- 
sumably, only when mutant desmins are expressed at high 
levels, IF formation is disturbed and the staining patterns are 
similar to those observed in transfected MCF-7 cells. 

Interaction of Intact and Mutant Desmin with the 
Endogenous Keratin Network in MCF-7 Cells 

Double immunofluorescence labeling of transiently trans- 
fected MCF-7 cells revealed that the endogenous keratin fila- 
ments are morphologically different from the exogenous des- 
min networks formed by intact desmin subunits (Fig. 5, a and 
b), although in some areas of the cell colocalization of both 
filament systems could be observed. 

Transfection of all deletion constructs on MCF-7 cells 
resulted in desmin staining patterns as described above. 
Double and single labeling with keratin antibodies revealed 
that the keratin filament organization was never affected by 
the mutant desmin proteins (Fig. 5, b, d, f, and h). The des- 
rain dots, seen after transfection of NA10 and NA13 were 
situated in the darn of the keratin network (Fig. 5, c-f). 

Interaction of Intact and Mutant Desmin with 
Endogenous Keratin and Vimentin Filaments in 
HeLa Cells 

After expression of intact desmin subunits double im- 
munofluorescence staining showed that the newly synthe- 
sized desmin did colocalize completely with the endogenous 
vimentin filaments (see also references 37, 57, 60). More- 
over, after expression of the different desmin constructs, 
vimentin staining patterns were identical to those of desmin, 
even if desmin filament formation was disturbed (Fig. 6, c, 
d, g, h, k, and l). These results strongly suggest that in HeLa 
cells vimentin and desmin form heteropolymers. 

Unexpectedly in HeLa cells the exogenous desmin illa- 
ments, formed by intact desmin subunits, colocalized nearly 
completely with the pre-existing endogenous keratin filaments 
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Figure 3. Single-label indirect immunofluorescence assay of MCF-7 cells transfected with (a) pRSVDes, (b) NA10, (c) NAI3, (d) NA145, 
and incubated with a polyclonal antibody against desmin (poly-des). Abnormal desmin staining patterns already occur after deletion of 
10 amino-terminal residues. Bars, 10 #m. 

(Fig. 6, a and b). In contrast to MCF-7 cells, a certain num- 
ber  of  cells transfected with NA10 or NA13 and displaying 
the desmin dots as described above, showed the same pattern 
after staining with five different keratin antibodies (Fig. 6, e 
and f ) .  Expression of the other deletion constructs did not 
affect endogenous keratin filament networks (Fig. 6, i and j ) .  

Initiation of  Desmin Filament Formation in 
MCF-7 Cells 

To study the initiation site of  intact desmin subunits in the 
absence of vimentin filaments, MCF-7 cells were transfected 
with pRSVDes. At subsequent time intervals after transfec- 
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Figure 4. Single-label indirect immunofluorescence assay of HeLa cells transfected with (a) pRSVDes, (b) NAIO, (c) NA13, (d) NA124, 
and incubated with a polyclonal antibody against desmin (poly-des). Staining patterns identical to those observed in MCF-7 cells are present 
in HeLa cells expressing high levels of mutant desmin. Bars, 10 #m. 

tion (7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 18, 24, 48, 72, and 
173 h) cells were analyzed by the indirect immunofluores- 
cence assay with the polyclonal desmin antiserum. In con- 
trast to previous "testtube" observations (29), desmin fila- 
ment formation in MCF-7 cells did not start at the nuclear 
envelope. Desmin filament formation appeared to initiate in 
the cytoplasmic area. Some transfected cells displayed a dot- 
ted staining pattern at the beginning of the time course (Fig. 
7 a). The dots developed into short tiny desmin filaments 
randomly situated throughout the cytoplasm (Fig. 7, b and 
c). These rodlike structures then elongated and formed an 
extensive IF structure (Fig. 7 d). To study this phenomenon 
in more detail, MCF-7 cells were stably transfected with 
pRSVDes and lines expressing low levels of desmin were 
selected. Double labeling immunofluorescence with keratin 
and desmin antibodies suggested that the scarce desmin fila- 

ment structures partially colocalized with the endogenous 
keratin filament network (Fig. 8). Therefore, at least in 
MCF-7 cells, desmin filament formation seems to start on 
the endogenous keratin filament network rather than on initi- 
ation sites at the nuclear or plasma membrane. In MCF-7 
cells the initial process following transfection was reversed 
late (173 h) after transfection. Intact filaments were reduced 
to tiny, short, rodlike structures spread throughout the 
cytoplasm (Fig. 9, a and c). Remarkably, in some cells the 
rodlike structures appeared to cluster at the cell membrane 
(Fig. 9, a and b). 

