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Abstract 

Tetratricopeptide repeat domain 9A (TTC9A) is a target gene of estrogen and progesterone. It is 
over-expressed in breast cancer. However, little is known about the physiological function of 
TTC9A. The objectives of this study were to establish a Ttc9a knockout mouse model and to study 
the consequence of Ttc9a gene inactivation. The Ttc9a targeting vector was generated by replacing 
the Ttc9a exon 1 with a neomycin cassette. The mice homozygous for Ttc9a exon 1 deletion 
appear to grow normally and are fertile. However, further characterization of the female mice 
revealed that Ttc9a deficiency is associated with greater body weight, bigger thymus and better 
mammary development in post-pubertal mice. Furthermore, Ttc9a deficient mammary gland was 
more responsive to estrogen treatment with greater mammary ductal lengthening, ductal 
branching and estrogen target gene induction. Since Ttc9a is induced by estrogen in estrogen target 
tissues, these results suggest that Ttc9a is a negative regulator of estrogen function through a 
negative feedback mechanism. This is supported by in vitro evidence that TTC9A over-expression 
attenuated ERα activity in MCF-7 cells. Although TTC9A does not bind to ERα or its chaperone 
protein Hsp90 directly, TTC9A strongly interacts with FKBP38 and FKBP51, both of which in-
teract with ERα and Hsp90 and modulate ERα activity. It is plausible therefore that TTC9A neg-
atively regulates ERα activity through interacting with co-chaperone proteins such as FKBP38 and 
FKBP51. 
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Introduction 
Tetratricopeptide repeat domain 9A (TTC9A) 

was first reported as a hypothetical protein based on 
the sequence analysis of a cDNA clone from a brain 
cDNA library [1]. It is now referred to as TTC9A be-
cause of its sequence homology to a family of TTC9 
proteins that also include TTC9B and TTC9C, which 
share 46% and 35% homology with TTC9A in amino 
acids sequence, respectively [2]. TTC9A also shares 
significant homology with FK506 binding proteins 
cyclophilin 40, FKBP51, FKBP52 and FKBP38 that are 

steroid receptor co-chaperones involved in modulat-
ing steroid receptor assembly and maturation through 
interaction with Hsp90 [3-7]. 

TTC9A protein contains 3 tetratricopeptide re-
peat (TPR) domains at its carboxyl terminus [8]. TPR 
domain is a 34 amino acid (aa) consensus motif pre-
sent in varying numbers in a large family of 
TPR-containing proteins [9-11]. These TPR motifs in 
tandem arrays form antiparallel α-helical hairpins 
that function as an important protein interaction in-
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terface and are involved in regulating diverse biolog-
ical processes including steroid receptor signaling 
[11-14]. 

TTC9A is expressed in the mouse embryonic 
stem cells [15] and TTC9A protein is detected in all 
tissues after birth, with the highest expression in the 
brain and the lowest expression in the liver [15, 16]. 
Spleen and the reproductive tissues also express sig-
nificantly high levels of TTC9A.  

TTC9A expression is regulated by both estrogen 
and progesterone in breast cancer cells. It is drastically 
induced by progesterone in progesterone receptor 
(PR)-transfected breast cancer cells MDA-MB-231 [16], 
and the induction is associated with progester-
one-induced growth inhibition and focal adhesion in 
these cells [17, 18]; its expression is down-regulated 
by the growth-stimulating hormone estrogen in breast 
cancer cells MCF-7 [16]. The data seems to suggest a 
negative association between TTC9A expression, cell 
growth and the involvement of TTC9A in ovarian 
steroid hormone signaling in breast cancer cells. 
However, studies in mice revealed that estrogen sig-
nificantly up-regulated TTC9A expression in estrogen 
target tissues including the uterus and mammary 
gland [15]. The significance of the disparate observa-
tions in normal and malignant mammary cells is not 
clear.  

To elucidate the physiological role of TTC9A in 
ovarian steroid hormone signaling, we generated 
Ttc9a knockout mice and characterized the conse-
quence of Ttc9a deficiency in the female mice. Our 
study reveals that TTC9A gene deletion is associated 
with better development in terms of body weight, 
thymus size and mammary ductal side branching in 
post-pubertal female mice. We also provide evidence 
that estrogen can elicit greater response in the mam-
mary glands of Ttc9a-/- mice than the Ttc9a+/+ mice. We 
propose that TTC9A is a negative regulator of estro-
gen activity through interacting with co-chaperone 
proteins such as FKBP38 and FKBP51.  

Material and Methods 
Ethical Statement 

 All in vivo procedures and animal care followed 
the Institutional Animal Care and Use Committee 
(IACUC) guidelines set by National Advisory Com-
mittee for Laboratory Animal Research (NACLAR) in 
Singapore. The IACUC protocols employed were re-
viewed and approved by the IACUC committees of 
the A*STAR Biopolis Biological Resource Center and 
Nanyang Technological University before any animal 
procedures were undertaken for the study described 
here (IACUC Protocol No: 110689 and 110648). The 
mouse strains used in this study were housed, main-

tained and provided by the A*STAR Biopolis Biolog-
ical Resource Center, or by the School of Biological 
Sciences (SBS), Nanyang Technological University 
(IACUC Protocol No: ARF SBS/NIE-A009). The 
mouse lines described here will be made available to 
the research community upon acceptance of the 
manuscript. 

