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We report on a father and daughter with hand–foot–genital
syndrome (HFGS) with typical skeletal and genitourinary
anomalies due to a 14-residue polyalanine expansion in
HOXA13. This is the largest (32 residues) polyalanine tract so
far described for any polyalanine mutant protein. Polyala-
nine expansion results in protein misfolding, cytoplasmic
aggregation and degradation; however, HOXA13 polyala-
nine expansions appear to act as loss of function mutations
in contrast to gain of function for HOXD13 polyalanine
expansions. To address this paradox we examined the
cellular consequences of polyalanine expansions on
HOXA13 protein using COS cell transfection and immuno-
cytochemistry. HOXA13 polyalanine expansion proteins
form cytoplasmic aggregates, and distribution between
cytoplasmic aggregates or the nucleus is polyalanine tract

size-dependent. Geldanamycin, an Hsp90 inhibitor, reduces
the steady-state abundance of all polyalanine-expanded
proteins in transfected cells. We also found that wild-type
HOXA13 or HOXD13 proteins are sequestered in HOXA13
polyalanine expansion cytoplasmic aggregates. Thus, the
difference between HOXA13 polyalanine expansion loss-of-
function and HOXD13 polyalanine expansion dominant-
negative effect is not the ability to aggregate wild-type group
13 paralogs but perhaps to variation in activities associated
with refolding, aggregation or degradation of the proteins.
� 2007 Wiley-Liss, Inc.
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INTRODUCTION

Trinucleotide repeat expansions in human genetic
diseases may occur in noncoding sequences, tran-
scribed but not translated sequences, or within
translated sequences for polyglutamine and poly-
alanine tracts [Albrecht and Mundlos, 2005]. In-frame
polyalanine expansions encoded by imperfect triplet
repeats have been reported in several diseases. The
expansion mutations are meiotically and mitotically
stable and exert their effects through different
mechanisms [Kjaer et al., 2002, 2005; Lavoie et al.,
2003; Brown and Brown, 2004].

Hand–foot–genital syndrome (HFGS) is a rare
autosomal dominant disorder caused by mutations
in the HOXA13 gene [Mortlock and Innis, 1997].
It presents with a highly penetrant distal limb
pattern including short first metacarpals, small distal

phalanges of the thumbs, short middle phalanges of
the fifth fingers, and fusion or delayed ossification of
carpals/tarsals. The great toe is shorter due to a short
first metatarsal and a small, pointed distal phalanx.
Genitourinary tract anomalies are incompletely
penetrant and highly variable in severity [reviewed
in Innis, 2004].
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Various HOXA13 mutations have been described
in HFGS including missense, nonsense, and poly-
alanine tract expansions. HOXA13 polyalanine
expansion mutations appear to lead to loss of
function. There are three, large homopolymeric
polyalanine tracts of lengths 14, 12, and 18 residues
encoded within wild-type exon 1 of HOXA13.
Polyalanine expansions in all three large alanine
tracts have been associated with HFGS, and in a
mouse model of HOXA13 polyalanine expansion of
the third largest repeat, the mutantmRNA is stable yet
the protein is degraded [Innis et al., 2004]. In contrast,
HOXD13 polyalanine expansion mutations act in a
dominant negative manner with increasing severity
associated with increases in polyalanine tract length.
Recently, Albrecht et al. [2004] showed that numer-
ous polyalanine-expanded transcription factors,
including mutant HOXA13 or HOXD13 are mis-
folded and become localized in cytoplasmic aggre-
gates. Importantly, wild-type HOXD13 protein also
was sequestered within HOXD13 polyalanine cyto-
plasmic aggregates in cotransfection experiments
in COS cells, whereas, wild-type, cotransfected
HOXD11 or HOXD12 were not. They also showed
that geldanamycin treatment of HOXD13 polyala-
nine transfected cells resulted in a reduction in
cytoplasmic aggregation and greater nuclear local-
ization of the mutant protein.

In this report, we describe a newly recognized
family with HFGS carrying the largest HOXA13
polyalanine expansion (þ14 alanines) observed thus
far. The skeletal phenotype in this family is not
different from other HFGS individuals, however the
proband, but not her affected father, had tethered
cord and talipes equinovarus, findings previously
unreported in any patient with HFGS. To explore the
nature of the difference in HOXA13 polyalanine
(null) versus HOXD13 polyalanine (dominant-neg-
ative) expansion effects, we studied HOXA13 þ10
and þ14 polyalanine mutant proteins using COS cell
transfection and immunocytochemistry.

