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  Prelamin A and other proteins containing a carboxyl-
terminal  CaaX  motif undergo a series of posttranslational 
modifi cations, beginning with protein prenylation ( 1–4 ). 
First, a 15-carbon farnesyl or a 20-carbon geranylgeranyl 
lipid is added to the thiol group of the cysteine (the “C” of 
the  CaaX  motif) by a pair of protein prenyltransferases, 
protein farnesyltransferase (FTase) or protein geranylger-
anyltransferase I (GGTase-I) ( 1, 2 ). Generally, the cysteine 
is geranylgeranylated if the “X” is a leucine or phenylala-
nine; otherwise, it is farnesylated ( 1, 2 ). Prelamin A termi-
nates with –CSIM and is farnesylated ( 5–7 ). Next, the last 
three amino acids of the protein (i.e., the “aaX” of the 
 CaaX  motif) are clipped off by a prenylprotein-specifi c en-
doprotease ( 8 ). For most proteins, this step is carried out 
by RCE1 ( 8 ), but in the case of prelamin A, this step can be 
carried out by both zinc metalloprotease Ste24p ortholog 
(ZMPSTE24)   and RCE1 ( 9, 10 ). Finally, the newly exposed 
isoprenylcysteine is methylated by ICMT ( 11–13 ). After 
these  CaaX  modifi cations are complete, prelamin A un-
dergoes a second endoproteolytic processing step ( 14 ); 
the last 15 amino acids of the protein, including the farne-
sylcysteine methyl ester, are clipped off by ZMPSTE24, re-
leasing mature lamin A ( 9, 15–18 ). 

      Abstract   Protein farnesyltransferase (FTase) inhibitors, 
generally called “FTIs,” block the farnesylation of prelamin 
A, inhibiting the biogenesis of mature lamin A and leading 
to an accumulation of prelamin A within cells. A recent report 
found that a GGTI, an inhibitor of protein geranylgeranyl-
transferase-I (GGTase-I), caused an exaggerated accumula-
tion of prelamin A in the presence of low amounts of an 
FTI. This fi nding was interpreted as indicating that prelamin 
A can be alternately prenylated by GGTase-I and that inhib-
iting both protein prenyltransferases leads to more prelamin 
A accumulation than blocking FTase alone. Here, we tested 
an alternative hypothesis—GGTIs are not specifi c for GG-
Tase-I, and they lead to prelamin A accumulation by inhibiting 
ZMPSTE24 (a zinc metalloprotease that converts farnesyl–
prelamin A to mature lamin A). In our studies, commonly 
used GGTIs caused prelamin A accumulation in human fi -
broblasts, but the prelamin A in GGTI-treated cells exhib-
ited a more rapid electrophoretic mobility than prelamin A 
from FTI-treated cells. The latter fi nding suggested that the 
prelamin A in GGTI-treated cells might be farnesylated 
(which would be consistent with the notion that GGTIs in-
hibit ZMPSTE24). Indeed, metabolic labeling studies re-
vealed that the prelamin A in GGTI-treated fi broblasts is 
farnesylated. Moreover, biochemical assays of ZMPSTE24 
activity showed that ZMPSTE24 is potently inhibited by a 
GGTI.   Our studies show that GGTIs inhibit ZMPSTE24, 
leading to an accumulation of farnesyl–prelamin A. Thus, 
caution is required when interpreting the effects of GGTIs 
on prelamin A processing.  —Chang, S. Y., S. E. Hudon-Miller, 
S. Yang, H-J. Jung, E. Farber, T. Subramanian, D. A. Andres, 
H. P. Spielmann, C. A. Hrycyna, S. G. Young, and L. G. Fong. 
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 In the current study, we tested the hypothesis that pep-
tidomimetic GGTIs lead to increased amounts of prelamin 
A in cells by blocking ZMPSTE24. 

 METHODS 

 Growth of human fi broblasts and inhibitors of the 
protein prenyltransferases 

 Human fi broblasts were obtained from ATCC. In some experi-
ments, we used ZMPSTE24-defi cient human fi broblasts from a 
patient with restrictive dermopathy ( 35 ). Two selective FTIs, 
ABT-100 and PB-43, were used at concentrations of 2–5  � M. 
PB-43 was obtained from Dr. Michael Gelb (University of Wash-
ington), and ABT-100 was obtained from Dr. David Frost (Abbott 
Laboratories). Three peptidomimetic inhibitors of GGTase-I 
(GGTI-298, GGTI-2147, and GGTI-2133) were obtained from 
Sigma-Aldrich or Calbiochem. 