Generation of Ttc9a Knockout mouse 
 The Ttc9a gene is comprised of three exons. Exon 

1 is targeted for deletion because it codes for over 70% 
of the TTC9A protein. The Ttc9a targeting vector was 
generated by replacing the Ttc9a exon 1 with a loxp 
flanked neomycin cassette (Figure 1A). The homolo-
gous arms were cloned from the Bacterial Artificial 
Chromosome (BAC) RP24-382B7 clone using the 
Red/Et BAC recombineering approach [19-21]. The 
Ttc9a targeting vector was linearized by digestion 
with EcoRV and electroporated into R1 mouse em-
bryonic stem (ES) cells. Transfected ES cells were se-
lected for G418-resistance (200-400 μg/ml). The indi-
vidual G418 resistant ES colonies were screened by 
Southern hybridization for targeted homologous re-
combination at the Ttc9a exon 1 locus with the 5’ 
probe as indicated in Figure 1. The Ttc9a heterozygous 
ES clones were microinjected into 8 cell stage mouse 
embryos isolated from C57BL/6J [22]. The Ttc9a chi-
meras were crossed to wild type C57BL6/6J mice to 
generate Ttc9a heterozygous mice. These Ttc9a heter-
ozygous mice were crossed to obtain the Ttc9a ho-
mozygous mice.  

Genotyping by Southern blotting analysis and 
PCR 

The genomic DNA from ES cells or tail biopsies 
was digested with Sca I, separated on a 0.8% agarose 
gel and blotted onto a positively charged nylon 
membrane overnight. These membranes were then 
hybridized with the digoxigenin (DIG)-labelled 5’ 
probe overnight, washed, then blocked with blocking 
buffer and finally probed with anti-DIG-alkaline 
phosphatase antibody at a 1:5000 dilution. These ny-
lon membranes with digoxigenin-labelled nucleic 
acids were detected using chemiluminescent immu-
nodetection methods. PCR was also used for routine 
mouse genotyping and the following PCR conditions 
and primer pairs were used for this purpose: 94°C (30 
sec), 60°C (30 sec), 72°C (1 min) for 30 cycles and a 
final extension step at 72°C (7 min). Ttc9a allele pri-
mers: Ttc9a-FP: 5’-CACACGAGTTCAAGAGCCAAG 
GG-3’; Ttc9a-RP: 5’-GCTTCAACCGTCTTGCTCTG-3’. 
Neomycin primers: neo-FP: 5’-ACTGGGCACAACAG 
ACGATCGG-3’; neo-RP: 5’-GGAAGCGGTCAGCC 
CATTCG-3’. 
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RT-PCR analysis 
Mammary gland tissue was grinded in liquid 

nitrogen with mortar and pestle. Approximately 20 
mg of ground tissue powder was weighed; homoge-
nised and total RNA isolated using the TRIzol reagent 
(Invitrogen) as per manufacturer’s instructions. From 
this 5 μg of total RNA was reverse transcribed using 
Superscript II reverse transcriptase (Invitrogen, 
Carlsbad, CA). Real-time PCR was performed with 
SYBRGreen master mix (Kapa Biosystems, US) on an 
ABI Prism 7000 sequence detection system (PE Ap-
plied Biosystems, Foster City, CA). 

The real time PCR primer sequences used for the 
analysis of PR, Areg, Greb1, Muc1, 36B4 and 18sRNA 
expressions were: PR forward 5'-CGCCATCTACC 
AGCCGCTC-3', PR reverse 5'-TGAATCCGGCCTC 
AGGTAGTT-3'; Areg forward 5'-CACAGCGAGGA 
TGACAAGGA-3', Areg reverse 5'-GAGGATGATG 
GCAGAGACAAAGA-3'; Greb1 forward 5'-CGGGC 
TTTGTGAGGAGTCA-3', Greb1 reverse 5'-CCGGA 
AGCACAAAGAAGACAGA-3'; Muc1 forward 
5'-CCACCAGAGCTCCCGAAGAC-3', Muc1 reverse 
5'-TAGAGGGCTGGTGGCTGGAG-3', 36B4 forward 
5'-GATCGGGTACCCAACTGTTGCC-3', 36B4 reverse 
5'-CAGGGGCAGCAGCCGCAAATGC-3', 18sRNA 
forward 5'-GTAACCCGTTGAACCCCATT-3', 
18sRNA reverse 5'-CCATCCAATCGGTAGTAGC 
G-3'. Fold changes were calculated from the Ct values 
and the expression levels of PR, Areg, Greb1 and Muc1 
were determined by normalizing their Ct values 
against 36B4 and 18sRNA Ct values. PCR primers 
were designed from exon junctions to prevent any 
amplification from contaminating genomic DNA 
within the RNA samples.  

Western Blotting analysis 
 Mouse tissues were dissected, snap frozen in 

liquid nitrogen, and grinded to powder with a mortar 
and pestle. To prepare total protein lysates, approxi-
mately 20 mg of the ground tissue powder was ho-
mogenised in cold lysis buffer containing 100 mM 
NaF, 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Tri-
ton X-100, 1 mM PMSF and the cocktail of proteinase 
inhibitors (5 μg/ml pepstatin A, 5 μg/ml leupeptin, 2 
μg/ml aprotinin and 1mM Na3VO4). Protein lysates 
were cleared by centrifuging at 13,800 rpm for 20 min 
at 4oC. Protein concentrations were determined using 
the Bicinchoninic Acid (BCA) protein assay protocol 
from Pierce (Rockford, Illinois). 

 Protein lysates (25 µg) were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to nitrocellulose mem-
brane (Amersham Biosciences, UK). Membranes were 
briefly stained with Ponceau S (containing Ponceau S, 
trichloroacetic acid, and sulfosalicylic acid) to check 

equal protein loading. Membranes were then blocked 
with 5% milk for 1 hr and the TTC9A protein was 
detected using an anti-mouse Ttc9a polyclonal anti-
body which was raised in-house [16]. On the follow-
ing day the blots were washed and incubated with 
horseradish peroxidase-conjugated secondary anti-
body (anti-mouse IgG) diluted in 5% milk at 1:2000 for 
2-3 hr. Western blots were visualized using the en-
hanced chemiluminescence, ECL plus system 
(Amersham Biosciences Inc). Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was used as 
internal control. GAPDH was detected using a mouse 
monoclonal antibody (Ambion, Austin, TX, USA). 