MATERIALS AND METHODS

Probands and Family

Genomic DNA was extracted from blood leuko-
cytes of the family members after informed consent
was obtained. The research project was approved
by the Ethics Committee of the University of Bonn
(No. 006/04).

PCR analysis of the coding sequence of HOXA13
was accomplished according to prior protocols [Innis
et al., 2004], and sequencing of the both strands of
the corresponding PCR products was performed.
Furthermore, separate alleles were cloned into the
pGEM T-easy Promega expression vector. Results
presented were on at least two independent PCR
amplifications followed by DNA sequencing of gel-
purified PCR products.

Plasmids

To create pCMV-HOXA13ala28 (referred to as þ10
HOXA13), wild-type murine HOXA13 cDNA was
cleaved with SfiI removing a 216 bp fragment leaving
orientation specific cohesive ends and replaced with
a double-stranded oligonucleotide synthesized to
this region with an additional 30 nucleotides coding
10 alanine residues described previously [Innis et al.,
2004]. The þ10 HOXA13 cDNA was then cleaved
with BglII and XbaI resulting in a 1,496 bp fragment,
which was cloned into plasmid pCMV5.

The construction of the þ14 HOXA13 mutant
template required insertion of the mutated human
segment as a replacement for the homologous
sequence in a pre-constructed mouseHoxa13 cDNA
template. To create pCMV-HOXA13ala32 (referred to
as þ14 HOXA13), patient DNA was amplified with
primers designed tonucleotides 76–109bpand512–
532 bp from the human HOXA13 cDNA. The 498 bp,
expanded allele was purified away from the 456 bp,
wild-type allele on a 2% agarose gel (data not
shown). SacI digestion of the expanded allele
resulted in a 443 bp fragment that was cloned into
SacI digested wild-type murine HOXA13 cDNA
replacing a 401 bp murine wild-type fragment. The
þ14 HOXA13 cDNA was cleaved with BglII and XbaI
resulting in a 1,508 bp fragment, which was cloned
into pCMV5. A mouse þ14 HOXD13 polyalanine
expansion expression plasmid was generously
provided by Stefan Mundlos, Berlin, Germany.

Cell Lines and Transfections

COS-7 cells were grown in high glucose DMEM
media (Invitrogen,Carlsbad, CA) supplementedwith
10% FBS, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, and 2 mM L-glutamine (GIBCO-BRL). COS7
(1.25� 105) cells were plated in 2 ml complete media
per well in six-well plates and allowed to adhere
overnight. Transfections were carried out using
Fugene-6 (Roche Applied Sciences, Indianapolis,
IN) according to the manufacturer’s suggestions.

Immunocytochemistry

Cells were grown on Growth Coverslips (Fisher,
Pittsburgh, PA) and were fixed 24 hr after trans-
fection with 4% paraformaldehyde for 5 min are
room temperature. Cells were permeabilized with
0.5% Triton in PBS for 5 min are room temperature.
Fixed cells were incubated with 1:200 rabbit anti-
HOXA13 [Post et al., 2000] or 1:200 rabbit anti-
HOXD13 [McCabe and Innis, 2005] in PBS with
normal goat serum (Vector, Burlingame, CA) for 1 hr
at room temperature, washed in PBS, and incubated
with 1:500 anti-rabbit-Rhodamine (Santa Cruz
Biotechnology, Santa Cruz, CA) and 1:100 anti-FLAG
M2-FITC (Sigma, St. Louis, MO), when appropriate,
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diluted in PBS with 1% normal goat serum for 1 hr at
room temperature. Coverslips were then mounted
with VECTASHIELD containing DAPI (Vector Labs)
and images were collected using a Zeiss Axiophot
microscope (100� objective).