D i s c u s s i o n  

A variety of studies has already been devoted to the elucida- 
tion of the role of the nonhelical IF end domains in filament 

Raats et al. Mutant Desmin Assembly 1977 



formation. For instance amino-terminally deleted keratin 
subunits incorporated into the preexisting keratin network 
without disturbing it (3). On the other hand, previous in vitro 
reassembly studies with desmin subunits missing 67 amino- 
terminal residues showed that these subunits, incapable of 
filament formation on their own, could form normal desmin 
filaments when mixed with wild-type desmin subunit (41). 
The mechanism of IF assembly might be different for keratin 
and type Ill IF subunit. However, we do suspect that in the 
in vivo reassociation study with mutant keratin cDNAs, the 
presence of intact endogenous keratin subunits may mask the 
effects of deletions in the nonhelical end domains on filament 
formation. Our vimentin-free expression system eliminates 
this problem. No IF subunits, capable of copolymerization 
with mutant desmin subunits, are present in the MCF-7 cells. 
As the amino-terminal part of the IF subunit seems to be of 
major importance in regulating filament rearrangements (9, 
13, 15, 17-19, 22, 26, 30, 40-42, 47, 55, 69, 74, 75), we 
chose to study the effects of deletions in this domain on fila- 
ment formation. All our desmin constructs were expressed 
properly in MCF-7 and HeLa cells after transient transfec- 
tion. Since IFs are expressed in a tissue-specific manner, it 
might be possible that control mechanisms for desmin as- 
sembly operative in muscle cells are not present in epithelial 
MCF-7 cells. However, considering the impossibility of study- 
ing homopolymeric desmin assembly in vimentin-containing 
muscle cells together with the fact that normal desmin fila- 
ments were formed when the nonmedified gene (pRSVDes) 
was expressed in MCF-7 and HeLa cells, we believe that our 
study contributes to the understanding of type Ill IF assem- 
bly in vivo. 

The A mino-Terminal Domain of Desmin 
Is Indispensable for Filament Formation 
In Vivo 

In both vimentin and desmin a highly conserved nonapeptide 
SSYRRXFGG (X being isoleucine or methionine in vimen- 
fin, and threonine in desmin) is present closely behind the 
initiation methionine (position 1) (36, 49, 58, 60). This nona- 
peptide contains a phosphorylation site for protein kinase C 
at position 13 of desmin (42). In construct NA10 amino acid 
residues 4-13 are removed, including the two serine residues 
at positions 12 and 13, the tyrosine at position 14 is sub- 
stituted for aspartic acid. Transfection of this construct in 
MCF-7 cells resulted already in abnormal desmin organiza- 
tion. The observed staining pattern suggests that these mu- 
tant subunits are still capable of assembling into filaments 
but probably lost the capability to bind to the plasma mem- 
brane, presumably via interaction with ankyrin which is sup- 
posed to serve as a natural capping factor (27, 28, 31).The 
lack of capping, which probably blocks IF elongation, might 
cause curling of the desmin filaments at their amino-terminal 
ends resulting in the dotted staining pattern. Whether the 
disturbed staining pattern is caused by removal of the phos- 

Figure 5. Double-label indirect immunofluorescence assay of MCF-7 
cells transfected with (a and b) pRSVDes, (c and d) NAIO, (e and 
f )  NA13, (g andh) NA98, and incubated with a polyclonal antibody 
against desmin (poly-des). (a, c, e, and g) and a monoclonal anti- 

body against keratin (RCKI06) (b, d,f, and h). Weak immunofluo- 
rescent dots visible in d and fare caused by the very strong fluores- 
cent desmin dots. Single labeling with mono-ker never showed 
dotted keratin staining patterns similar to those observed for desmin. 
Note intact keratin filaments in all transfeeted cells. Bars, 10 ~tm. 
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Figure 6. Double-label indirect immunofluorescence assay of HeLa cells transfected with pRSVDes (a-d), NA10 (e-h), NA145 if-l), and 
incubated with a polyclonal antibody against desmin (poly-des) (a, c, e, g, i, and k), an mAb against keratin (RCKI02) (b, f, and j) and 
an mAb against vimentin (RV202) (d, h, and l). Note complete colocalization of desmin and vimentin staining. Large colocalizing areas 
are also present for desmin and keratin staining in cells transfected with pRSVDes and NA10. In cells transfected with NA145, no colocaliza- 
tion of desmin and keratin patterns is observed. Bars, 10 #m. 

phorylation site or merely by disturbance of the conserved 
sequence is not yet clear. Removal of amino acids 5-17 
(NA13) including the residues SSYRRT from the nonapep- 
tide causes the loss of filament forming capacity of the mu- 
tant subunit. These data indicate that this conserved se- 
quence is involved in filament formation in vivo. The 
presence of desmin dots after expression of NA13 revealed 
that the mutant subunits retain the possibility to interact with 
other cellular components (probably the endogenous keratin 
filaments). Whether the remaining residues of the nonapep- 
tide (FGG) are involved in this interaction or other residues 

situated between position 17 and 63 is not yet understood. 
Expression of desmin constructs containing larger deletions 
than NA13 (NA60--NA145, Table I) resulted in desmin 
subunits incapable of forming desmin filaments or dots. The 
diffuse cytoplasmic staining observed, indicates that these 
mutant subunits remained in the soluble phase. 