 Urea-soluble extracts of fi broblasts were prepared as previ-
ously described ( 36 ). Extracts were size-fractionated on 4–12% 
gradient polyacrylamide Bis-Tris gels (Invitrogen), and the pro-
teins transferred to nitrocellulose for Western blotting. Antibody 
dilutions were 1:400 for anti-lamin A/C goat IgG (sc-6215, Santa 
Cruz Biotechnology); 1:800 for goat anti-prelamin A (sc-6214, 
Santa Cruz Biotechnology); 1:1000 for anti-actin goat IgG (sc-
1616, Santa Cruz Biotechnology); and 1:5000 for IRDye 800 anti-
goat IgG (Rockland) or horseradish peroxidase (HRP)–conjugated 
anti-goat IgG (Santa Cruz Biotechnology). The IRdye-labeled an-
tibodies were detected with an Odyssey infrared imaging scanner 
(LI-COR Biosciences), and the HRP-labeled antibodies were de-
tected by Enhanced Chemiluminescence methods and exposure 
to X-ray fi lm. 

 Hepatocyte-specifi c  Pggt1b  and  Fntb  knockout cells 
 Primary hepatocytes from mice that do not express GGTase-I 

in the liver ( Pggt1b  fl /fl   AlbCre  + ) or FTase in the liver ( Fntb  fl /fl   AlbCre  + ) 
were isolated by collagenase digestion and differential centrifu-
gation ( 37 ). The cells were seeded in collagen-coated plates and 
allowed to adhere for 4 h before preparing cell extracts. Quanti-
tative RT-PCR studies ( 37 ) showed that that  Pggt1b  fl /fl   AlbCre  +  and 
 Fntb  fl /fl   AlbCre  +  hepatocytes had a near-complete absence of  Pggt1b  
and  Fntb  transcripts, respectively. 

 Metabolic labeling of farnesylated proteins in fi broblasts 
 To assess protein farnesylation, fi broblasts were metabolically 

labeled for 48 h with an analog of farnesol, 8-anilinogeraniol 
(AG) (50  � M in DMSO) ( 38 ). AG is converted to anilinogeranyl 
diphosphate (AGPP) and used as a substrate by FTase. The incor-
poration of AG into prelamin A can be detected by Western blot-
ting with an AG-specifi c monoclonal antibody (1:5000) ( 38 ) and 
an IRDye 680–labeled anti-mouse IgG (1:2500) (LI-COR) ( 23, 
37, 39 ). 

 Detecting prelamin A in fi broblasts by 
immunocytochemistry 

 Human fi broblasts were grown on coverslips and grown in the 
presence of an FTI (ABT-100) or a GGTI (GGTI-298). Cells were 
incubated with a rat monoclonal antibody against prelamin A 
(7G11; 1:50 dilution) or a mouse monoclonal antibody against 
Lap2 �  (BD Biosciences; 1:400 dilution) for 2 h. After washing, 
cells were incubated with a 1:200 dilution of Alexa Fluor 568–
conjugated anti-rat antibody or Alexa Fluor 488–conjugated anti-
mouse antibody (Invitrogen). DNA was stained with DAPI to 
visualize nuclei. Images were obtained with a Leica SP2 1P-FCS 
confocal microscope with a 63× objective. 

 The endoprotease and the methylation reactions are 
carried out by enzymes that are specifi c for prenylated 
proteins ( 12, 19–22 ). Thus, when protein farnesylation is 
inhibited with a protein farnesyltransferase inhibitor 
(FTI), lamin A biogenesis is blocked, leading to an accu-
mulation of nonfarnesylated prelamin A ( 5 ). The produc-
tion of mature lamin A also can be blocked by lopinavir, 
an HIV protease inhibitor that inhibits ZMPSTE24 ( 9, 17 ). 
In the presence of lopinavir, the farnesylated form of 
prelamin A accumulates within cells ( 23, 24 ). 