Western Blotting

COS7 cells, which exhibit no endogenous expres-
sion of HOXA13 or HOXD13 proteins [Williams
et al., 2006], were transiently transfected with wild-
type or mutant expression vector and transfection
control plasmid bactin-bgal. Geldanamycin (kindly
provided by W.B. Pratt and Yoshi Morishima) was
used at nanomolar final concentrations and under
the same protocol as previously described [Sittler
et al., 2001]; final concentrations are shown in
Figure 4. At 24 hr post-transfection cells were
collected by treatment with trypsin-EDTA and
solubilized in detergent lysis (100mM potassium
phosphate [pH 7.8], 0.2% Triton X-100, 1 mM DTT,
and protease inhibitors [Roche Applied Sciences])
using the freeze thaw method. b-galactosidase
enzyme activity was determined for each sample
using the Promega b-galactosidase enzyme assay
system. Sample volumes were normalized for b-
galactosidase enzyme activity and separated by
electrophoresis using 12% SDS-polyacrylamide gels
and subsequently electro-transferred to nitrocellu-
lose. Blots were incubated with primary antibody
at a 1:10,000 dilution of rabbit anti-HOXA13
[Post et al., 2000] and secondary antibodies at a
1:15,000 dilution of donkey anti-rabbit HRP-
conjugated secondary antibody (Amersham Bio-
sciences, Piscataway, NJ). All antibodies were
incubated with blots in PBST with 5% Carnation
nonfat dry milk. Protein expression was visualized
using Supersignal chemiluminescent substrate
(Pierce Biotechnology, Rockford, IL).

RESULTS

Clinical Description and DNA Sequence Analysis

The affected father (II-2, Fig. 1) presented with
penoscrotal hypospadias, which was surgically
repaired at 4 years of age, apparently hypoplastic
thumbs and mild clinodactyly of the fifth fingers
(Fig. 2). His feet were apparently small and flat. His
great toes appeared short, as were the other toes.
After having surgical correction of the medial
deviation of his great toes, there remains slight lateral
deviation.

The affected daughter (Fig. 2) presented with
apparent shortening of her thumbs and fifth fingers
with clinodactyly of the latter. Her great toes were
also apparently short as were her feet. Like her father
she had pes planus. In addition, she had left talipes
equinovarus for which she underwent surgery at the
age of 17 months. As an infant she always had a wet
diaper, and she was subsequently found to have a
neurogenic bladder and atonic detrusor. She also
had a large, incompetent urethra. MRI studies of
her lower spine revealed a fatty filum terminale,
and during her second year of life she was diagnosed
with a tethered cord, which was surgically corrected
at 19 months. As a child, she has not achieved toilet
training. By renal ultrasound there is no kidney
structural abnormality. She has had a few urinary
tract infections and, while these have not been
serious problems, she has taken prophylactic anti-
biotics in the past. At 3.5 years she began intermittent
catheterization, but her diapers remained wet. She
does not have the urge to void, but she can feel
catheter insertion. She had bilateral vesicoureteral
reflux and underwent repair by transurethral poly-
tetrafluoroethylene (Teflon) injection [Lopez et al.,
1993]. She ultimately underwent surgical ureteral
reimplantation as well as implantation of an artificial
urinary sphincter to attempt to correct incontinence.
She has a history of significant constipation and
apparent lack of rectal sensation requiring parental
rectal digital evacuation twice a day to prevent
soiling. The anus is normally positioned and not
stenotic. The labia and clitoris are normal. By direct
exam, she had a longitudinal vaginal septum with
narrow openings and two cervices, and she under-
went vaginoplasty surgery. Her mother has a double
uterus and delivered the proband by Cesarean. The
mother did not have any history of miscarriages.
The paternal grandparents were unavailable for
exam. Additional family history was negative for
others affected with HFGS.

Sequence analysis of the HOXA13 genes in the
proband and her father revealed a heterozygous 42-
bp insertion in both (data not shown). This in-frame
insertion introduces 14 additional alanines between
the 17th and 18th residues of polyalanine tract III,
which is usually 18 alanine residues in length.

FIG. 1. Pedigree. Asterisks denote family members who were collected for
mutational analysis of HOXA13. ‘‘?’’ refer to family members who were not
examined and whose mutational status is unknown.
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The expansion represents an exact duplication
of the 4th to 17th triplet of the wild-type sequence.
The HOXA13 sequences of the mother and of the
paternal uncle did not show any abnormalities.