Whole-mount analysis of mammary glands 
Number 4 inguinal mammary glands were dis-

sected from mice, spread onto glass slides, fixed in 
6:3:1 mixture of ethanol:chloroform:glacial acetic acid 
fixative, hydrated, and stained overnight in 0.2% 
carmine (Sigma-Aldrich, St. Louis, MO, USA) and 
0.5% aluminium potassium sulphate. After overnight 
staining the slides were dehydrated in graded ethanol 
series, cleared in Xylene and mounted with DPX 
mounting media (Merck, Germany). 

Mammary gland morphometric analysis 
The number of mammary ductal branch points, 

ductal outgrowth length and number of terminal end 
buds (TEBs) were determined from mammary whole 
mount images taken under bright field microscope 
using SteREOLumar, a V12 microscope with Axiocam 
Zeiss MRc camera and AxioVision Release 4.6.3 soft-
ware (Carl Zeiss AG, Germany). Morphometric anal-
ysis was performed using Image J 1.44 software. To 
determine the number of branch points, grids were 
overlaid on images and all resolvable branch points 
were counted at the leading edge of advancing ducts. 
The number of branch points was then averaged to 
yield the mean number in each grid. Mammary ductal 
length was measured as the length from the primary 
duct to the leading edge of the duct. The number of 
TEBs was determined by counting the number of 
TEBs with areas ≥ 0.03 mm2 at the leading edge of 
advancing ducts. Only TEBs with areas ≥ 0.03 mm2 
and having distinct bulbous feature were counted as 
TEB structures. This is to differentiate TEBs from 
terminal end ducts [23]. 

Steroid hormone treatment of mice 
 Three-week-old female Ttc9a+/+ and Ttc9a-/- mice 

were ovariectomized following anesthesia using a 
combination of Ketamine and Xylazine. Animals were 
allowed to rest for one week after surgery before 
treatment. The mice were then divided into 3 groups. 
Group one mice were injected with sesame oil, group 
two injected with 17-β-Estradiol benzoate at 10 µg/kg 
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dosage (E2) and group three injected with 
17-β-Estradiol benzoate (10 µg/kg) plus progesterone 
10 mg/kg (E2P) (Sigma Aldrich, USA). All injections 
were given subcutaneously on alternate days. After 16 
days, the treated mice were sacrificed; mammary 
glands collected and snap frozen in liquid nitrogen for 
protein and RNA study. Additionally fresh tissues of 
the inguinal no. 4 mammary glands were collected for 
whole-mount analysis to study mammary ductal de-
velopment. 

Cell culture and luciferase reporter assay 
MCF-7 cells and COS7 cells were routinely 

maintained in phenol red-containing Dulbecco's 
modified Eagle's medium (DMEM) (PAA Laborato-
ries Ltd., Somerset, UK) supplemented with 7.5% fetal 
bovine serum (FBS) (Sigma-Aldrich) and 2 mM 
L-glutamine (PAA Laboratories Ltd). Cells were 
plated in phenol red-free DMEM supplemented with 
5% dextran-coated charcoal-treated FBS (DCC-FBS) 
for 48 hr before hormone treatment to remove the 
residual effect of hormones from serum. 

For luciferase reporter assay, MCF-7 cells in 
6-well plates were transfected with 0.5 μg of 
ERE-luciferase, 0.3 ng of Renillar-luciferase, 25 ng of 
FLAG-TTC9A plasmids or 50 ng of FLAG-FKBP 
plasmids using Polyethylenimine (PEI) (Polysciences, 
Warrington, PA, USA) according to the CELLnTEC 
advanced cell systems transfection protocol for PEI. 
Twenty four hour after transfection, cells were treated 
with 10 nM 17β-estradiol (E2) for 24 hr. To test the 
effect of TTC9A knockdown on estrogen-induced ERα 
activity, MCF-7 cells were transfected with control or 
TTC9A specific siRNA (Ambion) with Lipofectamine 
2000 (Invitrogen) for 24 hr before transfected with 0.5 
μg of ERE-luciferase, 0.3 ng of Renilla luciferase vec-
tor for an additional 24 hr, followed by hormone 
treatment for 24 hr. Lysate was collected and analyzed 
using Promega Luciferase assay kit (Promega, Madi-
son, WI, USA). Firefly-luciferase signals were detected 
using GloMax®-Multi Luminescence Detection Sys-
tem (Promega) and normalized against Renilla signal. 

Co-immunoprecipitation (Co-IP) 
For Co-IP of GFP-TTC9A with FLAG-FKBP38 

and FLAG-FKBP51, COS7 cells were transfected with 
GFP-TTC9A with or without FLAG-FKBP38 (or 
FLAG-FKBP51) for 48 hr before total cell lysate were 
isolated using cold lysis buffer at 4oC. Similarly, ERα 
and FLAG-FKBP38 (or FLAG-FKBP51) were 
co-transfected in COS-7 cells to test their interaction. 
For Co-IP of FLAG-TTC9A with endogenous FKBP51, 
HeLa cells were transfected with FLAG-TTC9A and 
then treated with 10 nM dexamethasone for 24 hr to 
induce the expression of FKBP51. 500 μg of total cell 

lysates were incubated with 1 μg of anti-FLAG anti-
body plus protein A/G agarose beads (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Immunopre-
cipitated proteins were analyzed by Western blotting. 
Antibodies used in the Co-IP are anti-FLAG (F1804, 
Sigma-Aldrich), anti-GFP (G1544, Sigma-Aldrich). 
Anti-ERα (sc-002), anti-Hsp70 (sc-24) and anti-Hsp90 
(sc-13119) were purchased from Santa Cruz Biotech-
nology. The in-house anti-FKBP51 has been described 
previously [24].  

Statistical analysis 
 Statistical analysis of the animal studies of two 

experimental groups was evaluated using the Mann 
Whitney non-parametric analysis. For analysing lu-
ciferase results students T-test was used. The analysis 
was conducted using SPSS software. Results are ex-
pressed as mean ± standard error of the mean (SEM) 
and p < 0.05 was assigned as significant. 

