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We have previously reported the 2D PAGE-based proteomic profiling of a prospective
cohort of 78 triple negative breast cancer (TNBC) patients, and the establishment of a cu-
mulative TNBC protein database. Analysis of this database identified a number of proteins
as being specifically overexpressed in TNBC samples. One such protein was D-3-
phosphoglycerate dehydrogenase (Phgdh), a candidate oncogene. We analysed expression
of Phgdh in normal and TNBC mammary tissue samples by 2D gel-based proteomics and
immunohistochemistry (IHC), and show here that high-level expression of Phgdh in mam-
mary epithelial cells is primarily associated with cell lineage, as we found that Phgdh
expression was predominant in CK5-positive cells, normal as well as malignant, thus iden-
tifying an association of this protein with the basal phenotype. Quantitative IHC analysis of
Phgdh expression in normal breast tissue showed high-level expression of Phgdh in normal
CK5-positive mammary epithelial cells, indicating that expression of this protein was not
associated with malignancy, but rather with cell lineage. However, proteomic profiling of
Phgdh showed it to be expressed in two major protein forms, and that the ratio of expres-
sion between these variants was associated with malignancy. Overexpression of Phgdh in
CKS5-positive cell lineages, and differential protein isoform expression, was additionally
found in other tissues and cancer types, suggesting that overexpression of Phgdh is

Abbreviations: IHC, immunohistochemistry; 2D PAGE, two-dimensional polyacrylamide gel electrophoresis; Her2, human epidermal
growth factor receptor 2; ER, estrogen receptor; PgR, progesterone receptor.
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generally associated with CK5 cells, and that oncogenic function may be determined by

isoform expression.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Breast cancer is a very heterogeneous disease, with various
morphological and molecular features, natural history and
response to therapy, and encompassing as many as ten
distinct intrinsic molecular subtypes. Currently, molecular
targeted therapies are in clinical use for estrogen receptor
(ER) and human epidermal growth factor receptor 2 (Her2)
positive breast tumors. However, a significant proportion
(15—20%) of primary breast cancers are negative for ER, pro-
gesterone receptor (PgR), and Her2, comprising the so-called
triple negative breast cancer (TNBC) group (Anders and
Carey, 2009; Chu and Anderson, 2002; Rastelli et al., 2010;
Yamamoto and Iwase, 2010). Women with TNBC have a
poor prognosis due to the generally aggressive nature of
these tumors, and because of a lack of suitable molecular
therapeutic targets, conventional chemotherapy remains
the mainstay of treatment strategies for patients with
TNBC. Because TNBC is an operational definition, this clas-
sification, rather than defining a single disease, encom-
passes a number of diseases entities, such as ductal not
otherwise specified (NOS) (invasive ductal carcinoma
[IDC]), apocrine, lobular, adenoid cystic, medullary, and
metaplastic (Bertucci et al.,, 2006; Lehmann et al.,, 2011;
Montagna et al.,, 2013). The combination of limited treat-
ment options with clinicopathological heterogeneity of the
disease makes clinical management of these lesions very
demanding (reviewed in Irshad et al. (2011)), and as a conse-
quence, identification of novel therapeutic targets and op-
tions for management of TNBCs is of vital importance.
Using a systematic profiling strategy by two-dimensional
polyacrylamide gel electrophoresis (2D PAGE)/silver staining
coupled with MS-based identification of proteins, we per-
formed proteomics analysis of tumor tissues from a pro-
spective cohort of 78 TNBC patients (defined by lack of ER,
PgR, and Her2 expression by IHC analysis) and established
a cumulative database of proteins comprising all polypep-
tides identified by 2D PAGE—MS analysis (Cabezon et al.,
2013). Comparison of the TNBC protein database with prote-
omic data obtained from other breast cancer subtypes in
our laboratory (Celis et al., 2009, 2008, 2006), revealed a
number of proteins distinctively expressed in TNBCs that
could constitute therapeutic targets. One of these was the
enzymatic activity D-3-phosphoglycerate dehydrogenase
(Phgdh; EC 1.1.1.95) (Vander Heiden, 2011). Phgdh catalyzes
the conversion of the glycolytic intermediate 3-
phosphoglycerate into 3-phosphohydroxypyruvate, which
is the first and rate-limiting step in the phosphorylated
pathway of serine biosynthesis (Pizer, 1963; Sugimoto and
Pizer, 1968). Phgdh is linked to glycolysis, a process
frequently deregulated in cancer cells, by controlling the