 The recognition that a carboxyl-terminal  CaaX  motif 
triggers the posttranslational modifi cation of proteins 
with a lipid ( 11 ) was a signifi cant development for the 
fi eld. Soon thereafter, Chen et al. ( 25 ) used “ CaaX  
peptide chromatography” to purify and clone the mam-
malian protein prenyltransferases. Also,  CaaX  box pepti-
domimetic inhibitors of the protein prenyltransferases 
were generated ( 26, 27 ). Peptidomimetic inhibitors of 
FTase block the prenylation of  CaaX  proteins that are 
normally farnesylated, for example, the RAS proteins, 
HDJ-2, and prelamin A ( 5, 26 ); peptidomimetic inhibi-
tors of GGTase-I (GGTIs) block the prenylation of pro-
teins that are normally geranylgeranylated, for example, 
Rap1a ( 28 ). The pharmaceutical industry has been 
keenly interested in both FTase and GGTase-I inhibitors 
as anticancer agents ( 29, 30 ). 

 Some farnesylated  CaaX  proteins, notably KRAS, can be 
alternately prenylated by GGTase-I when FTase is blocked 
with an FTI ( 31 ). More recently, Varela et al. ( 32 ) sug-
gested that alternate prenylation might also apply to 
prelamin A. In their experiments, they did not observe 
prelamin A in cells incubated with an FTI, but they did 
fi nd substantial prelamin A accumulation when cells were 
treated with both an FTI and a GGTI. They interpreted 
these fi ndings as suggesting that prelamin A is alternately 
prenylated by GGTase-I in the presence of an FTI. They 
concluded that the GGTI/FTI combination was particu-
larly effective in inhibiting the prenylation of prelamin A, 
accounting for prelamin A accumulation in cells ( 32 ). 
However, the possibility remained that GGTIs actually lead 
to prelamin A accumulation by inhibiting other enzymes 
in the lamin A biogenesis pathway. 

 The notion that a GGTI might inhibit the maturation of 
prelamin A to lamin A by inhibiting other enzymes in the 
pathway is not farfetched. Most GGTase-I inhibitors are 
peptidomimetic compounds that structurally resemble a 
 CaaX  motif, and it would not be particularly surprising if 
these compounds were to affect other enzymes in the 
pathway that are specifi c for prenylated  CaaX  proteins. 
Our suspicions that ZMPSTE24 might be affected by pep-
tidomimetic GGTIs were heightened by the fact that the 
substrate specifi city of Ste24p, the yeast ortholog of ZMP-
STE24, against prenylated peptides is affected by the se-
quence of the  CaaX  motif ( 33, 34 ). Mammalian ZMPSTE24 
shares the same  CaaX  motif specifi cities ( 18 ). Given that 
ZMPSTE24 activity is infl uenced by the sequence of the 
substrate’s  CaaX  motif, it is reasonable to hypothesize that 
some  CaaX  peptidomimetics (i.e., inhibitors of GGTase-I) 
might affect the activity of ZMPSTE24. 
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we showed that lopinavir, a potent inhibitor of ZMPSTE24, 
leads to an accumulation of  farnesyl –prelamin A in cells 
( 23, 24 ), and we further showed that the farnesyl–prelamin 
A in lopinavir-treated cells has a faster electrophoretic mo-
bility than nonfarnesylated prelamin A in FTI-treated cells 
( 23, 24 ). To characterize the prelamin A in GGTI-treated 
cells, we compared the electrophoretic mobilities of prelamin 
A in GGTI-, FTI-, and lopinavir-treated cells (  Fig. 3A  ).  The 
electrophoretic mobility of prelamin A in GGTI- and 
lopinavir-treated cells was similar, and both migrated 
faster than prelamin A in FTI-treated cells ( Fig. 3A ). 

 The more rapid electrophoretic mobility of prelamin A 
in GGTI-treated cells suggested that a GGTI might inhibit 
ZMPSTE24 activity. Indeed, this was the case. Like lopina-
vir, a GGTI potently inhibited the enzymatic activity of 
recombinant ZMPSTE24 against a farnesylated  CaaX  pep-
tide substrate ( Fig. 3B ). 