Results 
Generation and characterization of Ttc9a gene 
deletion 

 To produce a functional deletion of the Ttc9a 
gene by homologous recombination, exon 1 of the 
Ttc9a gene was replaced by neomycin-resistant (neo) 
gene that is flanked by a 2 kb 5’ homologous arm 1 
(HR1) and a 14 kb 3’ homologous arm 2 (HR2) as 
shown in Figure 1A. The neo cassette is flanked by 
loxp sites for cre-recombinase, but it is not excised for 
studies reported in this article. Southern blotting 
analysis of Sca I digested DNA with a 5’ probe of 919 
bp DNA identified ES cells with heterologous inte-
gration of the target vector at the desired genetic lo-
cus. The wild type DNA showed an 11 Kb DNA 
fragment whereas the DNA with neo cassette replac-
ing exon 1 showed a 4 Kb fragment with the 5’ probe. 
The insertion of the neo cassette introduced a new Sca I 
site. This new Sca I site leads to a smaller Sca I re-
striction fragment when analysed using the 5’ probe 
by Southern blotting (Figure 1B, left panel). These 
mouse ES cells heterozygous for exon 1 deletion were 
used to generate chimeric males which carried the 
exon 1 deletion through the germ line. Mice hetero-
zygous for the Ttc9a knockout were bred to produce 
mice of genotypes Ttc9a+/+ (Wild), Ttc9a+/- (Het) and 
Ttc9a-/- (Homo), respectively (Figure 1B, right panel). 
The genotypes were also confirmed by PCR screening 
(Figure 1C) and by Western blot analysis (Figure 1D) 
of the TTC9A protein expression in different tissues 
(brain, mammary gland, lung and uterus). It is to be 
noted that the mammary gland does express signifi-
cant amount of TTC9A as was previously reported 
[15] although the band in this blot of Ttc9a+/+ sample is 
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faint. In summary, Ttc9a exon 1 deletion successfully 
disrupted the Ttc9a gene, resulting in the loss of 
TTC9A protein expression (Figure 1D).  

Ttc9a knockout mice appear healthy and fer-
tile 

 We next determined the consequence of Ttc9a 
deficiency. Both Ttc9a+/- (Het) and Ttc9a-/- (Homo) 
mice were viable and reproductively normal. The 
genotype frequency of Ttc9a+/+, Ttc9a+/- and Ttc9a-/- 
followed the Mendelian inheritance ratio of 1:2:1 
(Supplementary Material: Table S1), suggesting the 
absence of embryonic lethality. Although there seems 
to be greater male-female ratio in Ttc9a-/- mice than 
the Ttc9a+/+ mice, this difference however is not sig-
nificant (Supplementary Material: Table S2). The body 
weights of 2 day old mice seem to be greater in Ttc9a-/- 
mice than Ttc9a+/+, in both the male (p=0.01) and fe-

male (p<0.05) group (Figure 2A). However, this dif-
ference is not observed in adult male mice of 6 – 12 
weeks old (Figure 2B). On the other hand, the body 
weights of female Ttc9a-/- mice were 5 – 10% higher 
than Ttc9a+/+, mice at all stages analyzed albeit only 
significantly higher at 6-week and 10-week old mice 
(Figure 2C). The data therefore suggests that Ttc9a 
knockout affected the energy homeostasis in females 
but had little effect in males. It is plausible that Ttc9a is 
involved in the action of female steroid hormones 
estrogen and progesterone. This notion is supported 
by the observation that the new-born Ttc9a-/- mice 
(2-day old) of both sexes were heavier than Ttc9a+/+ 
mice as the new-born mice have been exposed to high 
levels of estrogen and progesterone while in mother’s 
womb. 

 

 
Figure 1. Ttc9a transgene construct and screening strategy. (A) Strategy for targeted disruption of Ttc9a gene. Ttc9a exon1 was replaced by neomycin 
cassette by homologous recombination as indicated by the dotted lines in the mouse ES cells. Exons are indicated by filled boxes; homology arms are indicated by thick 
lines; introns are indicated by thin lines; and loxp sites are indicated by triangles. (B) Southern blot analysis of Sca I-digested ES cell and tail genomic DNA from wild 
(+/+), heterozygote (+/-) and homozygous (-/-) Ttc9a KO mice. 5’ probe detect a ~11 kb wild–type (Wt) and a ~4 kb mutant (Mut) band. (C) Genotyping tail DNA 
by PCR screening. The wild-type allele yielded a 200 bp band size and the mutant allele gave 654 bp. (D) TTC9A protein expression is abolished in Ttc9a-/- mice. Total 
protein extract from mice tissues (brain, mammary gland (Mg), lung and uterus) were analysed by immunoblotting with TTC9A specific antibody. GAPDH was used 
as a loading control. The blot shows complete absence of TTC9A protein in the 4 tissues assayed from Ttc9a-/- mice. 
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Figure 2. Ttc9a KO mice show greater body, spleen and thymus mass than wild-type mice. (A) Both male and female Ttc9a-/- mice at postnatal day 2 
showed greater body weight than Ttc9a+/+ mice. (B) Body weights of male mice from 4-12 week old were similar across Ttc9a+/+, Ttc9a+/- and Ttc9a-/- mice. (C) The 
body weights of Ttc9a-/- female mice was significantly higher than Ttc9a+/+ mice at 6- and 10-week of age. (D) The spleen and (E) thymus mass in the Ttc9a-/-mice were 
significantly greater compared to Ttc9a+/+ mice. Animal and organ weight data are expressed as means ± SEM; *p value < 0.05; **p value < 0.01. Supplement data 
indicates the number of animals used in each analysis. 