HOXA13 Mutant Polyalanine Expansion Proteins
Aggregate in the Cytoplasm

To study the mechanism whereby HOXA13 poly-
alanine expansion mutations result in disease, we
transiently expressed wild-type HOXA13, þ10
HOXA13, or þ14 HOXA13 proteins in COS-7 cells
and analyzed the distribution of the proteins by
fluorescence microscopy. In these independent
transfections, the wild-type protein was exclusively
localized to the nucleus (Fig. 3A); however, the
mutant proteins formed large aggregates in the cyto-
plasm in the majority of cells (Fig. 3B,C,F). The
percent of cells with large cytoplasmic aggregates
was greater for the þ14 HOXA13 protein than the
þ10 HOXA13 protein. Cells expressing the mutant
proteins displayed either nuclear or cytoplasmic
staining, but not both. As a control, þ14 HOXD13,
but not wild-type HOXD13 (Fig. 3D) also showed
cytoplasmic aggregates in the majority of cells as
previously reported (Fig. 3E; [Albrecht et al., 2004]).

Geldanamycin Reduces þ10 HOXA13,
þ14 HOXA13, and þ14 HOXD13 Steady-State

Protein Abundance in Transfected Cells

Geldanamycin is an Hsp90 inhibitor [reviewed in
Pratt et al., 2004], and geldanamycin treatment of
cells transfected with þ14 HOXD13 results in
reduction of aggregate formation and a commensu-
rate increase in nuclear localization [Albrecht et al.,
2004]. We confirmed cytoplasmic aggregation ofþ14
HOXD13 (Fig. 3E) and observed a slight geldana-

mycin dose-dependent increase in nuclear local-
ization of the mutant protein (data not shown).

To determine whether the þ10 HOXA13 and þ14
HOXA13 proteins responded the same way, we
treated transfected cells similarly with increasing
concentrations of geldanamycin. Forty hours after
transfection in the presence of geldanamycin a
substantial fraction of the cells were detached from
the plate at nearly every geldanamycin concentra-
tion, which did not occur with wild-type HOXA13,
HOXD13 or þ14 HOXD13. By shortening the
incubation time to 24 hr we observed that the
number of cells expressing the mutant protein
decreased in a geldanamycin dose-dependent man-
ner (data not shown) but without cell detachment.
Moreover, there was no difference in the nuclear
versus cytoplasmic localization of þ10 or þ14
HOXA13 proteins at any dose of geldanamycin.

Todeterminewhether geldanamycinwas reducing
mutant HOXA13 expression by affecting transfection
efficiency, we co-transfected cells with bactin-bgal
and either wild-type HOXA13, þ10 HOXA13, þ14
HOXA13, wild-type HOXD13 or þ14 HOXD13, and
treated the transfected cells with increasing concen-
trations of geldanamycin. Cell lysates were collected
at 24 hr and assayed for b-galactosidase activity.
Lysate volumes were normalized for b-galactosidase
activity and analyzed by Western blot analysis with
anti-HOXA13 or anti-HOXD13 antibody (Fig. 4).
Steady-state expression of wild-type HOXA13 or
HOXD13 was not affected by geldanamycin treat-
ment; however, þ10 HOXA13, þ14 HOXA13 and
þ14 HOXD13 demonstrated a dose-dependent
decrease in steady-state mutant protein abundance.
Steady-state abundance was reduced with the
following gradient: þ14 HOXD13�þ10 HOXA13<
þ14 HOXA13. Thus, reduction in polyalanine
expanded HOX protein steady-state concentration

FIG. 2. Limb phenotypes of family members. Upper row, father; lower row, daughter showing hands and feet as well as radiographs, respectively. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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in cells treated with geldanamycin is not secondary
to reduction in transfection efficiency, and þ14
HOXA13 exhibited the least abundance.

Wild-Type HOXA13 or HOXD13 Mislocalize Upon
Co-Expression of Mutant HOXA13 Proteins

In co-expression experiments, wild-type HOXD13
was shown to co-localize with polyalanine expand-
ed HOXD13 in cellular aggregates [Albrecht et al.,
2004], which was hypothesized to be a potential
explanation for the dominant nature of progressively
larger HOXD13 polyalanine expansions. They also
showed that wild-type HOXD11 and HOXD12 are
not trapped in polyalanine expanded HOXD13
aggregates but localize properly to the nucleus. WT
HOXA13 was similarly reported to aggregate in the
cytoplasm with polyalanine expanded HOXA13 but
apparently WT HOXA13 did not aggregate in the

cytoplasm with the þ14 HOXD13 [Albrecht et al.,
2004]. We sought to explore cytoplasmic coaggrega-
tion in relation to HOXA13.