 The inhibition of ZMPSTE24 by a GGTI would be ex-
pected to lead to an accumulation of farnesyl–prelamin A 

 Endoprotease-coupled methylation assays and other 
enzymatic assays 

 Endoprotease-coupled methylation assays of ZMPSTE24 activ-
ity ( 23, 24, 40 ) were performed by mixing 5  � g of membranes 
from   � ste24 � rce1  yeast that overexpressed mouse ZMPSTE24, 8 
 � g of membranes from   � ste24 � rce1  yeast overexpressing Ste14p, 
a farnesylated  a -factor peptide ([YIIKGVFWDPA(farnesyl)CVIA], 
5  � M; EZBioLab, Westfi eld, IN), and 20  � M  S -adenosyl-L-[ methyl -
 14 C]methionine (55 Ci/mol; GE Healthcare) in 100 mM Tris-
HCl, pH 7.5, in a fi nal volume of 60  � l. Reactions were performed 
in the presence and absence of GGTI-298 and lopinavir. After 
incubating the reactions at 30°C for 30 min, the reactions were 
stopped with 50  � l of 1 M NaOH/1% SDS. The reactions were 
then spotted on a pleated fi lter paper, and [ 14 C]methanol 
was allowed to diffuse into scintillation fl uid for 2.5 h. The 
amount of radioactivity released was quantifi ed by scintillation 
counting ( 11 ). 

 RESULTS 

 We tested whether commonly used GGTIs would lead to 
an accumulation of prelamin A in human fi broblasts. In 
our initial experiments, we observed an accumulation of 
prelamin A in cells treated with GGTI-298, a peptidomi-
metic inhibitor of GGTase-I. Indeed, the amount of 
prelamin A accumulation with 10  � M GGTI-298 was close 
to the amount of prelamin A that accumulates with selec-
tive FTIs (PB-43 and ABT-100) (  Fig. 1A  ).  When GGTI-298 
was combined with an FTI (PB-43), the amount of prelamin 
A in cells did not increase beyond that in cells treated with 
FTI alone ( Fig. 1A ). We also observed prelamin A accumu-
lation with another peptidomimetic GGTI, GGTI-2147 
( Fig. 1B ). We considered the possibility that the prelamin 
A accumulation in GGTI-treated cells was due to the fact 
that these compounds inhibited FTase; however, this was 
not the case. An FTI (ABT-100), but not a GGTI (GGTI-298), 
led to an accumulation of nonfarnesylated HDJ-2 (a  CaaX  
protein that is normally farnesylated by FTase) ( Fig. 1C ). 
Also, the GGTI, but not the FTI, led to the accumulation 
of nonprenylated RAP1A (a  CaaX  protein that is normally 
geranylgeranylated by GGTase-I). 

 Finding an accumulation of prelamin A in both FTI- 
and GGTI-treated cells raised the possibility that prelamin 
A might normally undergo prenylation by both FTase and 
GGTase-I. To test this possibility, prelamin A levels were 
assessed in both FTase-defi cient hepatocytes and GGTase-
I–defi cient hepatocytes [isolated from liver-specifi c  Pggt1b  
knockout mice ( Pggt1b  fl /fl   AlbCre  + ) and liver-specifi c  Fntb  
knockout mice ( Fntb  fl /fl   AlbCre  + ), respectively] ( 37 ). As ex-
pected, we observed a substantial amount of prelamin A 
accumulation in FTase-defi cient liver cells. However, when 
GGTase-I–defi cient cells were examined, no prelamin A 
was detected (  Fig. 2  ).  These results implied that the accu-
mulation of prelamin A in GGTI-treated cells could not be 
caused by an inhibition of GGTase-I activity and, instead, 
must be due to an effect of the GGTI on other enzymes in 
the lamin A biogenesis pathway. 