flux from this pathway into the serine biosynthesis
pathway. Recently, a number of studies have provided
direct evidence for a role of Phgdh in cancer: PHGDH locates
to a region showing frequent focal somatic copy-number al-
terations in cancer specimens, and where no known onco-
genes are present (Beroukhim et al., 2010), and increased
expression of PHGDH was shown to be associated with
tumorigenesis (Locasale et al., 2011). Also, deregulated
expression of PHGDH was reported for ER-negative breast
cancer (Locasale et al., 2011; Possemato et al., 2011). Overall,
these and other lines of evidence led to the suggestion that
PHGDH is a candidate oncogene (Mullarky et al., 2011). We
analysed expression of Phgdh in normal and malignant
breast tissue, and show here that expression of Phgdh at
high levels is associated with cellular lineage rather than
malignancy, as we found high-level expression of Phgdh
in normal CK5-positive mammary epithelial cells, at levels
similar to those observed in tumor cells, thus identifying
an association of this protein with the basal phenotype.
Furthermore, we could allocate Phgdh overexpression to
an ER"PgR'CK5" subpopulation of cells, which was previ-
ously reported to be associated with resistance to therapy
(Haughian et al., 2012; Kabos et al., 2011).

2. Materials and methods
2.1. Cell culturing

MDA-MB-453 (ATCC HTB-131) and MCF-7 (ATCC HTB-22) hu-
man breast carcinoma cell lines were obtained from ATCC,
and cells were cultured according to ATCC’s guidelines.
MDA-MB-453 is a TNBC cell line, which was derived from an
effusion of a 48 year old female patient with metastatic carci-
noma of the breast, involving the nodes, brain and both
pleural and pericardial cavities (Cailleau et al., 1978). MCF7-
p95Her2 cells express a constitutively active 95 kDa NH,-
terminally truncated form of ErbB2 (Egeblad et al., 2001) under
control of the tetracycline repressor system. The MCF7-
p95Her2 cells were kindly provided by T. Kallunki (Denmark).
Expression of p95Her2 was elicited in MCF7-p95Her2 cells by
washing off culture medium containing tetracycline (1 pg/
ml) thrice with phosphate buffered saline buffer (PBS), and
culturing cells in medium devoid of tetracycline. The human
keratinocyte SVK14 is a cell line derived from neonatal fore-
skin keratinocytes transformed by the SV40 T antigen
(Taylor-Papadimitriou et al., 1982), and was cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) containing 10% fetal
bovine serum (FBS, Gibco BRL); SVK14 was kindly provided by
J.E. Celis (Denmark). Normal primary epidermal keratinocytes
were isolated and cultured as described (Olsen et al., 1995).
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2.2. Sample collection and handling

Tissue samples from clinical high-risk patients (high-risk defi-
nition according to the Danish Breast Cooperative Group;
www.dbcg.dk accessed 22.10.2009) that underwent mastec-
tomy between 2003 and 2008, were collected within the
Danish Center for Translational Breast Cancer Research pro-
gram. All patients had no previous surgery to the breast and
did not receive preoperative treatment. They presented a uni-
focal tumor of an estimated size of more than 20 mm. In addi-
tion, 78 non-selected retrospective triple negative breast
cancers (TNBCs) were provided by the Department of Pathol-
ogy at the Copenhagen University Hospital. Tumors were clas-
sified as TNBCs according to the criteria set in the ASCO/CAP
guidelines (ER<1%, PR<1%, HER2 0, 1+ or 2+ but FISH/CISH
negative). The project was approved (KF 01-069/03) by the
Copenhagen and Frederiksberg regional division of the Danish
National Committee on Biomedical Research Ethics. Formalin
fixed paraffin-embedded (FFPE) normal mammary tissue bi-
opsies (n = 6) collected from reduction mammoplasty opera-
tions in patients without any clinical history of cancer were
also procured from discarded anonymous excess tissue
(Erichsens Privathospital, Denmark). Fourteen apocrine ductal
carcinoma in situ (ADCIS) and 33 invasive apocrine carcinomas
(IACs) diagnosed at the Cancer Institute Hospital, Tokyo were
also analysed (Honma et al., 2007, 2005). The age range was
32—-84 with a mean average of 59 years. Hematoxylin and
eosin stained slides were reviewed by two pathologists.
Apocrine carcinoma was defined as a carcinoma in which
more than 90% of the tumor cells exhibited cytological fea-
tures typical of apocrine cells.