 

Significant increase in spleen and thymus 
weights in Ttc9a null mice 

Since Ttc9a is a downstream target of both es-
trogen and progesterone and Ttc9a knockout resulted 
in greater body weight in female mice, we next fo-
cused on characterizing the effect of Ttc9a knockout in 
female mice. First, we evaluated the organ weights of 
the sexually immature 3-week old and then the ma-
ture 6-week old mice (Supplementary Material: Table 
S3). There is no difference in the weight of most or-
gans among different Ttc9a genotypes except for the 
spleen and thymus. Spleen weight is greater in Ttc9a-/- 

mice than Ttc9a+/+, and Ttc9a+/- mice at both 3-week 
and 6-week old but the difference is statistically sig-
nificant (p<0.05) only for 3-week old mice (Figure 2D). 
We also observed a significant increase of the thymus 
weight in Ttc9a-/- mice compared to wild-type mice at 
6-week old (p <0.01). Furthermore we observed the 
increment in thymus mass from 3-week to 6-week was 
greater in the Ttc9a-/-and Ttc9a+/-mice (58.5% and 
49.7%, respectively) compared to Ttc9a+/+ mice 
(29.62%). This implies that the lack of TTC9A enabled 
better pubertal thymus development. Since TTC9A 

protein is expressed at high levels in these two organs 
in adult mice [15], bigger spleen and thymus in Ttc9a-/- 

mice suggest that Ttc9a plays a role in regulating these 
organs’ homeostasis. 

Increased mammary ductal branching in Ttc9a 
null mice 

Mammary TTC9A expression is up-regulated by 
estrogen and progesterone [15], both of which are 
critical for mammary development [25]. To determine 
the contribution of Ttc9a in mammary gland devel-
opment, we analyzed the effect of Ttc9a gene inacti-
vation on the mammary development in the 
pre-pubertal (3-week old) and post-pubertal (6-week 
old) mice. There was no difference in the rudimentary 
ductal tree at 3 weeks among the Ttc9a+/+, Ttc9a+/-, and 
Ttc9a-/- mice (data not shown). At 6 weeks old, how-
ever, mammary gland from Ttc9a-/- mice appears to 
have more ductal side branching and terminal end 
buds (Figure 3A and 3B). Quantitative analysis re-
vealed that there is significantly more (p<0.05) 
mammary ductal branching in 6-week old Ttc9a-/- mice 
compared with Ttc9a+/+ mice (Figure 3C). There is also 
more mammary terminal end buds (TEB) in both the 
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Ttc9a-/- and Ttc9a-+/- than Ttc9a+/+ mice but the differ-
ence is not significant (0.1>p>0.05) (Figure 3E). Un-
expectedly, there was no significant difference in the 
mammary ductal lengths among mice with different 
Ttc9a genotypes (Figure 3D). We speculate that the 
lack of effect of Ttc9a knockdown on mammary ductal 
growth in 6-weeks old mice may be the result of 
compensatory effect over time by other factors such as 
the members of the Ttc9a family, Ttc9b and Ttc9c. 

Ttc9a-/- mice is more sensitive to ovarian ster-
oid hormone treatment 

The observation that the Ttc9a-/- mice exhibit 
greater mammary side branching and a trend for 
more TEB formation in the sexually mature 6-week 
mice suggests that the mammary gland in Ttc9a-/- mice 
could be more sensitive to estrogen and progesterone 
for their stimulation on mammary side branching and 
TEB formation [26, 27]. We tested this postulation in 
ovariectomized mice treated with control vehicle, 
estradiol benzoate (E2), or E2 and progesterone (E2P) 
for 16 days. Interestingly, Ttc9a-/- mammary gland 
responded to E2P treatment, but not E2 alone, with 
greater mammary ductal branching than Ttc9a+/+ 

gland (Figure 4A, 4B, 4C and 4D) (p<0.05). This is 
consistent with the essential roles of P in mammary 
ductal branching in the presence of E2, which is re-
sponsible for the induction of PR expression [28, 29]. 
On the other hand, there was no significant difference 
in ductal branching between Ttc9a+/+ and Ttc9a-/- gland 
in untreated controls (Figure 4D). These mice were 

ovariectomized. Since the expression of progesterone 
receptor is largely estrogen-dependent, the lack of 
estrogen due to ovariectomy would mean the lack of 
progesterone receptor to stimulate ductal side 
branching in both Ttc9a+/+ mice and Ttc9a-/- mice. It is 
useful to note at this point that Ttc9a knockout did not 
affect PR gene expression in the absence of E2 (Figure 
4G). Hence there would not be a difference in un-
liganded PR activity between Ttc9a+/+ and Ttc9a-/- 

mammary gland. 
 In accordance with the effect of E2 on mammary 

ductal lengthening [30], Ttc9a-/-mammary gland also 
exhibited significantly (p<0.01) greater ductal 
lengthening than Ttc9a+/+ mammary gland in response 
to E2 treatment (Figure 4E). The enhanced response of 
Ttc9a-/- mammary gland to estrogen was also associ-
ated with increase of E2-induced gene expression 
(Figure 4). Estrogen up-regulated the expression of its 
target genes progesterone receptor (PR) and am-
phiregulin (Areg) in Ttc9a-/- mammary gland to a sig-
nificantly (p<0.05) greater extent than the Ttc9a+/+ 

mammary gland (Figure 4G, 4H). E2 treatment also 
enhanced greater increase in the expression of other 
two ER target genes Greb1 and Muc1 in Ttc9a-/- mam-
mary gland but the difference was not statistically 
significant. Taken together, the data support the pos-
tulation that Ttc9a-/- mammary gland is more sensitive 
to the effect of E2 and P. Accordingly, Ttc9a may neg-
atively regulate mammary response to estrogen. 