Intact Vimentin Subunits Capable of 
Copolyrnerization with Mutant Desmin Subunits 
Mask the Effect of  Mutations on IF Formation 

All cells transfected with the mutant desmin constructs, dis- 
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Figure 7. Single-label indirect immunofluorescence assay of MCF-7 ceils transfected with pRSVDes, and incubated with a polyclonal anti- 
body against desmin (poly-des). Ceils were fixed (a) 16, (b and c) 48, and (d) 72 h after transfection. Note that initiation of desmin filamem 
formation starts in the cytoplasmic area. Bars, 10 t~m. 

l~gure 8. Double-label indirect immunofluorescence assay of MCF-7 cells stably transfected with pRSVDes and expressing only low levels 
of desmin. Cells are stained with a polyclonai antibody against desmin (poly-des) (a, c, and e) and a monoclonal antibody against keratin 
(RCKI02) (b, d, and f ) .  Note large eolocalizing areas of desmin and keratin staining, especially when desmin filaments are scarce. Bars, 
10 ttm. 





Figure 9. Single- and double-label indirect immunofluorescence assay of MCF-7 cells transfected with pRSVDes. Cells were fixed and 
stained with a polyclonai antibody against desmin (poly-des) (a-c) and an mAb against keratin (RCKI06) (d) 173 h after transfection. 
Note short, cytoplasmic filamentous desmin structures which show large areas of colocalization with keratin filaments. Some transfected 
ceils showed a clustering of the rodlike desmin structures near the plasma membrane at late times after transfection. Bars, 10 #m. 

played identical desmin and vimentin staining patterns, 
confirming that desmin and vimentin form heteropolymers 
in transfected HeLa cells (62). In most transfected HeLa 
cells expression of the mutant desmin subunits resulted in 
normal filamentous desmin staining, although for all mutant 
desmin subunits, patterns identical to those observed in 
MCF-7 cells were seen in a number of cells. Most likely, 
only a high ratio of mutant desmin subunits in the des- 
min/vimentin heteropolymers resulted in the distorted des- 
min (and vimentin)patterns identical to those seen in MCF-7 
cells. This view is sustained by preliminary results obtained 
with stably transfected HeLa ceils expressing various 
amounts of mutant desmin. Comparison of the results ob- 
tained by the in vivo assembly study with amino terminally 
deleted keratin subunits (3) and our data revealed a number 
of differences. Desmin subunits missing as little as amino 
acid residues 5-17 were, when expressed at high levels in 

HeLa cells, already capable of disrupting the preexisting 
vimentin network. Only deletions in the ct-helical domain of 
keratin subunits affected filament morphology. Furthermore, 
expression of desmin subunits missing amino terminal 
residues 4-64 (NA60) showed the same desmin staining pat- 
tern as observed after expression of desmin subunits missing 
their complete amino-terminal domain in addition to coil IB 
(NA145, Fig. 1 B). These differences might be caused by 
different assembly mechanisms of keratin and type III IF 
subunits. However, we do suspect that the endogenous kera- 
tin network present in cells used for transfection of mutant 
keratin cDNAs (3) is largely responsible for the discrepancy. 

Effect of  Mutant Desmin on Other IF Networks 

In MCF-7 cells expression of mutant desmin never affected 
endogenous keratin networks. However, in some areas of the 
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cell intact desmin filaments seemed to colocalize with kera- 
tin filaments. 

In HeLa cells only expression of NA10 and NA13 did affect 
endogenous keratin filaments. Preliminary results with stably 
transfected HeLa cells expressing various levels of mutant 
desmin reveal that keratin IF are only affected at high mutant 
desmin expression, indicating that the desmin region between 
amino acid residues 17 and 64 is necessary for interaction. 
Whether the effect of mutant desmin on keratin filaments is 
mediated by endogenous vimentin, or represents an interac- 
tion between desmin and a particular keratin type not present 
in MCF-7 cells, or is caused by an IF associated protein, re- 
mains unsolved. In HeLa cells intact desmin/vimentin and 
keratin filaments seemed to colocalize completely. Although 
rather seldom, colocalization of vimentin and keratin illa- 
ments has been reported previously (7, 43, 44). 

