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BACKGROUND AND HYPOTHESIS

Hypothesis:
Vitamin K dependent γcarboxylation enhances oncogenic processes
such as EMT and acquisition of stem cell
properties in breast cancer. This hypothesis
predicts that inhibition of γ-carboxylation will
inhibit breast cancer phenotype in vitro and
abrogate or delay tumor growth in vivo.

Figure 3. Expression of vitamin K pathway genes in mammary epithelial cell EMT and
transformation. Gene expression was evaluated in: A, SV40 immortalized mammary epithelial cells
(HMLE) stably expressing GFP, TGFβ, SNAIL or TWIST or B: HME cells expressing telomerase (HME),
telomerase + SV40 (HME LT) or telomerase + SV40 + RAS (HME PR). Data was normalized to 18S and
expressed relative to that of GFP cells in A and HME cells in B. Mean ± SD, n=3.
Figure 1. Vitamin K pathway in breast cancer. A TCGA data - For each gene, left column indicates the %
of tumors with any genomic alteration (mutation, amplification, deletion or altered expression). The middle
column indicates the % (and number) of amplifications (AMP) and mRNA up-regulations. The right column
indicates the impact on overall survival. B, Overall survival in 960 breast cancer cases based on alterations in
GGCX, VKORC1 and VKORC1L1. C. Expression of enzymes involved in γ-carboxylation in normal breast
tissue and individual cases of invasive ductal carcinoma (IDC) (Source: Human Protein Atlas).
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Table 1
Expression of vitamin K pathway genes in breast cancer cell lines
GENE EXPRESSION
CELL LINE

KNOWN GLA-MODIFIED PROTEINS
Clotting Factors
Prothrombin
Factor VII
Factor IX
Factor X
Protein Z
Protein S
Protein C

Others
Matrix Gla Protein
Osteocalcin
TMG1
TMG2
TMG3
TMG4
Gla-rich protein
Gas6
Periostin

Figure 4. Preliminary identification of γ-carboxylated proteins. A, HMLE-TWIST cells were maintained in 5
ug/ml vitamin K1 or vehicle for 3 passages. 24 h post-attachment, cells were treated with 2 uM warfarin or
vehicle ± K1 for 48hrs. Conditioned media was concentrated on Amicon Ultra-15 filters and separated by SDSPAGE. B, Whole cell lysates prepared from Hs578T cells treated with 2 uM warfarin or vehicle ± K1 for 48hrs
were separated by SDS-PAGE. For both, proteins were transferred to PVDF membranes and incubated
overnight with antibody directed against human y-carboxyglutamyl (Gla) residues (Sekisui Diagnostics,
Lexington, MA) followed by HRP-linked secondary antibody and Pierce ECL 2 Substrate. Arrows indicate
candidate γ-carboxylated proteins which are increased in the presence of vitamin K and reduced in the
presence of warfarin.

SUMMARY AND DISCUSSION
This goal of this project is to evaluate vitamin K dependent post-translational modifications in
breast cancer. Available genomic and proteomic data suggest that the vitamin K dependent
pathway genes/proteins that mediate γ-carboxylation (GGCX, VKORC1, VKORC1L1) are present
in normal mammary gland but up-regulated in a subset of invasive breast cancers that are
characterized by poor overall survival. Genes in this pathway are also up-regulated in mammary
epithelial cells expressing triggers of the epithelial-mesenchymal transition (particularly TWIST)
and those expressing active oncogenes such as RAS. GGCX, VKORC1 and EPHX1 (another
enzyme that catalyzes vitamin K reduction) are up-regulated in multiple human breast cancer cell
lines. Since the only known function of GGCX and VKORs is in γ-carboxylation, studies to identify
GGCX substrates and their functions in breast cancer are clearly warranted. Preliminary evidence
suggests that breast cancer cells with increased expression of GGCX, VKORC1 and VKORC1L1
(HMLE-TWIST, Hs578T) synthesize and secrete γ-carboxylated proteins which are modulated by
vitamin K1 and warfarin exposure.
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Figure 2. Effect of vitamin K1 on HME-tert
mammary epithelial cell density. HME-tert
cells were plated in Media 171 and switched
after 48h to media containing the indicated
concentrations of vitamin K1 or vehicle. After
96hrs treatment, cultures were fixed with
glutaldehyde and stained with crystal violet
which is proportional to cell density. Bars
represent mean ± standard deviation of
three technical replicates.
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Vitamin K in the reduced (hydroquinone) form is
essential for the gamma carboxylase enzyme
(GGCX) that post-translationally converts
glutamate (GLU) residues to γ-carboxylated
(GLA) residues in a limited number of proteins
(1-2). The reduced form of vitamin K is
maintained through the action of two vitamin K
oxidoreductases (VKORC1 and VKORC1L1),
which are inhibited by warfarin. Epoxide
hydrolase 1 (EPHX1) may also contribute to
vitamin K recycling, although it is not inhibited
by warfarin. While many GLA proteins are
involved in blood clotting and bone biology, at
least two (Gas6 and Periostin) have been linked
to cancer progression (3-5), but the relevance
of the vitamin K cycle in breast cancer has yet
to be evaluated.