 The prelamin A in GGTI-treated cells displayed a 
slightly faster electrophoretic mobility than nonfarnesylated 
prelamin A in FTI-treated fi broblasts ( Fig. 1A–C ). Previously, 

  Fig.   1.  Treatment of human fi broblasts with a GGTI leads to an 
accumulation of prelamin A. (A) Western blot of protein extracts 
from human fi broblasts treated with an FTI (PB-43 or ABT-100) or 
a GGTI (GGTI-298) at the concentrations indicated, or with both 
PB-43 (5  � M) and GGTI-298 (10  � M). Prelamin A accumulation 
was detected with both a lamin A/C antibody (top panel) and a 
prelamin A–specifi c antibody (bottom panel). (B) Western blots, 
with antibodies against lamin A/C and actin, of protein extracts 
from human fi broblasts treated with an FTI or two different GGTIs 
(GGTI-298 or GGTI-2147) in increasing concentrations. (C) West-
ern blots of protein extracts from fi broblasts treated with an FTI 
(ABT-100) or a GGTI (GGTI-298). As expected, only the FTI, and 
not the GGTI, inhibited the farnesylation of HDJ-2 (np-HDJ-2). 
Also, only the GGTI, and not the FTI, led to an accumulation of the 
nonprenylated version of RAP1A (np-RAP1A). Both the FTI and 
GGTI-298 led to prelamin A accumulation. In all three Western 
blots, the prelamin A in the GGTI-treated cells migrated slightly 
more rapidly than the prelamin A in FTI-treated cells.   
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( 23, 24 ). To determine whether the prelamin A in GGTI-
treated cells is farnesylated, we performed metabolic label-
ing experiments with a farnesol analog, 8-anilinogeraniol 
(AG) ( 38 ), in the presence or absence of either an FTI or 
a GGTI. After entering cells, AG is converted to anilinoger-
anyl diphosphate (AGPP) and used as a substrate by FTase 
for protein prenylation. The incorporation of AG into 
prelamin A can then be detected by Western blotting with 
an AG-specifi c monoclonal antibody ( 23, 38, 41, 42 ). The 
AG-specifi c antibody detected trace amounts of prenylated 
prelamin A in wild-type human fi broblasts ( 43 ); the accu-
mulation of this small amount of prenylated prelamin A 
was eliminated by incubation with an FTI (  Fig. 4  ).  The 
prelamin A that accumulates in GGTI-treated cells is farne-
sylated, as judged by AG incorporation into the prelamin A 
and consistent with its ability to inhibit ZMPSTE24. In con-
trol experiments, we found, as expected, that the prelamin 
A in ZMPSTE24-defi cient cells is farnesylated and that this 
farnesylation can be blocked with an FTI ( Fig. 4 ). 

 The nonfarnesylated prelamin A in mevinolin-treated 
fi broblasts is typically found in the nucleoplasm ( 44 ), but 
much of the farnesyl–prelamin A in ZMPSTE24-defi cient 
fi broblasts is found at the nuclear rim or in folds of the 
nuclear membrane ( 35, 45 ), likely refl ecting the role of 
the hydrophobic farnesyl lipid in targeting prelamin A to 
the nuclear membrane ( 46 ). Thus, we predicted that we 
would fi nd most of the nonfarnesylated prelamin A in FTI-
treated fi broblasts in the nucleoplasm and much of the 
farnesyl–prelamin A in GGTI-treated fi broblasts at the 
nuclear rim (or in nuclear membrane folds). Indeed, con-
focal immunofl uorescence microscopy revealed an accu-
mulation of prelamin A in nuclear membrane folds in 
GGTI-treated fi broblasts, whereas nearly all of the prelamin 
A in FTI-treated fi broblasts was in the nucleoplasm (  Fig. 5  ). 
 As expected, farnesylated prelamin A in human ZMP-
STE24-defi cient fi broblasts was at the nuclear rim or in 
nuclear membrane folds ( Fig. 5 ) ( 35 ). 

  Fig.   2.  Inactivation of  Pggt1b  in mouse hepatocytes does not lead 
to prelamin A accumulation. We used a  Pggt1b  conditional knock-
out allele ( Pggt1b  fl  ) and an albumin- Cre  ( AlbCre ) transgene to gen-
erate mice lacking  Pggt1b  in the liver ( Pggt1b  fl /fl   AlbCre  + , labeled 
“GGTase KO”) ( 37 ). Hepatocytes were isolated from these mice, 
and cell extracts were blotted with antibodies against lamin A/C 
and prelamin A. Wild-type hepatocytes treated with DMSO or an 
FTI (ABT-100) and  Fntb -defi cient hepatocytes (labeled “FTase KO,” 
prepared from the liver of an  Fntb  fl /fl   AlbCre  +  mouse) were included 
as controls. As expected, inactivation of  Fntb  resulted in the accu-
mulation of prelamin A in cells, as judged by a Western blot with 
antibodies against lamins A/C (red) and prelamin A (green). In 
contrast, no prelamin A was detected in extracts from GGTase KO 
hepatocytes. KO, knockout  .   