In MCF-7 Cells the Initiation of  Desmin 
Filament Assembly Does Not Take Place at the 
Nuclear Envelope 

Our experiments, as well as preliminary results obtained 
with MCF-7 cells stably transfected with pRSVDes and ex- 
pressing only low levels of intact desmin, revealed that des- 
rain filament assembly in MCF-7 cells does not start at the 
nuclear envelope as suggested previously for vimentin (29, 
74). In contrast, the initiation of desmin filament assembly 
seemed to occur in the cytoplasm. Hence we may conclude 
that in MCF-7 cells no vectorial assembly of desmin fila- 
ments takes place. Moreover we noticed that the desmin and 
preexisting keratin networks seemed to colocalize largely 
when desmin filaments were scarce. However, abundant des- 
min filaments, showed a different distribution as compared 
to the endogenous keratin networks, although some overlap 
was still observed. 

As vimentin and desmin are closely related (58-61), the 
mechanism of filament assembly was expected to be alike for 
both subunits. However, neither cytoplasmic rodlike struc- 
tures as observed in MCF-7 cells, nor a nuclear IF cap as 
described for injected vimentin in BHK-21 cells (76) were 
observed upon desmin expression in HeLa cells. Only a 
gradual increase of desmin fluorescence intensity, which 
colocalized completely with the preexisting vimentin fila- 
ments, was seen. This is in agreement with the recent obser- 
vation that chicken vimentin does incorporate in preexisting 
mouse vimentin filaments at assembly sites on the vimentin 
network (56). However, no discontinuous localization of des- 
rain on the preexisting vimentin filaments at early times after 
transfection was observed. Uniform distribution of newly 
formed IF subunits within preexisting filaments has been 
reported for NF-L subunits too (5). 

Conclusions 

When searching for the function of IF domains in in vivo fila- 
ment formation by means of transfection studies with modi- 
fied genes, it is necessary to avoid cell systems in which in- 
tact IF subunits capable of copolymerization with mutant 
subunits are present. Our in vivo studies are in line with the 
in vitro finding that tetramers containing less than four mutant 
subunits with intact rod domains are still capable of normal 
filament formation (41), thereby masking the effects caused 
by mutant IF subunits. By using vimentin-free MCF-7 cells 

to express the various desmin constructs, we were able to 
localize the amino-terminal region necessary for desmin fila- 
ment formation in vivo at amino acid residues 7-17. Most 
likely the conserved nonapeptide SSYRRTFGG present in 
desmin at position 12-20 is involved in desmin filament for- 
marion in vivo. In MCF-7 cells desmin filament assembly 
starts in the cytoplasmic area, probably on endogenous kera- 
tin filaments. In HeLa cells newly formed desmin filaments 
incorporate uniformly into the preexisting vimentin fila- 
ments. In both cell types no initiation at the nuclear mem- 
brane was observed. Further studies with stably transfected 
cells hopefully will reveal more details about certain features 
of the mutant IF subunits, such as protein stability, solubility, 
and the interaction with other cellular components. 

We thank Henno van den Hooven for his excellent assistance. 
This work was supported by the Netherlands Organization for Scientific 

Research (NWO) through the Foundation for Chemical Research (SON; 
F.R. Pieper), and by the Netherlands Cancer Foundation (KWF; K.N. Ver- 
rijp and F. Ramaekers). 

Received for publication 29 March 1990 and in revised form 3 July 1990. 

References 

1. Aebi, U., M. Haner, J. Troncosco, R.Eichner, andA. Engel. 1988. Unify- 
ing principles in intermediate filament (IF) structure and assembly. Pro- 
toplasma (Bed.). 145:73-81. 

2. Albers, K., and E. Fuchs. 1987. The expression of mutant keratin cDNAs 
transfected in simple epithelial and squamous cell carcinoma lines. J. Cell 
Biol. 105:791-806. 

3. Albers, K., and E. Fuchs. 1989. Expression of mutant keratin cDNAs in 
epithelial cells reveals possible mechanisms for initiation and assembly 
of intermediate filaments. J. Cell Biol. 108:1477-1493. 

4. Ando, S., K. Tanabe, Y. Gonda, C. Sato, and M. Inagaki. 1989. Domain 
and sequence specific phosphorylation of vimentin induces disassembly 
of the filament structure. Biochemistry. 28:2974-2979. 

5. Angelides, K. J., K. E. Smith, and M. Takeda. 1989. Assembly and ex- 
change of intermediate filament proteins of neurons: Neurofilaments are 
dynamic structures. J. Cell Biol. 108:1495-1506. 