B

1

0

TGF SNAIL TWIST
Cell Line

HMLE-TWIST cells
(conditioned media)

3

2

0

VKORC1L1

4

6

2

C

VKORC1

8

3

Normalized Gene Expression

The secreted protein periostin (PN) is strongly linked to breast cancer aggressiveness, and
serum PN is a promising diagnostic and prognostic marker of disease activity. However, the
regulation and function of PN in relation to the cancer phenotype has yet to be clearly defined.
PN is one of the rare proteins (<15 in mammalian systems) that is subject to the posttranslational addition of γ-carboxylated glutamatic acid (GLA) residues. Three enzymes function
in the γ-carboxylation pathway: GGCX, VKORC1 and VKORC1L1. Using publically available
datasets we found that GGCX, VKORC1 and VKORC1L1 are overexpressed in 24% of breast
cancers and that survival of patients whose tumors overexpress these genes is significantly
worse than that of patients whose tumors do not overexpress these genes. Follow-up studies
utilized the Human Protein Atlas to examine expression of GGCX, VKORC1 and VKORC1L1
proteins in normal breast and invasive ductal carcinomas (IDC). Normal ductal epithelial cells
showed intense staining for GGCX, patchy moderate staining for VKORC1 and diffuse low signal
for VKORC1L1. All cases of IDC exhibited strong staining for GGCX, 80% had moderate-intense
staining for VKORC1 and 77% had diffuse but low staining for VKORC1L1. Staining for all 3
proteins was localized only in tumor cells indicating that stromal cells are unlikely to contribute to
protein γ-carboxylation. We explored expression of the γ-carboxylation pathway genes using in
vitro models of epithelial-mesenchymal transition (EMT) and tumor progression. The EMT model
consists of human mammary epithelial cells immortalized with telomerase and SV40 (HMLE cells)
constitutively expressing GFP (control), TWIST, SNAIL or TGFβ. Relative to control cells, GGCX,
VKORC1 and VKORC1L1 were up-regulated in HMLE-TWIST cells, GGCX and VKORC1 were
up-regulated in HMLE-SNAIL cells and VKORC1 was up-regulated in HMLE-TGFβ cells. These
data suggest that γ-carboxylation may be triggered early in breast cancer oncogenesis. In the
tumor progression model, we found up-regulation of GGCX and VKORC1 in HMLE+RAS cells
relative to HMLE cells. Introduction of SV40 alone did not alter expression of any of the vitamin K
pathway genes. In HMLE-TWIST and HMLE-RAS cells with the highest expression of GGCX,
VKORC1 and VKORC1L1, PN was up-regulated 200-300-fold, supporting the concept that PN
may be a relevant target for γ-carboxylation during EMT and tumor progression.
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RNA was isolated from sub-confluent cells for qPCR evaluation of GGCX, VKORC1,
VKORC1L1 and EPHX1. Data were normalized to 18S RNA and expressed relative to
the expression of each gene in immortalized mammary epithelial cells (HME cells)
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