2.3.  Mass spectrometry analysis and protein
identification

2D PAGE (isoelectric focusing, IEF) gels and analyses were per-
formed essentially as previously described (Moreira et al.,
2010). Briefly, after running the second dimension, gels were
placed in 7.5% acetic acid, 50% ethanol, and 0.05% formalin
for 1 h, washed 3 times for 30 min each in 7.5% acetic acid,
10% ethanol and stained with silver nitrate according to a pro-
cedure compatible with mass spectrometry. Silver stained
gels were dried between cellophane followed by scanning for
comparative protein and mass spectrometry analysis. All
detected protein spots were excised from silver stained dry
gels followed by re-hydrating in water. In all cases a post-
silver de-staining step was performed before in-gel tryptic
digestion, thus additionally improving peptide recovery from
the gel. Gel pieces were detached from the cellophane film
and cut into 1 mm? pieces followed by “in-gel” digestion and
MS analysis using the same protocols and parameters as pre-
viously described (Cabezon et al., 2013). Briefly, MALDI-TOF-
TOF data were acquired using an Ultraflex™ III 200 time-of-
flight mass spectrometer (Bruker Daltonik, Germany) equip-
ped with a Smart beam™ laser and a LIFT-TOF/TOF unit.
Data acquisition and data processing were performed by the
Flex Control 3.0 and Flex Analysis 3.0 software (Bruker Dalto-
nik, Germany). All of the spectra were obtained using reflector
positive mode with an acceleration voltage of 25 kV, reflector
voltage of 26.38 kV and detection suppressed up to 450 Da. A

total of 2000 shots in steps of 200 shots were added to one
spectrum in the mass range of m/z 600—4000 using peak detec-
tion algorithm: SNAP (Sort Neaten Assign and Place); S/N
threshold: 3 and Quality Factor Threshold: 50.

2.4. 2D PAGE and 2D western immunoblotting

2D PAGE gels and 2D Western immunoblotting were per-
formed as previously described (Celis et al., 2005). Briefly,
twenty to thirty, six-um cryostat sections of frozen tissues
were resuspended in 0.1 ml 2D gel lysis solution [9.5 M urea,
2% (w/v) NP-40, 2% Ampholines (consisting of 1.6% pH range
5—7, and 0.4% pH ranges 3—10), and 5% B-mercaptoethanol]
and were kept at —20 °C until used. A total of 40 ul of lysate
were resolved per gel. Isoelectric focusing gels were prepared
and run in glass tubing and the second dimension was a
discontinuous SDS gel system run in a slab gel. To identify
the phosphorylation state of Phgdh, lysate samples were
divided into two aliquots. One aliquot was treated for 30 min
at 37 °C with Lambda Protein Phosphatase (Lambda PP), a
Mn2"-dependent protein phosphatase with activity towards
phosphorylated serine, threonine and tyrosine residues. A
second aliquot of each sample was mock-treated prior to
resolving by 2D gel electrophoresis. Dephosphorylation effi-
ciency was confirmed by western blotting with antibodies
against GGCT as previously described (Gromov et al., 2010).

2.5.  Tissue microarrays (TMAs)

A large breast cancer cohort in TMA format from the Yale Tis-
sue Microarray Facility (YTMA-49; Yale University School of
Medicine, New Haven, Connecticut) was employed in these
studies in order to investigate correlations between Phgdh
expression and clinicopathologic parameters. The breast can-
cer cohort in YTMA49 consists of 688 samples of invasive
ductal carcinoma serially collected from the Yale University
Department of Pathology archives as available from 1961 to
1983. The TMA was constructed with single 0.6-mm-diameter
cores of each case and has been described in detail previously
(Dolled-Filhart et al., 2006). The mean follow-up time of this
cohort is 12.8 years and the mean age of diagnosis is 58.1
years. This cohort contains approximately half node-positive
specimens and half node-negative specimens. In addition
we used a set of four TMAs prepared at the Department of Pa-
thology, Copenhagen University Hospital including 78 sam-
ples from the TNBC patients included in our proteomic
analysis (Cabezon et al., 2013). For TMA construction, a hae-
matoxylin and eosin-stained (H&E) slide from each block
was analysed by a pathologist (VTW) and regions of interest
for each sample were defined. Tissue cores of 2 mm were
punched from these defined areas and arrayed onto a recip-
ient paraffin block using an automated computer controlled
machine (3D Histotech, Budapest, Hungary). Two donor tissue
cores were used per case. The slides were stained as above us-
ing an appropriate primary antibody. For detection of immune
complexes we used a horseradish peroxidase-labeled polymer
(Envision + detection kit, DAKO, Denmark) as a secondary
antibody. A third TMA, MTU951, was acquired from Pantomics
(Pantomics Inc., USA). MTU951 contains 40 tumor types
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covering most of the common benign, malignant and meta-
static tumors originated from 27 anatomic sites.