6. Beder, B. L., T. M. Magin, M. Hatzfeld, andW. W. Franke. 1986. Amino 
acid sequence and gene organization of cytokeratin no. 19, an exception- 
ally tail-less intermediate filament protein. EMBO (Eur. Mol. Biol. Or- 
gan.) J. 5:1865-1875. 

7. Bader, B. L., L. Jahn, and W. W. Franke. 1988. Low level expression of 
cytokeratins 8, 18 and 19 in vascular smooth muscle cells of human um- 
bilical cord and in cultured cells derived therefrom, with an analysis of 
the chromosomal locus containing the cytokeratin 19 gene. Eur. J. Cell 
Biol. 47:300-319. 

8. Banks-Schlegel, S. P., and C. C. Harris. 1983. Tissue-specific expression 
of keratin proteins in human esophageal and epidermal epithelium and 
their cultured keratinocytes. Exp. Cell. Res. 146:271-280. 

9. Bloemendal, H., and F. R. Pieper. 1989. Intermediate filaments: known 
structure, Unknown function. Biochim. Biophys. Acta. 1007:245-253. 

10. Broers, J. L. V., D. N. Carney, M. Klein Rot, G. Schaart, E. B. Lane, 
G. P. Vooys, and F. C. S. Ramaekers. 1986. Intermediate filament pro- 
teins in classic and variant types of small cell lung carcinoma cell lines: 
A biochemical and immunochemical analysis using a panel of monoclonal 
and polyclonal antibodies. J. Cell. Sci. 83:37-60. 

11. Capetanaki, Y., S. Smith, and J. P. Heath. 1989. Overexpression of the 
vimentin gene in transgenic mice inhibits normal lens cell differentiation. 
J. Cell Biol. 109:1653-1664. 

12. Capetanaki, Y., S. Starnes, and S. Smith. 1989. Expression of the chicken 
vimentin gene in transgenic mice: efficient assembly of the avian protein 
into the cytoskeleton. Proc. Natl. Acad. Sci. USA. 86:4882--4886. 

13. Celis, J. E., P. M. Larsen, S. J. Fey, and A. Celis. !983. Phosphorylation 
of keratin and vimentin polypeptides in normal and transformed mitotic 
human epithelial anmion cells: behavior of keratin and vimentin filaments 
during mitosis. J. Cell BioL 97:1429-1434. 

14. Chert, E. Y., and H. P. Seebnrg. 1985. Supercoil sequencing: a fast and 
simple method for sequencing plasmid DNA. DNA (NY). 4:165-170. 

15. Chou, Y. H., E. Rosevear, andR. D. Goldman. 1989. Phosphorylation and 
disassembly of intermediate filaments in mitotic cells. Proc. Natl. Acad. 
Sci. USA 86:1885-1889. 

16. Domenjoud, L., J. L. Jorcano, B. Breuer, and A. Alonso. 1988. Synthesis 
and fate of keratin 8 and 18 in nonepithelial cells transfected with cDNA. 
Exp. Cell Res. 179:352-361. 

Raats et al. Mutant Desmin Assembly 1983 



17. Evans, R. M. 1988. The intermediate-filament proteins vimentin and des- 
rain are phosphorylated in specific domains. Fur. J. Cell. Biol. 46: 
152-160. 

18. Evans, R. M. t988. Cyclic AMP-dependent protein kinase-iuduced vimen- 
tin filament disassembly involves modification of the N-terminal domain 
of intermediate filament subunits. FEBS (Fed. Eur. Biochem. Soc.) Len. 
234:73-78. 

19. Evans, R. M. 1989. Phosphorylation of vimentin in mitotically selected 
cells. In vitro cyclic AMP-independent kinase and calcium-stimulated 
pbosphatase activities. J. Cell Biol. 108:67-78. 

20. Franke, W. W., E. Sehmid, S. Mittnacht, C. Grund, and J. L. Jorcano. 
1984. Integration of different keratins into the same filament system after 
microinjectiou of mRNA for epidermal keratins into kidney epithelial 
cells. Cell. 36:813-825. 

21. Franke, W. W. 1987. Nuclear lamins and cytoplasmic intermediate illa- 
ment proteins: a growing multigene family. Cell. 48:3-4. 

22. Fraser, R., P. M. Steinert, and A. C. Steven. 1987. Focus on intermediate 
filaments. Trends Biochem. Sci. 2:43-45. 

23. Geisler, N.; and K. Weber. 1982. The amino acid sequence of chicken mus- 
cle desmin provides a common structural model for intermediate filament 
proteins. EMBO (Eur. Mol. Biol. Organ.) J. 1:1649-1656. 

24. Geisler, N., and K. Weber. 1986. Structural aspects of intermediate illa- 
ments. In Cellular and Molecular Biology of the Cytoskeleton. G. Shay, 
editor. Plenum Publishing Corp., New York. 41-64. 