 
Figure 3. Ttc9a KO mice exhibit in-
creased mammary ductal branching. 
Whole-mount images of inguinal mammary 
gland from Ttc9a+/+, Ttc9a+/- and Ttc9a-/- mice 
at 6 week old at (A) 4X magnification and 
(B) 10X magnification. Morphometric 
analysis using Image J quantitated the ductal 
development in the three genotypes. There 
was significant increase in the (C) ductal 
branch points in Ttc9a-/- mice compared to 
Ttc9a+/+, but no difference in the (D) ductal 
length. (E) Ttc9a-/- and Ttc9a+/-mammary 
gland showed an increase of TEBs compared 
to Ttc9a+/ but this difference was not sta-
tistically significant. LN - lymph node; TEB - 
terminal end bud. Data are expressed as 
means ± SEM; * p < 0.05.Supplement data 
indicates the number of animals used in each 
analysis. 
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Figure 4. The mammary glands from Ttc9a KO mice are more responsive to estradiol. Representative whole mount images of the 4th inguinal mammary 
gland of (A) control (ctrl) (B) 17β estradiol benzoate (E2) and (C) 17β estradiol benzoate and progesterone (E2P) treated Ttc9a+/+and Ttc9a-/- mice. The mammary 
ductal morphology between the Ttc9a+/+ and Ttc9a-/- gland was quantified using the Image J software. The histograms illustrated significant increases in (D) ductal 
branch points and (E) ductal length in Ttc9a-/- mice compared to Ttc9a+/+ on E2P and E2 treatment respectively. Also there was a significant increase in the (F) TEB 
count in Ttc9a-/- gland on E2 treatment compared to Ttc9a+/+. This increased ductal morphology were associated with greater induction of E2 target genes (PR, Areg, 
Greb1 and Muc1) in Ttc9a-/- mice than Ttc9a+/+ mice as analyzed by real time PCR (G-J). Data are expressed as means ± SEM; for each sample set. *p<0.05, **p< 
0.01.Supplement data indicates the number of animals used in each analysis. 
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 Intriguingly, Ttc9a-/- mice treated with control 
vehicle (Figure 4E) also had greater ductal lengthen-
ing than the corresponding Ttc9a+/+ controls (p<0.01). 
This is associated with increases of the gene expres-
sion of Areg (p=0.046) and Muc1 (p=0.075) in Ttc9a-/- 

mice (Figure 4H, 4J), both of which are important for 
mammary growth [31] [32]. Since these are ovariec-
tomized mice without ovarian steroid hormone, the 
observation suggests that TTC9A also negatively reg-
ulates mammary ductal lengthening via an estro-
gen-independent pathway. 

TTC9A down-regulates the transcriptional 
activity of ERα 

Since mouse studies showed that Ttc9a may be a 
negative regulator of ERα, we examined the effect of 
TTC9A on the transcriptional activity of ERα in vitro 
using human breast cancer cells MCF-7. In agreement 
with the in vivo observation, TTC9A over-expression 
suppressed the transcriptional activity of ERα in an 
E2-dependent manner (Figure 5A). While the basal 
activity remained similar with and without TTC9A 
over-expression, TTC9A over-expression caused a 
small (11%) but significant (p<0.01) reduction in lig-
and induced ERα transcriptional activity. Western 
blotting analysis shows that endogenous ERα protein 
level was not affected by TTC9A over-expression 
(Figure 5A), confirming that the observed change was 
due to TTC9A over-expression. The negative effect of 
TTC9A on ERα activity is further supported by 
TTC9A gene silencing study. Figure 5B shows that 
transfection with TTC9A siRNA1 and siRNA2 signif-
icantly up-regulated E2-induced transcriptional ac-
tivity. In addition, TTC9A siRNA also increased 
E2-independent activity but this effect is only statis-
tically significant (p<0.05) in one of the two siRNA 
transfected cells. 

TTC9A contains 3 TPR domains and shares high 
level of homology with co-chaperones FKBP38 and 
FKBP51 [16, 33]. We investigated if TTC9A exerts its 
inhibitory effect on ERα as a cochaperone protein. As 
there is little information on the involvement of 
FKBP38 and FKBP51 in ERα activity, we first tested 
the effect of FKBP38 and FKBP51 over-expression on 
ERα activity in ERE-Luc assay. Figure 5C shows that 
FKBP38 over-expression in MCF-7 cells significantly 
inhibited both E2-induced and E2-independent ERα 
activity. In contrast, FKBP51 over-expression pro-
moted ERα activity in the presence and absence of E2, 
which is consistent with the previous report [34].  

We next tested if TTC9A may regulate ERα ac-
tivity as a part of ER-chaperone complex. Interest-
ingly, both FKBP38 and FKBP51 interacted with ERα 
and Hsp90 (Figure 5D), although they exert opposite 
effect on ERα activity. This suggests that FKBP38 and 

FKBP51 are part of ERα-chaperone complex to mod-
ulate ERα activity. We next investigated if TTC9A 
exerts its inhibitory effect through physical interaction 
with this complex. Although TTC9A did not interact 
with ERα or Hsp90 (Figure 5E), it binds to FKBP38 
and FKBP51 strongly as both FKBP38 and FKBP51 
could pull-down TTC9A very well (Figure 5F). At the 
same time FKBP38 and FKBP51 also pulled-down 
endogenous Hsp90. TTC9A interaction with FKBP51 
is further supported by FLAG-TTC9A 
co-immunoprecipitation with endogenous FKBP51 
(Figure 5G). In this experiment, Hela cells were 
treated with dexamethasone to induce the endoge-
nous FKBP51 [35, 36]. It is clear that FLAG-TTC9A 
pulled-down endogenous FKBP51 following dexa-
methasone induction. In contrast, the control samples 
(cells transfected with control vector, or cells trans-
fected with FLAG-TTC9A but without dexame-
thasone treatment) showed no or little FKBP51 
pull-down. It is plausible therefore that TTC9A could 
affect ERα-chaperone complex assembly or matura-
tion through interacting with co-chaperone proteins 
FKBP51 and FKBP38, both of which are associated 
with ERα and Hsp90 complex. Since FKBP38 and 
FKBP51 have opposite effect on ERα activity in 
ERE-Luc assay, interaction of TTC9A with these two 
proteins could balance their influence on ERα with a 
net inhibitory outcome. 

Discussion 
 TTC9A is expressed in embryonic stem cells [15]. 