2.6. Antibodies

A commercially available mouse anti-Human monoclonal
antibody against Phgdh (clone 4A3-1D6; used at a dilution of
0.5 ng/ml) was obtained from LifeSpan Biosciences (Seattle,
WA USA). In addition, we used a monoclonal rabbit anti-
Human cytokeratin 5 antibody (clone EP24), and a monoclonal
mouse anti-human cytokeratin 19 antibody (clone 4E8), pur-
chased from Epitomics (Burlingame, CA USA) and Thermo-
Fischer Scientific (Rockford, IL USA), respectively. A
polyclonal antibody recognizing Her2 (HercepTest) and mono-
clonal antibodies against p63 (clone 4A4), estrogen receptor
(ER; clone 1D5), and Ki67 (clone MIB-1) were purchased from
DAKO (Glostrup, Denmark). Monoclonal antibodies recog-
nizing CK14 (clone LL002), and CK17 (clone E3) were from Neo-
Markers (LabVision, CA). The mouse monoclonal antibody
against GATA-3 (clone HG3-31) was purchased from Santa
Cruz Biotechnology Inc. Additional information for all anti-
bodies used in this study (working dilution, clone identity,
and vendors), are provided in Supplementary Table 1.

2.7. Immunohistochemistry analysis

Five-um sections were cut from the tissue blocks and
mounted on Super Frost Plus slides (Menzel-Glaser, Braunsch-
weig, Germany), baked at 60 °C for 60 min, deparaffinized, and
rehydrated through graded alcohol rinses. Heat induced anti-
gen retrieval was performed by immersing the slides in Tris/
EDTA pH 9.0 buffer (10 mM Tris, 1 mM EDTA) and heating
them in a 750 W microwave oven for 10 min. The slides
were then cooled at room temperature for 20 min and rinsed
abundantly in tap water. Non-specific staining of slides was
blocked (10% Fetal calf serum in PBS buffer) for 15 min, and
endogenous peroxidase activity quenched using 0.3% H,0,
in methanol for 30 min. Antigen was detected with the rele-
vant primary antibody, followed by a species matched second-
ary antibody conjugated to a horseradish-peroxidase polymer
(Envision+; DAKO, Glostrup, Denmark). Finally, color develop-
ment was done with 3,3'-diaminobenzidine (Pierce, IL, USA) as
a chromogen to detect bound antibody complex. Slides were
counterstained with hematoxylin. Standardization of the
dilution, incubation, and development times appropriate for
each antibody allowed an accurate comparison of expression
levels in all cases. Normal rabbit or mouse sera instead of pri-
mary antibody were used as a negative control.

2.8. Specificity of antibodies for IHC-based studies

The appropriate amount of antibody was diluted in TBS buffer
to the final volume needed for staining of two section slides
and divided equally into two tubes. Full-length human recom-
binant Phgdh protein (Abnova Corporation, Taiwan) was
added into one tube to a final concentration of 2.5 pg/ml giving
app. 1:5 excess of blocking peptide. Both tubes were incubated
at room temperature for 1 h with agitation. Tandem sections
of tissue or cell pellets paraffin blocks were stained either
with the blocked antibody or antibody alone and processed

in parallel for antigen detection with an appropriate second-
ary antibody as described in the previous section.

2.9. Indirect multiple immunofluorescence analysis

Five-um sections cut from paraffin blocks of breast tissue
samples were mounted on Super Frost Plus slides (Menzel-
Glaser, Braunschweig, Germany), baked at 60 °C for 60 min,
deparaffinised, and rehydrated through graded alcohol rinses.
Heat-induced antigen retrieval was carried out as described
above. Following antigen retrieval, sections were treated
with Image-iT FX™ signal enhancer (Molecular Probes, OR,
USA) to block non-specific staining and subsequently incu-
bated with the relevant primary antibodies at the appropriate
dilution. Detection of immune complexes was done with
species-specific secondary antibodies conjugated to Alexa Flu-
or® 488, Alexa Fluor® 568, and streptavidin conjugated Alexa
Fluor® 647 (Molecular Probes). Nuclear material was counter-
stained with DAPI. The sections were washed three times
with cold 1xPBS between incubations. Normal rabbit or
mouse sera instead of primary antibody were used as a nega-
tive control. Sections were imaged using a Zeiss LSM510META
confocal laser scanning microscope (Carl Zeiss Microlmaging
Gmbh, Germany).

2.10. Quantitative assessment of immunohistochemistry
(IHC) staining and data analysis

An automated cellular imaging system (ACIS III; ChromaVi-
sion Medical System Inc., CA, USA), was used to digitize and
quantify IHC staining intensity of tissue sections. The ACIS
system is capable of simultaneously detecting levels of hue
(color), saturation (density) and luminosity (darkness). By us-
ing the ACIS proprietary software, users can define threshold
values for each of these parameters thus allowing the system
to separately recognize brown pixels (positive immunostain-
ing) and blue pixels (hematoxylin; nuclear counterstaining).
For each tissue section, five distributed representative areas
(2250 pm) were manually defined, and staining intensity
values determined for each area. The overall section staining
intensity was calculated as the mean value of the five areas.
For analysis of TMAs, the ACIS system was used to derive a
score for each core. The digital images from scanned TMA sec-
tions were submitted to analysis by the TMA proprietary soft-
ware module that is part of the ACIS system. A staining score
which is a function of staining intensity and the percentage of
cells showing immunoreactivity was generated in this
manner for each core.