  Fig.   3.  GGTI-298 inhibits the enzymatic activity of ZMPSTE24. 
(A) Western blot of protein extracts from human fi broblasts treated 
with an FTI (ABT-100), the HIV-protease inhibitor lopinavir, or 
three different GGTIs (GGTI-2133, GGTI-298, and GGTI-2147). 
Lopinavir blocked ZMPSTE24 and led to an accumulation of farne-
sylated prelamin A ( 23, 24 ). The electrophoretic migration of the 
farnesyl–prelamin A in lopinavir-treated cells was more rapid than 
that of nonfarnesylated prelamin A in FTI-treated cells. The 
prelamin A in GGTI-treated cells was also more rapid, comigrating 
with the prelamin A in lopinavir-treated cells. (B) ZMPSTE24 activ-
ity was measured with a coupled endoprotease/methylation assay 
( 23, 24, 40 ). The assay measured the ability of yeast membranes 
expressing mouse ZMPSTE24 to cleave a yeast  a -factor substrate, 
rendering it susceptible to methylation. ZMPSTE24-mediated 
cleavage of the  a -factor substrate in the presence or absence of in-
creasing amounts of an HIV-PI (lopinavir) or a GGTI (GGTI-298) 
was assessed, and the results were expressed as the percentage ac-
tivity with membranes incubated in DMSO alone.   

 DISCUSSION 

 In the current study, we show that commonly used in-
hibitors of GGTase-I lead to an accumulation of prelamin 
A by inhibiting ZMPSTE24. Four lines of evidence sup-
port this view. First, the prelamin A in GGTI-treated cells 
displayed a faster electrophoretic mobility than the 
prelamin A in FTI-treated cells and comigrated with the 
farnesyl–prelamin A in cells treated with lopinavir, a 
ZMPSTE24 inhibitor. Second, a GGTI inhibited the enzy-
matic activity of ZMPSTE24 in a biochemical assay with 
potency similar to that of lopinavir. Third, metabolic la-
beling studies showed that the prelamin A that accumu-
lates in GGTI-treated cells is indeed farnesylated. Fourth, 
the prelamin A in FTI- and GGTI-treated cells exhibited 
different localization patterns within the cell nucleus. 
The nonfarnesylated prelamin A in FTI-treated fi bro-
blasts was located mainly in the nucleoplasm, but a signifi -
cant amount of the farnesyl–prelamin A in GGTI-treated 
cells was targeted to the nuclear membrane. At the drug 
concentrations that we used, the GGTI did not inhibit 
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 The ability of GGTIs to inhibit ZMPSTE24 cannot be 
considered unexpected, given what is known about the 
structure of GGTIs and the substrate specifi cities of 
ZMPSTE24. Most GGTIs, including all of the com-
pounds used in this study, are peptidomimetics that 
were specifi cally designed to resemble a  CaaX  motif. 
Also, the enzymatic activity of the yeast ortholog of 
ZMPSTE24, Ste24p, is highly sensitive to the structure 
of the substrate’s  CaaX  motif. Ste24p effi ciently cleaves 
the –aaX from an  a -factor substrate terminating in 
CAMQ, but it is incapable of cleaving an otherwise iden-
tical  a -factor substrate terminating in CTLM ( 33, 34 ). 
Mammalian ZMPSTE24 shares these  CaaX -box specifi ci-
ties ( 18 ). Given that the enzymatic activity of ZMPSTE24 
depends on the structure of the  CaaX  motif, the fi nding 
that some  CaaX  peptidomimetics inhibit ZMPSTE24 is 
not particularly surprising. 