25. Geisler, N., and K. Weber. 1988. Phosphorylation of desmin in vitro in- 
hibits formation of intermediate filaments; identification of three kinase 
A sites in the amino terminal head domain. EMBO (Eur. Mol. Biol. Or- 
gan.) J. 7:15-20. 

26. Geisler, N., M. Hatzfeld, and K. Weber. 1989. Phosphorylation in vitro 
of vimentin by protein kinase A and C is restricted to the head domain. 
Eur. J. Biochem, 183:441-447. 

27. Georgatos, S. D., and V. T. Marchesi. 1985. The binding of vimentin to 
human erythrocyte membranes: a model system for the study of inter- 
mediate filament-membrane interactions. J. Cell Biol. 100:1955-1961. 

28. Georgatos, S. D., D. C. Weaver, and V.T. Marcbesi. 1985. Site specificity 
in vimentin-membrane interactions: intermediate filament subunits as- 
sociate with the plasma membrane via their head domains. J. Cell Biol. 
100:1962-1967. 

29. Georgatos, S. D., and G. Biobei. 1987. Two distinct attachment sites for 
vimentin along the plasma membrane and the nuclear envelope in avian 
erythroeytes: a basis for vectorial assembly of intermediate filaments. J. 
Cell Biol. 105:105-115. 

30. Georgatos, S. D., and G. Blobel. 1987. Lamin B constitutes an intermediate 
filament attachment site at the nuclear envelope. J. Cell Biol. 105:117-125. 

31. Georgatos, S. D., K. Weber, N. Geisler, and G. Blobel. 1987. Binding of 
two desmin derivatives to the plasma membrane and the nuclear envelope 
of avian erythrocytes: evidence for a conserved site-specificity in inter- 
mediate filament-membrane interactions. Proc. Natl. Acad. Sci. USA. 
84:6780-6784. 

32. Giudice, G. J., and E. Fuchs. 1987. The transfection of epidermal keratin 
genes into fibroblasts and simple epithelial cells: Evidence for inducing 
a type I keratin by a type II gene. Cell. 48:453-463. 

33. Glass, C., and E. Fuchs. 1988. Isolation, sequence, and differential expres- 
sion of a human K7 gene in simple epithelial cells. J. Cell Biol. 
107:1337-1350. 

34. Gorman, C.M.,  G. T. Merlino, M. C. W. Wilfingham, I. Pastsn, and B. H. 
Howard. 1982. The Rous sarcoma virus long terminal repeat is a strong 
promoter when introduced into a variety of eukaryotic ceils by DNA 
mediated transfection. Proc. Natl. Acad. Sci. USA. 79:6777-6781. 

35. Hattori, M. and Y. Sakaki. 1986. Dideoxy sequencing method using dena- 
tured plasmid templates. Anal. Biochera. 152:232-238. 

36. Herrmann, H., B. Fouquet, and W. W. Franke. 1989. Expression of inter- 
mediate filament pro{eins during development of Xenopus laevis. II. 
Identification and molecular characterization of desmin. Development. 
105:299-307. 

37. Heuvel, vaa den, R. M. M., G. J. M. M. van Eys, F. C. S. Ramaekers, 
W. J. Quax, W. T. M. Vree Egberts, G. Scbaart, H. T. M. Cuypers, 
and H. Bloemendal. 1987. Intermediate filament formation after transfec- 
tion with modified hamster vimentin and desmin genes. J. Cell Sci. 
88:475-482. 

38. Heuijerjans, J. H., F. R. Pieper, F. C. S. Ramaekers, L. J. M. Timmer- 
marts, H. Kuypers, H. Bloemendal, and W. J. van Venrooy. 1989. As- 
sociation of mRNA and eIF-2a with the cytoskeleton in cells lacking 
vimentin. Exp. Cell Res. 181:317-330. 

39. Inagaki, M., Y. Nishi, K. Nishizawa, M. Matsuyama, and C. Sato. 1987. 
Site-specific phosphorylation induces disassembly of vimentin filaments. 
Nature (Lond.). 328:649-652. 

40. Inagaki, M., Y. Gonda, M. Matsuyama, K. Nishizawa, Y. Nishi, and C. 
Sato. 1988. Intermediate filament reconstitution in vitro. J. Biol. Chem. 
263:5970-5978. 

41. Kaufrnann, E., K. Weber, and N. Geisier. 1985. Intermediate filament 
forming ability of desmin derivatives lacking either the amino-terminal 
67 or the carboxy-terminal 27 residues. J. Mol. Biol. 185:733-742. 