2.11. Statistical analysis

Pearson’s product moment correlation coefficients were used
to assess the relationship between Phgdh and CK5 expression;
the Wilcoxon rank-sum test or the Kruskal-Wallis analysis of
variance test were utilized with categorical variables. In all an-
alyses a two-sided significance level of 0.05 was used. All sta-
tistical analyses were conducted using SAS statistical
software (version. 9.3; SAS Institute, Inc., Cary, NC).
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3. Results

3.1. Proteomic profiling and expression of Phgdh across
breast cancer histological types

We have previously reported the 2D PAGE-based proteomic
profiling of a prospective cohort of 78 TNBC patients (defined
by lack of ER, PgR, and Her2 expression by IHC analysis) with
the concomitant establishment of a TNBC protein database
(Cabezon et al., 2013). Analysis of this database and compari-
son with similar databases established in our laboratory for
other breast cancer subtypes and normal mammary tissue
(Celis et al., 2009, 2008, 2006; Moreira et al., 2010), identified a
number of proteins that were frequently overexpressed in
the TNBC samples (Cabezon et al., 2013). One of these was
D-3-phosphoglycerate dehydrogenase (Phgdh; EC 1.1.1.95), a
putative oncogene. We found high level expression of Phgdh
in 89% of cases examined, corresponding to 64 out of the 72
samples that exhibited consistent, good protein spot focusing
in this particular region of the gels (illustrated in Figure 1A and
B). Our results were consistent with previous studies that
showed that Phgdh expression is elevated in breast cancer
relative to normal breast tissue (Possemato et al., 2011), and
significantly associated with ER-negative status (Pollari et al.,
2011; Possemato et al., 2011).

We then performed the obverse analysis, looking at Phgdh
expression across our cumulative proteomic databases from
different breast cancer histological subtypes. We found that
one of the databases, derived from six independent invasive
apocrine carcinoma (IAC) samples, lacked Phgdh (illustrated
in Figure 1C; compare Phgdh protein spot in Figure 1C with
same region in 1B, white arrow). Pure histological apocrine
carcinomas are very rare, the great majority of diagnosed
IAC cases correspond to ductal NOS carcinomas with focal
apocrine features. Clinically they correspond to high-grade tu-
mors, express androgen receptor (AR), but often lack ER and
PgR (Dellapasqua et al., 2013; Leal et al., 2001; O’'Malley and
Bane, 2008). Consequently, Her2-negative apocrine carci-
nomas are generally classified as TNBCs (Niemeier et al.,
2010; Tsutsumi, 2012), with IAC often being considered a spe-
cial histologic subtype of TNBC (Montagna et al., 2013). Our
proteomic analysis indicated that although Phgdh overex-
pression presented a significant association with the TNBC
subtype, this deregulation was not simply hinged on lack of
ER expression, as IACs in general did not express Phgdh.

3.2. Expression patterns of Phgdh in normal breast
epithelium
3.2.1. Immunoexpression and localization of Phgdh in normal

breast epithelial cells

Recently, Possemato and colleagues demonstrated that Phgdh
knockdown causes a strong decrease in cell proliferation in
cancer cell lines with high levels of Phgdh expression — but
not in those without — demonstrating that cancer cells with
increased Phgdh expression may depend on it for proliferation
and survival (Possemato et al., 2011). Extrapolation from this
observation would suggest that TNBCs, which frequently ex-
press Phgdh at very high levels (89% of the samples in our

TNBC dataset did so), may be sensitive to inhibitors of the
serine synthesis pathway (Vander Heiden, 2011). To gain
some additional insight as to which specific cells, and disease
entities, were associated with Phgdh upregulation, we investi-
gated the expression pattern of Phgdh in breast epithelial cells
by immunohistochemistry (IHC) analysis of tissue biopsies.
Because sensitivity and specificity of antibodies are critical pa-
rameters in the design and development of reliable IHC-based
assays for analysis and validation of potential biomarkers, we
tested various commercially available antibodies for perfor-
mance in IHC and immunofluorescence-based assays. For
this purpose we used a three-pronged strategy, developed in
our laboratory, consisting of (i) specificity analysis by 2D West-
ern blotting (2D-WB), (ii) mass spectrometry validation of
detected spots in matched superimposed 2D silver-stained
gels and (iii) IHC experiments using samples pinpointed by
2D gel analysis as positive/negative for the analyte in ques-
tion. This approach combines the cellular resolution of IHC,
with the intrinsic sensitivity and specificity of 2D WB coupled
to MS-based identification (Cabezon et al., 2013). We identified
one monoclonal antibody (clone 4A3-1D6) that was ascer-
tained to be specific for Phgdh (Supplementary Figures 1 and
9) — under the conditions of the assays- and used for all sub-
sequent studies.