It is also ubiquitously expressed in all animal organs 
after birth except for the liver which expresses dis-
tinctively low levels of TTC9A [15, 16]. It is surprising 
that a complete ablation of TTC9A expression in mice 
did not result in any significant developmental ab-
normality or dysfunction. Ttc9a-/- mice exhibit normal 
growth and reproductive function. In fact, Ttc9a-/- fe-
male mice shows better development with greater 
body weight, bigger spleen and thymus. Importantly, 
the study indicates that the absence of Ttc9a permits 
better mammary development and greater mammary 
sensitivity to estrogen. Ttc9a-/- mice of 6-week old, but 
not of the sexually immature 3-week old mice, have 
greater number of mammary ductal branching and 
TEBs. Furthermore, Ttc9a-/- mice responded to estro-
gen treatment with a greater ductal lengthening, and 
to estrogen plus progesterone with an increase in 
ductal branching than Ttc9a+/+ mice. This heightened 
hormone responsiveness of Ttc9a-/- mice were further 
illustrated at the gene expression level where estrogen 
up-regulated the expression of its target genes Areg 
and PR to a greater extent in Ttc9a-/- mammary gland. 
Areg is the major paracrine mediator of estro-
gen-stimulated ductal development [37, 38]. Greater 
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up-regulation of Areg could favor the greater mam-
mary ductal elongation observed in the Ttc9a-/- 

mammary gland. Similarly, greater stimulation of PR 
expression by estrogen would sensitize mammary 
gland to the effect of progesterone, resulting in en-

hanced mammary ductal side-branching that was 
observed in Ttc9a-/- mice. These data supports the view 
that Ttc9a is negatively involved in the regulation of 
ERα activity in the mammary gland. 

 

 
Figure 5. TTC9A down-regulates ERα transcriptional activity in breast cancer cells. (A, B) ERE-luciferase assay showing a significant decrease in ERα 
transcriptional activity by TTC9A (25ng) and up-regulation in ERα transcriptional activity with TTC9A siRNA knockdown in MCF-7. Western blot showing that 
endogenous ERα expression level was not affected by TTC9A over-expression, and TTC9A protein level was drastically reduced by knockdown. Result shown 
(mean±SEM (n = 3) is representative of two independent experiments. The p values were obtained by Student's t-test. **p<0.01. (C) ERE-luciferase assay showing the 
effects of FKBP38 and FKBP51 (50ng) on ERα’s transcriptional activity in MCF-7 cells. Western blot showing that endogenous ERα expression level was not affected 
by FKBP over-expression. Luciferase reporter assay result (mean±SEM (n = 3) shown is representative of two independent experiments *p<0.05, **p<0.01. (D) 
FKBP38 and FKBP51 interact with ERα and Hsp90. COS7 cells were transfected with ERα alone or together with FLAG-FKBP38 or FLAG-FKBP51. Anti-FLAG 
antibody pulled down both FKBPs and co-immunoprecipitated both ERα and Hsp90. ERα and Hsp90 were detected using anti-ERα and anti-Hsp90 antibodies 
respectively. FKBP38 and 51 were detected by anti-FLAG antibody. (E) TTC9A does not interact with ERα and Hsp90. COS7 cells were transfected with pXJ-FLAG 
control vector with ERα or FLAG-TTC9 with ERα. Anti-FLAG antibody pulled down FLAG-TTC9, but no ERα or endogenous Hsp90 proteins were 
co-immunoprecipitated. (F) TTC9A interacts with FKBP38 and FKBP51. COS7 cells were transfected with GFP-TTC9A and FLAG-FKBP38 or FLAG-FKBP51. 
Anti-FLAG antibody pulled down both FKBPs and co-immunoprecipitated TTC9A and Hsp90 at the same time. (G) TTC9A interacts with endogenous FKBP51. HeLa 
cells were transfected with FLAG-TTC9A or control vector and treated with 10 nM dexamethasone to induce the endogenous FKBP51. Anti-FLAG antibody was 
used to pull-down FLAG-TTC9A in the whole cell lysates and the co-immunoprecipitated FKBP51 was detected by anti-FKBP51 antibody. 
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The ovariectomized Ttc9a-/- mice treated with 
control vehicle also had significantly more mammary 
ductal lengthening (Figure 4E), suggesting that 
TTC9A negatively regulates mammary ductal growth 
in an estrogen-independent manner. Since Areg is 
critical for mammary ductal growth, the associated 
up-regulation of Areg in Ttc9a-/- mice (Figure 4H) may 
be involved in the estrogen-independent mammary 
ductal growth. It has been reported that unliganded 
ERα promotes Areg gene expression in ERα-positive 
breast cancer cells MCF-7 and [39]. It is plausible that 
TTC9A also negatively regulates the activity of un-
liganded ERα on induction of Areg in mouse mam-
mary gland. This notion is supported by the evidence 
that TTC9A knockdown by siRNA in MCF-7 cells 
increased ERE-Luc activities in the absence of E2 
(Figure 5B).  

 The notion that Ttc9a negatively regulates ERα 
activity is also supported by the observation that Ttc9a 
gene deletion permits better puberty-associated thy-
mus development in female mice (Figure 2E). Estro-
gen is required for thymus development and ERα 
knockout mice displayed thymus atrophy [40-42]. The 
increase in thymus weight observed in the Ttc9a 
knockout mice may also be related to greater ERα 
activity. 