42. Kitamura, S., S. Ando, M. Shibata, K. Tanabe, C. Sato, and M. Inagaki. 
1989. Protein kinase-C pbosphorylation of desmin at four serine residues 

within the non-c~-helical head domain. J. Biol. Chem, 264:5674-5678. 
43. Klyrnkowsky, M. W. 1982. Vimentin and keratin intermediate filament sys- 

tems in cultured PtK2 epithelial cells are interrelated. EMBO (Eur. Mol. 
Biol. Organ.) J. 1:161-165. 

44. Knapp, L. W., and C. L. Bunn. 1987. The experimental manipulation of 
keratin expression and organization in epithelial cells and somatic cell 
hybrids. Curr. Top. Dev. Biol. 22:69-96. 

45. Krimpenfort, P. J., G. Schaart, F. R. Pieper, F. C. Ramaekers, H. T. 
Cuypers, R. M. van den Heuvei, W. T. Vree Egberts, G. J. van Eys, 
A. Berns, and H. Bloemendal. 1988. Tissue-specific expression of  a 
vimentin-desmin hybrid gene in transgenic mice. EMBO (Eur. Mol: Biol. 
Organ.) J. 7:941-947. 

46. Kulesh, D. A., G. Cecena, Y. M. Darmon, M. Vasseur, and R. G. Oshima. 
1989. Posttranslational regulation of keratins: Degradation of mouse and 
human keratins 18 and 8. Mol. Cell Biol. 9:1553-1565: 

47. Lamb, N. J. C., A. Fernandez, J. R. Feramisco, andW. J. Welch. 1989. 
Modulation of vimentin containing intermediate filament distribution and 
phosphorylation in living fibroblasts by cAMP-dependent protein kinase 
J. Cell Biol. 108:2409-2422. 

48. Lendahl, U., L. B. Zimmerman, and R. D. G. McKay. 1990. CNS stem 
cells express a new class of intermediate filament protein. Cell. 60: 
585-595. 

49. Li, Z., A. Lilienbaum, G. Butier-Browne, and D. Paulin. 1989. Human 
desmin-coding gene: complete nucleotide sequence, characterization and 
regulation of expression during myogenesis and development. Gene 
(Amst.). 78:243-254. 

50. Lippman, M., G. Bolan, and K. Huff. 1976. The effects of estrogens and 
anti-estrogens on hormone-responsive human breast cancer in long-term 
tissue culture. Cancer Res. 36:4595-4601. 

51. Loewinger, L., and F. McKeon. 1988. Mutations in the nuclear lamin pro- 
teins resulting in their aberrant assembly in the cytoplasm. EMBO (Eur. 
Mol. Biol. Organ.)J. 7:2301-2309. 

52, Maniatis, T. E., E. F. Fritsch, and J. Sambrook. Molecular Cloning: A 
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Har- 
bor; NY. 545 pp. 

53. Moll, R., W. W. Franke, D. L. Schiller, B. Geiger, and R. Krepler. 1982. 
The catalog of human cytokeratins: patterns of expression in normal 
epithelia, tumors and cultured cells. Cell. 31:11-14. 

54. Monteiro, M. J., and D. W. Cleveland. 1989. Expression of NF-L and NF-M 
in fibroblasts reveals coassembly of neurofilament and vimentin subunits. 
J. Cell Biol. 108:579-593. 

55. Nelson, W. J., and P. Traub. 1983. Proteolysis of vimentin and desmin by 
the Ca2+-activated proteinase specific for these intermediate filament 
proteins. Mol. Cell. BioL 3:1146-1156. 

56. Ngai, J., T. R. Coleman, and E. Lazarides. 1990. Localization of newly 
synthesized vimentin subunits reveals a novel mechanism of intermediate 
filament assembly. Cell. 60:415-427. 

57. Pieper, F. R., G. Schaart, P. J. Krimpenfort, J. B. Henderik, H. J. 
Moshage, A. van de Kemp, F. C. S. Ramaekers, A. Berns, and H. Bloc- 
mendal. Transgenic expression of the muscle-specific intermediate fila- 
ment protein desmin in nonmuscle cells. J. Cell Biol. 108:1009-1024. 

58. Quax, W., W. Vree Egberts, W. Hendriks, Y. Quax-Jeuken, and H. Blce- 
mendal. 1983. The structure of the vimentin gene. Cell. 35:215-223. 

59. Quax, W., R. van den Heuvel, W. Vree Egberts, Y. Quax-Jeaken, and H. 
Bloemendal. 1984. Intermediate filament cDNAs from BHK-21 cells: 
Demonstration of distinct genes for desmin and vimentin in all vertebrate 
classes. Proc. Natl. Acad. Sci. USA. 81:5970-5974. 

60. Quax, W., L. van den Brock, W. Vree Egberts, F. Ramaekers, and H. 
Bloemendal. 1985. Characterization of the hamster desmin gene: Expres- 
sion and formation of desmin filaments in nonmuscle cells after gene 
transfer. Cell. 43:327-338. 