To define the baseline of expression for Phgdh in normal
breast tissue, we first performed IHC analysis of Phgdh expres-
sion in formalin fixed paraffin-embedded (FFPE) tissue sections
of normal breast samples (n = 6) collected from reduction mam-
moplasty operations in patients without any clinical history of
cancer. In all six cases, Phgdh immunoreactivity was generally
restricted to the myoepithelial cell layer (Figure 2A, red arrow),
with normal luminal cells being devoid of staining (Figure 2A,
grey arrow). However, in all samples, we observed sporadic sin-
gle cells present in the luminal compartment, with very high
levels of immunoreactivity (Figure 2B, yellow arrows). In addi-
tion, in two of the samples we also observed groups of cells dis-
playing very strong immunostaining, in a usual type ductal
hyperplasia lesion (Figure 2C, yellow arrows), as well as in
entire ductular/alveolar structures (Figure 2D, yellow arrows),
respectively. These cells presented levels of Phgdh immuno-
staining that were considerably higher than those of nearby
basal cells or luminal cells (Figure 2B and C, compare yellow ar-
rows with red and grey arrows, respectively). To confirm these
observations, we examined the expression pattern of Phgdh in
normal mammary epithelium by indirect immunofluorescence
analysis. We found that, as expected, myoepithelial cells dis-
played uniform, moderate immunostaining for Phgdh
(Figure 3A and B, red arrowheads) whereas luminal cells
showed, generally, no expression of Phgdh (Figure 3A, grey
arrowhead) with occasional intraduct epithelial cells displaying
very strong immunostaining (Figure 3A, yellow arrowhead). In a
few ductal/alveolar structures, the number of luminally located
Phgdh-positive epithelial cells was quite substantial (Figure 3B,
yellow arrowheads), but overall, luminal Phgdh-positive
epithelial cells were rare (=1%).

3.2.2. Correlation of Phgdh protein expression with molecular
phenotypic determinants of normal breast epithelial cells

Recently, Locosale and colleagues demonstrated that
ectopic expression of Phgdh, in non-malignant breast
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Figure 1 — Proteomic profiling of Phgdh expression. (A) Representative silver stained 2D-PAGE IEF gel of proteins extracted from a TNBC

sample. The framed area in the gels, corresponding to the portion of the gel that contain Phgdh, is shown enlarged in panel (B), with the positions
for the respective spots indicated. (C) 2D-PAGE IEF gel of proteins extracted from a pure IAC specimen. The positions of the identified Phgdh
protein spot (MALDI-TOF/MS) in the TNBC gel and the extrapolated putative position in the IAC gel are indicated for reference. Several
protein spots present in this area of the gels were identified by MALDI-TOF/MS, independently in both gels, and used to infer the potential

position of the Phgdh spot on the gel of the IAC sample more accurately. The position for each protein spot is marked by a cross, and identified by
its UniGene name. CCT6A (T-complex protein 1 subunit zeta), CORO1A (coroninl1A), OXCT1 (succinyl-CoA:3-ketoacid-coenzyme A
transferase 1), PRPF19 (pre-mRNA-processing factor 19), ENO1 (alpha-enolase), GLUD1 (glutamate dehydrogenase 1, mitochondrial), LMNA
(lamin A/C), LAP3 (cytosol aminopeptidase), CCT2 (chaperonin containing TCP1, subunit 2), MCP (macrophage-capping protein), IDH1

(isocitrate dehydrogenase [NADP] cytoplasmic).

MCF-10A cells grown in reconstituted basement membrane
(Matrigel), induced phenotypic behavioral changes, disrupt-
ing normal breast ductal morphogenesis in this cellular
model system and showing enhanced proliferation, pheno-
types associated with tumorigenesis (Locasale et al., 2011).
Consequently, the sporadic cells displaying very high levels
of Phgdh, which we found in the luminal compartment in
normal mammary tissue, as well as in hyperplastic lesions,
could be construed to represent putative pre-malignant
cells. However, the fact that we found them in all six normal
samples examined, made it unlikely that these cells consti-
tuted malignant precursors, and rather suggested that they
represented an intrinsic cell subpopulation that was inter-
spersed among luminal cells. In order to address the nature
of the PHGDH-positive mammary epithelial cells present in
the luminal compartment, we used an immunophenotyping
approach that enables one to characterize the molecular
phenotypes of cells of interest — a method that we have