How Ttc9a is potentially involved in mammary 
sensitivity to hormonal stimulation is at present a 
matter of speculation. TTC9A is a TPR-containing 
protein. In addition to its homology with TTC9B and 
TTC9C, TTC9A shares significant homology at its 
TPR1 or TPR2 domains to the TPR domain containing 
proteins cyclophillin-40, FKBP38, FKBP52, 
WAF1/CIP1 stabilizing protein 39 (WISp39) and 
FKBP51 in order of significance in homology. All ex-
cept for WISp39 are known to be co-chaperone pro-
teins for steroid hormone receptors and compete for 
binding of a common site on Hsp90 [5, 11]. These 
co-chaperones participate in hormone-receptor com-
plex assembly, maturation and hence play a critical 
role in regulating cellular response to hormones. It is 
also known that steroid hormone receptors have an 
order of preference to different co-chaperones for 
their complex assembly and activation [5]. Some of 
the chaperones facilitate hormone receptor activation 
whereas others confine their activities. For example, 
FKBP51 is inhibitory whereas FKBP52 is stimulatory 
on the activity of glucocorticoid receptor; together the 
chaperones fine-tune the glucocorticoid response 
[43-45]. Another example is protein phosphate 5 
(PP5), a well-known TPR-domain containing protein 
which negatively regulates ERα-mediated gene acti-
vation and ERα phosphorylation at S118 [46]. We 
have provided evidence to suggest that TTC9A func-
tion to regulate ERα activity through interacting with 

ERα co-chaperone proteins FKBP38 and FKBP51. 
Although TTC9A does not appear to interact with 
ERα-Hsp90 complex directly, it binds very well to 
both FKBP38 and FKBP51, both of which are associ-
ated with ERα and Hsp90. Thus, TTC9A may modu-
late the binding of FKBP38 and FKBP51 with ERα 
complex to regulate ERα activity. The means of this 
modulation may be cell/tissue-context dependent. In 
MCF-7 cells, TTC9A over-expression exerted a small 
but significant inhibitory effect on ERα activity. In 
contrast, FKBP38 inhibited markedly ERα activity, 
whereas FKBP51 promoted it. It is conceivable that 
the outcome of this regulation under physiological 
conditions would depend on the relative expression 
of various chaperones and co-chaperones. In mouse 
mammary gland, TTC9A appears to exert negative 
control over ERα activity since TTC9A gene knockout 
led to increased ERα activity and better mammary 
development. 

To our knowledge, this is the first observation 
that TPR-containing proteins interact with each other 
in mammalian cells. TTC9A was pulled-down by both 
FKBP38 and FKBP51 in large amount although it is 
not clear if the binding involves TPR domains. The 
interaction is likely direct because TTC9A does not 
interact with Hsp90, which was reported to use its 
C-terminal EEVD motif to bind co-chaperones har-
boring a TPR domain [47, 48].  

Since TTC9A interacted well with FKBP38 or 
FKBP51, why was it not present in ERα complex with 
FKBP38 or FKBP51? We can offer the following ex-
planations. First, TTC9A is in the ERα-Hsp90 complex 
via interaction with FKBP38 or FKBP51 but TTC9A in 
the complex, in relation to ERα is tertiary or quater-
nary and hence the interaction is weak and cannot 
survive the assay condition. Second, the formation of 
TTC9A-Hsp90-FKBPs complex could precede its as-
sociation with ERα and the presence of TTC9A may 
influence the dynamics of ERα-Hsp90-FKBPs complex 
formation and hence ERα activity.  

Estrogen is known to stimulate the development 
of breast cancer. The negative regulation of estrogen 
activity by TTC9A in mice would suggest that TTC9A 
could inhibit estrogen stimulation of breast cancer 
development. However, the regulation of some as-
pects of TTC9A function may be disrupted in breast 
cancer. For example, estrogen induced TTC9A protein 
levels in mice mammary gland but suppressed it in 
breast cancer cells MCF-7 [15, 16]. Furthermore, 
TTC9A was found to be over-expressed in breast 
cancer but this over-expression was not associated 
with ERα status or response to endocrine therapy [16]. 
It is plausible that breast cancer cells may have de-
veloped a mechanism in estrogen action pathway that 
could evade some aspects of the inhibitory effect of 
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TTC9A.  
It is also important to note that the changes in 

mammary development or in thymus and spleen 
weight in Ttc9a knockdown mice are generally mod-
est. It is possible that other members (Ttc9b and Ttc9c) 
of the TTC9 family have functional overlap with Ttc9a 
such that the loss of Ttc9a function is offset by Ttc9b or 
Ttc9c. To our knowledge, there has been no report on 
the study of Ttc9b and Ttc9c function, except for a 
recent report on the association between Ttc9b gene 
hypermethylation and postpartum depression in 
women [49]. However, since the protein sequence of 
the TTC9 family is conserved at the regions corre-
sponding to the 3 predicted TPR domains of Ttc9a 
(Figure 6), it is reasonable to speculate that the TTC9 
proteins may have functional overlap at the level of 
protein interaction. Whether the loss of Ttc9a function 
in the Ttc9a knockout mice is partly compensated by 
Ttc9b or Ttc9c requires further investigation using 
single or double gene knockout approach. 

In summary, this study reports for the first time 
the generation of Ttc9a knockout mice. Ttc9a defi-

ciency is associated with greater body weight, bigger 
thymus and better mammary development in 
post-pubertal female mice. Ttc9a-deficient mammary 
gland was also more responsive to estrogen with 
greater mammary ductal lengthening, ductal branch-
ing and estrogen target gene induction. Since Ttc9a is 
induced by estrogen in estrogen target tissues [15], 
these results suggest that Ttc9a is a negative regulator 
of estrogen function through a negative feedback 
mechanism. In vitro studies also showed that TTC9A 
over-expression suppresses the transcriptional activ-
ity of ERα in an E2 dependent manner. In addition, 
TTC9A interacts with FKBP38 and FKBP51 that are 
associated with ERα-Hsp90 complex and modulate 
ERα transcriptional activity. We propose that TTC9A 
may regulate ERα-chaperone complex formation and 
dynamics through interaction with FKBP proteins. In 
light of the pivotal involvement of estrogen in breast 
cancer etiology, further understanding of the mecha-
nisms by which TTC9A interact with estrogen signal-
ing in breast cancer may have important therapeutic 
implications.  

 

 
Figure 6. The protein sequence of the Ttc9 family is conserved at the regions corresponding to the TPR domains of Ttc9a. (A) The TTC9A 
protein comprises of three TPR domains. (B) Alignment of the mouse TTC9A (222 aa), TTC9B (239 aa) and TTC9C (171 aa) amino acids using Vector NTI software. 
Yellow - Identical amino acid residues; Green - residues of similar properties; Blue - conserved residues across species. 
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