 The ability of GGTIs to inhibit ZMPSTE24 may ex-
plain the GGTI-induced accumulation of prelamin A in 
the experiments by Varela et al. ( 32 ). In their experi-
ments, a GGTI, when added to cells with an FTI, led to 
substantial amounts of prelamin A accumulation. When 
they treated cells with an FTI alone, little or no prelamin 
A was apparent, a peculiar finding that raises questions 
about the activity of their FTI and the level of FTase in-
hibition that was achieved. In any case, our studies 
showing that GGTIs inhibit ZMPSTE24 provide a plau-
sible explanation for the prelamin A accumulation 
when a GGTI is added to cells. Nevertheless the possi-
bility that prelamin A undergoes alternate prenylation 
remains intriguing. In the end, a definitive understand-
ing of prelamin A alternate prenylation will require di-
rect biochemical assays and genetic studies in which the 
 CaaX  prenyltransferases are inactivated with genetic 
rather than pharmacologic approaches. Some studies 
with tissue-specific knockout mice have already been re-
ported ( 37, 47 ), and they suggest that alternate prenyla-
tion of prelamin A, if it occurs in vivo, may not be 
particularly efficient. 

 Our studies showing that GGTIs inhibit ZMPSTE24 are 
relevant to efforts to develop GGTIs as anticancer agents. 
GGTIs inhibit the growth of tumor cell lines in culture, 
including KRAS–transformed cells, and have been shown 
to be effi cacious in human tumor cell xenograft models 
( 48 ). Also, inactivation of  Pggt1b  (the gene encoding the 
 � -chain of GGTase-I) inhibits tumor cell growth in vivo 
and ameliorates disease phenotypes in a mouse model of 
KRAS–induced lung cancer ( 49 ). These observations 
have prompted interest in GGTase-I inhibitors as anti-
cancer therapies, and clinical trials are now underway. In 
light of our current fi ndings, companies developing GG-
TIs as anticancer agents will likely want to test whether 
their compounds inhibit ZMPSTE24 and elicit an accu-
mulation of farnesyl–prelamin A. In both humans and 
mice, ZMPSTE24 defi ciency, and the accompanying ac-
cumulation of farnesyl–prelamin A, leads to severe prog-
eroid disorders ( 9, 17 ). Thus, it is conceivable that 
GGTI-mediated ZMPSTE24 inhibition could lead to un-
wanted complications.  

FTase. Only the FTI, and not the GGTI, was capable 
of inhibiting the farnesylation of HDJ-2, whereas only 
the GGTI led to the accumulation of nonprenylated 
RAP1A. 

  Fig.   4.  The prelamin A in GGTI-treated cells is farnesylated. Hu-
man fi broblasts were treated with a farnesol analog, 8-anilinogeran-
iol (AG), along with either an FTI (ABT-100) or GGTI (GGTI-298). 
After entering cells, the AG analog is incorporated into anilinoger-
anyl diphosphate (AGPP), which is used as a substrate by protein 
farnesyltransferase (FTase) for prelamin A modifi cation. The in-
corporation of AG into prelamin A can be detected with an AG-
specifi c antibody ( 38 ). Trace amounts of farnesyl–prelamin A were 
observed in untreated wild-type human fi broblasts but not in the 
FTI-treated cells. Large amounts of farnesyl–prelamin A were ob-
served in GGTI-298–treated wild-type fi broblasts.  Zmspte24 -defi -
cient mouse embryonic fi broblasts were included as a control; the 
prelamin A in these cells was farnesylated, as expected.   

  Fig.   5.  Confocal immunofl uorescence microscopy of FTI- and 
GGTI-treated wild-type human fi broblasts with antibodies against 
Lap2 �  (green) and prelamin A (red). The prelamin A antibody 
recognizes both farnesylated and nonfarnesylated prelamin A. 
DNA was stained with DAPI (blue) to visualize nuclei. Restrictive 
dermopathy (RD) human fi broblasts, which do not express 
ZMPSTE24 and therefore accumulate farnesyl–prelamin A, were 
included as a control. Prelamin A was effi ciently processed to ma-
ture lamin A in wild-type (WT) cells; thus, no prelamin A was 
detected. In contrast, there was substantial accumulation of farnesyl–
prelamin A in RD cells, located mainly along the nuclear mem-
brane and in folds of the nuclear membrane. When wild-type cells 
were treated with an FTI, there was an accumulation of nonfarne-
sylated prelamin A, located throughout the nucleoplasm. In GGTI-
treated cells, a large percentage of the farnesyl–prelamin A was 
located in folds of the nuclear membrane. Scale bar, 5  � m.   
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