previously established to phenotype cells and precursors
that are present in normal and benign conditions of the
breast (Moreira et al.,, 2010). The correlation of various
cellular markers with Phgdh expression was assessed by a
combined approach, using IHC and multiple indirect-label
immunofluorescence analysis of serial sections of histolog-
ically normal breast epithelia obtained from normal breast
reductions (n = 6). The cells in question (luminal; very
strong PHGDH staining) are clearly identifiable (Figure 2B,
yellow arrows), but, due to the heterogeneity of PHGDH
expression in luminal cells present in normal epithelium,
which cannot be captured by scoring it in a standard
fashion, we report them in a descriptive manner. Thus,
the association between the various markers and PHGDH
was examined not based on staining intensity per se, but
on whether specific cells in recognizable structures that
were positive for PHGDH in one section were positive for
another marker(s). A total of 27 markers were examined,
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Figure 2 — Immunohistochemical expression analysis of Phgdh in FFPE breast tissue samples. (A) Immunostaining of Phgdh protein in a normal

breast tissue sample demonstrated the presence of the Phgdh antigen in myoepithelial cells with moderate cytoplasmic expression (red arrow).

Luminal epithelial cells generally showed weak or no detectable expression of the protein (grey arrow). (B) Occasional luminal cells displayed very

high levels of immunostaining (yellow arrows) relative to myoepithelial cells (red arrow), and in contrast to the majority of luminal cells that were

devoid of immunoreactivity (grey arrow). (C) We also found groups of cells displaying very strong immunostaining, in usual type ductal hyperplasia

lesions (yellow arrows), (D) or even entire ductular/alveolar structures (yellow arrows).

in parallel, in this manner: Phgdh, proliferation markers
(Ki67, and Cyclin D), receptors (ER, PgR, Her2, and EGFR),
cell lineage markers (CK5, CK7, CK8, CK14, CK17, CK19,
CK18, smooth muscle actin, vimentin, and p63), differentia-
tion markers (c-kit, CK15, and GATA-3), signaling molecules
(p-AKT, p-ERK/JNK, p-STAT3, pSTAT1, p-STAT6, pSTAT5a),
and transcription factors (p53). This is illustrated in
Figure 4, for nine of these markers (Phgdh, p63, Ki67,
CK17, CK14, CKS5, ER, GATA-3, and Her2) on a histologically
normal lactiferous duct. Of the 27 markers examined, only
one single marker, a basal cytokeratin, CK5, showed signif-
icant correlation to luminal Phgdh-positivity (Figure 4,
compare Phgdh and CK5 panels, red arrows). Co-
localization of these two proteins was verified by multicolor
immunofluorescence analysis of normal tissue sections. In
addition, the lack of obvious association to the other exam-
ined markers was confirmed by multicolor immunofluores-
cence analysis (illustrated in Figure 5C). We established
that the strongly positive Phgdh cells present within the
luminal compartment were CK5 positive cells (Figure 5A
and B, yellow arrowhead). These cells encompassed two
different subpopulations: one subpopulation was associated
with basal epithelial markers such as CK14, indicating that
these were basal cells interspersed among luminal epithe-
lial cells, for example in intraductal benign epithelial prolif-
erative lesions, and are, therefore, present in the luminal
compartment (Figure 5A). The other cell subpopulation con-
sisted of CK5" Phgdh™ cells which lacked the basal epithelial
marker CK14 (Figure 5B), as well as the myoepithelial
markers p63 and smooth muscle actin (Figure 4 and data
not shown, respectively), indicating that this may be a sub-
population of cells displaying some basal features that coex-
ists with committed luminal cells (Stingl et al., 2005).