To investigate the effect of þ10 HOXA13 or þ14
HOXA13 polyalanine expansion proteins on wild-
type HOXA13 protein localization, we coexpressed
FLAG-tagged wild-type HOXA13 and either þ10
HOXA13 or þ14 HOXA13 in COS-7 cells. Upon
coexpression of þ10 HOXA13, 32% of cells mis-
localized the wild-type HOXA13 protein to cytoplas-
mic aggregates, while coexpression ofþ14 HOXA13
resulted in 69% of cells mislocalizing the wild-type
protein to cytoplasmic aggregates (Fig. 5). In
contrast, cytoplasmic aggregation was observed in
73% of cells expressing þ10 HOXA13 alone and 98%
expressingþ14 HOXA13 alone. Although this differ-
ence may be explained by the rates of production of
the mutant and wild-type proteins in these cells,
wild-type HOXA13 was sequestered in the cytoplas-
mic aggregates as expected.

FIG. 3. HOXA13 and HOXD13 alanine expansion mutants form cytoplasmic aggregates. Nuclei are stained with DAPI (blue); proteins, red. Wild-type HOXA13 (A)
and HOXD13 (D) are localized to the nucleus.þ10 HOXA13 (B),þ14 HOXA13 (C), andþ14 HOXD13 (E) result in cytoplasmic aggregates. F: Subcellular distribution of
wild-type, þ10, and þ14 HOXA13. Increasing alanine tract length results in a greater percentage of cells with cytoplasmic protein localization. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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To explore whether polyalanine expanded HOXA
13 affects the localization of wild-type HOXD13
protein we coexpressed Flag-tagged wild-type
HOXD13 with either þ10 HOXA13 (Fig. 6A), þ14
HOXA13 (Fig. 6B), or wild-type HOXA13 (Fig. 6C).
We found that wild-type HOXD13 was co-localized
with polyalanine expanded HOXA13 in cytoplasmic
aggregates in 26% of cells for þ10 HOXA13 and 75%
of cells with þ14 HOXA13, but not with wild-type
HOXA13. The results show that HOXA13 polyala-

nine expansion proteins are capable of sequestering,
at least in this assay, wild-type HOXA13 as well as
wild-type HOXD13 proteins in cytoplasmic aggre-
gates. These data are not compatible with the
hypothesis that the dominant nature of HOXD13
polyalanine expansions occurs because of seques-
tration of wild-type HOXD13 and/or HOXA13.
These results also demonstrate a length dependency
for HOXA13 polyalanine tract expansion proteins
to sequester wild-type proteins to cytoplasmic
aggregates.

DISCUSSION

The mutation presented here represents the largest
polyalanine expansion so far observed in HOXA13
[Innis et al., 2004] or for any other protein [Brown and
Brown, 2004]. Manifestations found in the proband
not reported in other HFGS patients include tethered
cord, unilateral talipes equinovarus, and constipa-
tion requiring manual evacuation. Given previous
clinical reports and the expression pattern of
HOXA13 in the urogenital sinus and the Mullerian
ducts it is not surprising to find neurogenic bladder,
atonic detrusor, bilateral ureteral reflux, patulous
urethra as well as double uterus and vagina with
small hymenal openings [Innis, 2004]. Other than
penoscrotal hypospadias the absence of severe
urogenital manifestations in the father is consistent
with the variability of the genitourinary problems in
patients with HFGS [Innis, 2004]. Without additional
information about paternal grandparental muta-
tional status, we must hold out somatic mosaicism
in the proband’s father as one possibility for the
variation as well. While tethered cord has not been
reported in other HFGS patients, it would be
important to consider this in HFGS patients. Sim-
ilarly, a history of constipation in patients with HFGS
should be sought and, if present, appropriately
managed.

FIG. 4. Geldanamycin treatment results in decreased protein expression of
HOXA13 with alanine expansions. COS-7 cells transfected with b-actin-b-
galactosidase control plasmid and either (A) wild-type HOXA13,þ10 HOXA13,
or þ14 HOXA13 or (B) wild-type HOXD13 or þ14 HOXD13 were treated with
increasing concentrations, denoted above lanes, of geldanamycin (nM). Cell
lysate volumes were normalized for transfection efficiency by b-galactosidase
activity and used in Western blot analysis. Upper panels show the effect
of geldanamycin on wild-type steady-state abundance. Wild-type HOXA13
and HOXD13 transfections were performed in parallel in middle and lower
panels and lysate protein was included on the same gel to demonstrate the
higher molecular weight of the mutant polyalanine proteins. At the higher
geldanamycin concentrations, full length þ14 HOXA13 protein abundance is
very low, but shorter molecular weight immunoreactive products, presumably
made from alternative in-frame initiator methionines, which are produced in
very lowquantities inwild-type transfections, become more apparent as a result
of loading normalization. Asterisk in HOXA13 experiments denotes a cross-
reacting protein band that is not HOXA13.