61. Quax-Jeuken, Y., W. Quax, and H. Bloemendal. 1983. Primary and sec- 
ondary structure of hamster vimentin predicted from the nucleotide se- 
quence. Proc. Natl. Acad. Sci. USA. 80:3548-3552. 

62. Quinlan, R. A., and W. W. Franke. 1982. Heteropolymer filaments of 
vimentin and desmin in vascular smooth muscle tissue and cultured baby 
hamster kidney cells demonstrated by chemical cross-linking. Proc. Natl. 
Acad. Sci. USA. 79:3452-3456. 

63. Ramaekers F. C. S., A. Huysmans, O. Moesker, A. Kant, P. H. K. Jap, 
C. J. Herman, and G. P. Vooijs. 1983. Monoclonal antibody to keratin 
filaments, specific for glandular epithelia and their tumors. Use in surgi- 
cal pathology. Lab. Invest. 49:353-361. 

64. Ramankers, F. C. S., J. J. G. Puts, O. Moesker, A. Kant, A. l-Iuysrnans, 
D. Hang, P. H. K. Jap, C. J. Herman, andG. P. Vooys. 1983. Antibodies 
to intermediate filament proteins in the immunohistochemical identifica- 
tion of human tumors: an overview. Histochem. J. 15:691-713. 

65. Ramaekers, F. C. S., R. H. M. Verheyen, O. Moesker, A. Kant, G. P. 
Vooys and C. J. Herman. 1983. Mesodermal mixed tumor: diagnosis by 
analysis of intermediate filament proteins. Am. J. Surg. Pathol. 7:381-385. 

66. Ramaekers, F. C. S., A. Huysmans, G. Scbaart, O. Moesker, and G. P. 
Vooys. 1987. Tissue distribution of keratin 7 as monitored by a monoclo- 
hal antibody. Exp. Cell Res. 170:235-249. 

67. Soule, H. D., J. Vazquez, A. Long, S. Albert, andM. Brerman. 1973. A 
human cell line from a pleural effusion derived from a breast carcinoma. 
J. Natl. Cancer Inst. 51:1409-1416. 

The Journal of Cell Biology, Volume 111, 1990 1984 



68. Southern, P. J., and P. Berg. 1982. Transformation of w.ammalian cells to 
antibiotic resistance with bacterial gene under control of the SV40 early 
region promoter. J. Mol. Appl. Genet. 1:327-341. 

69. Steinert, P. M. 1988. The dynamic phosphorylation of the human inter- 
mediate filament keratin 1 chain. J. Biol. Chem. 263:13333-13339. 

70. Steinert, P. M., and D. R. Roop. 1988. Molecular and cellular biology of 
intermediate filaments. Annu. Rev. Biochem. 57:593-625. 

71. Steinert, P. M., D. A. D. Parry, W. W. Idler, L. D. Johnson, A. C. Steven, 
and D. R. Roop. 1985. Amino acid sequences of mouse and human 
epidermal type II keratins of Mr 67.000 provide a systematic basis for 
the structural and functional diversity of the end domains of keratin inter- 
mediate filament subunits. J. Biol. Chem. 260:7142-7149. 

72. Steinert, P. M., A. C. Steven, and D. R. Roop. 1985. The molecular biol- 
ogy of intermediate filaments. Cell. 42:411-420. 

73. Tokuyasu, K. T., P. A. Maher, and S. J. Singer. 1985. Distributions of 

vimentin and desmin in developing chick myotubes in vivo. lI. Immuno- 
electron microscopic study. J. Cell Biol. 100:1157-1166. 

74. Traub, P. 1985. Intermediate Filaments: A Review. Springer Verlag, 
Berlin. 

75. Traub, P., and C. E. Vorgias. 1983. Involvement of the N-terminal poly- 
peptide ofvimentin in the formation of intermediate filaments. J. Cell Sci. 
63:43-67. 

76. Vikstrom, K. L., G. G. Borisy, and R. D. Goldman. 1989. Dynamic 
aspects of intermediate filament networks in BHK-21 cells. Proc. Natl. 
Acad. Sci. USA. 86:549-553. 

77. Weber, K., and N. Geisler. 1987. Biochemistry and molecular structure of 
intermediate filaments. Fortschr, Zo~l. 34:251-260. 

78. Wigler, M., R. Sweet, G. K. Kim, B. Weld, A. Pellicer, E. Lacy, T. Mani- 
atis, S. Silverstein, and R. Axel. 1979. Transformation of mammalian 
cells with genes from procaryotes and eucaryotes. Cell. 16:777-785. 

Ru t s  et el. Mt~am DesT~ A s s e ~ y  1985 