FIG. 5. Co-expression of wild-type HOXA13 with HOXA13 polyalanine expansion mutant proteins. Coexpression of FLAG-tagged wild-type HOXA13 with either
þ10 HOXA13 or þ14 HOXA13 results in localization of wild-type protein to cytoplasmic aggregates. Y-axis¼percentage of cells.

3166 UTSCH ET AL.

American Journal of Medical Genetics Part A: DOI 10.1002/ajmg.a



We have replicated the findings of Albrecht et al.
[2004] in demonstrating the accumulation of cyto-
plasmic aggregates of polyalanine expanded
HOXA13 and HOXD13 proteins. However, we have
also shown a polyalanine length dependence on the
frequency of cytoplasmic aggregation not previously
shown for HOXA13.

In addition, the steady-state abundance of þ10
HOXA13 (exhibiting a total tract length of 28)
appeared in our hands to be reduced more in the
presence of geldanamycin than þ14 HOXD13 (total
tract length 29). Thus, total alanine tract length is not
the only determinant of protein fate. Also, we
observed no difficulty with cell attachment after
transfection of only þ10 or þ14 HOXA13 alone,
however, the addition of geldanamycin to the
experiments resulted in extensive cell detachment.
This was not observed with þ14 HOXD13 in the

presence of geldanamycin. Inhibition of hsp90 by
geldanamycin can result in a wide array of effects
but increases degradation of misfolded proteins
[Schneider et al., 1996; Pratt et al., 2004; Thomas et al.,
2006]. It is attractive to speculate that HOXA13
polyalanine expanded proteins are more unstable
than comparable length expansions in HOXD13, that
geldanamycin treatment shifts polyalanine expand-
ed HOXA13 proteins more efficiently to the degra-
dation pathway or that misfolding is more likely to be
terminal for HOXA13, yet potentially correctable
with HOXD13 expansions. Whether or not this
reflects an underlying variation in the in vivo
disposition of mutant HOXA13 and HOXD13 pro-
teins remains to be determined.

Finally, mutant HOXA13 proteins of þ10 or þ14
alanines sequester wild-type HOXA13, as expected,
but in contrast to the results of Albrecht et al. [2004],

FIG. 6. Wild-typeHOXD13 colocalizes withHOXA13 alanine expansion mutant proteins. All panels are representative examples of coexpression patterns in cells. All
are merged images of HOXD13-FLAG visualized with a FITC-conjugated antibody and mutant or wild-type HOXA13 visualized with rhodamine-conjugated antibody.
A: FLAG-HOXD13 transiently coexpressed with þ10 HOXA13. Left panel, HOXD13 in cytoplasmic aggregates with mutant HOXA13 was observed in 25% of cells;
Middle panel, HOXD13 and mutant HOXA13 co-localized in the nucleus (73% of cells); Right panel, HOXD13 localized in the nucleus and mutant HOXA13 in
cytoplasmic aggregates (�1–2% of cells). B: FLAG-HOXD13 transiently coexpressed with þ14 HOXA13. Co-localization in the cytoplasm (left panel, 75% of cells) or
together in the nucleus in some cells (middle panel, 24%) or rarely (right panel, �1%) HOXD13 in the nucleus and mutant HOXA13 in the cytoplasm. C: Wild-type
HOXD13-FLAG and wild-type HOXA13 proteins colocalize to the nucleus in 100% of cells. A: þ10Ala HOXA13 coexpression with wild-type HOXD13. B: þ14Ala
HOXA13 coexpression with wild-type HOXD13. C: Wild-type HOXA13 coexpression with wild-type HOXD13. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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also sequester wild-type HOXD13. Therefore, dif-
ferential sequestration of wild-type HOX protein
paralogs in cytoplasmic aggregates does not explain
the difference between the apparent loss of function
that occurs with polyalanine expansions of HOXA13
versus the dominant-negative nature attributed to
HOXD13 polyalanine expansions of increasing size.
Rather, the difference may be in coaggregation of
other transcription cofactors or in cellular mecha-
nisms that affect the nuclear function or localization,
refolding or degradation rates of mutant proteins.
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