3.3. Expression patterns of Phgdh in breast tumors

3.3.1. Immunoexpression and localization of Phgdh in breast
cancer cells

To verify our proteomics-based analysis, expression of Phgdh
in breast tumors was examined by quantitative IHC analysis
of full section slides using an automated cellular imaging sys-
tem (ACIS), as described in the Methods section. For each tis-
sue section, five independent areas of invasive cancer
component (@250 pm) were quantitated to reduce potential
sampling variations. The overall staining intensity for each
section was calculated as the mean value of the five areas.
We analysed in this manner 77 breast cancer samples that
were part of our TNBC patient dataset (one of the 78 original
samples was classified as apocrine and was therefore
excluded from the dataset). Additionally, we examined
expression of Phgdh in a set of tumors presenting apocrine
differentiation. We analysed a large, well-defined, cohort of
apocrine ductal carcinoma in situ (ADCIS, 13 samples, of which
1 was ER—/PgR—/Her2+, all others were TNBCs) and pure IAC
(33 samples, of which 24 were TNBC, 8 were ER—/PgR—/
Her2+, and 1 was ER+/PgR—/Her2—) diagnosed at the Cancer
Institute Hospital, Tokyo (Celis et al., 2009; Honma et al.,
2007, 2005). We found that staining intensities were signifi-
cantly lower in IACs (Figure 6A; P < 0.001) or ADCIS
(Figure 6A; P < 0.001) as compared to TNBC samples; there
was no significant difference in Phgdh IHC staining intensity
between IACs and ADCIS (P = 0.940). These data showed that
levels of expression of Phgdh were generally low in apocrine
lesions (illustrated in Figure 7). At the cellular level, we found
that cells displaying apocrine morphology features (Figure 7A,
red arrow) did not express Phgdh or expressed it at much
lower levels than neighbor basal cells without apocrine
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Figure 3 — Indirect immunofluorescence analysis of normal breast tissue sections. Phgdh immunoexpression was observed in myoepithelial cells
(red arrowheads) and sporadically in cells in the luminal compartment (yellow arrowheads) in (A) alveoli as well as (B) ductules.

Figure 4 — Immunophenotyping of Phgdh positive luminal cells. Tandem sections of normal breast tissue were stained with antibodies against
Phgdh, p63, Ki67, CK17, CK14, CKS5, ER, GATA3, and Her2, allowing identification of the Phgdh+ CK5+ cellular phenotype. Red arrows
indicate cells with these phenotypes present in a single acinar structure (red square and inset) present throughout the different sections. White

arrows indicate cells with immunoreactivity for the various markers, which do not show concomitant expression of Phgdh. Magnification, 20X.


http://dx.doi.org/10.1016/j.molonc.2015.05.003
http://dx.doi.org/10.1016/j.molonc.2015.05.003
http://dx.doi.org/10.1016/j.molonc.2015.05.003

1644

MOLECULAR ONCOLOGY 9 (2015) 1636—1654

Figure 5 — Immunophenotyping by indirect triple-staining immunofluorescence analysis of normal breast tissue sections. (A) Phgdh

immunoexpression was observed in myoepithelial cells (red arrowheads) and in CK5+ CK14+ cells present in the luminal compartment (yellow

arrowheads), as well as (B) CK5+ CK14— luminal cells (yellow arrowhead). (C) Phgdh immunoexpression was observed in some luminal cells

(yellow arrowhead) but was not associated with CK8 or Ki67 positivity.

features (Figure 7A, yellow arrow). This difference in expres-
sion of Phgdh was independent of invasive potential, as tumor
cells exhibiting cytological features typical of apocrine cells
(Figure 7B, red arrow) expressed Phgdh at much lower levels
than cells in adjacent CIS lesions that did not display apocrine
differentiation features (Figure 7B, yellow arrow), or normal
glands present in the same tissue section (inset Figure 7B, yel-
low arrow). The morphological evaluation of those samples
has been performed independently by a trained pathologist
(M-LM). Indirect immunofluorescence analysis of benign
apocrine metaplasia samples reiterated this observation,
showing that non-malignant cells displaying apocrine fea-
tures (Figure 7C, yellow arrow) had much lower levels of
Phgdh than neighbor non-apocrine cells (Figure 7C, red ar-
row). The reverse phenotype was observed for cytokeratin 8
(CK8), a marker that is positive in apocrine lesions (Wells
and El-Ayat, 2007), and which frequently shows enhanced
immunoreactivity in these benign changes (Julio Celis, per-
sonal communication).

Having established the nature of normal PHGDH* luminal
cells, we investigated a possible association in cancer cells be-
tween Phgdh overexpression and the CK5" phenotype we had
observed for normal epithelial cells. We performed quantitative
IHC analysis of serial sections of TNBC TMAs stained with Phgdh
and CKS5, in a same way as described above where the ACIS sys-
tem was used to derive a score for each tumor. This score was an
average of the scores obtained for the two 2 mm cores per tumor
presentin the TMA. Thislarge core size was chosen as a compro-
mise between number of samples and representativeness of tu-
mor heterogeneity. Correlation analysis between Phgdh and

CKS scores showed a positive significant association between
the two markers in TNBCs (Figure 6B; P < 0.001). This strong cor-
relation was even more apparent at the cellular level and isillus-
trated in Figure 6 (C and D panels), with a heterogenous tumor
sample that presented two distinct tumor cell populations.
This tumor contained areas with CK5-negative cells (Figure 6C,
white arrows) and areas with CK5-positive cells (Figure 6C, black
arrows). The corresponding areas in a tandem section immuno-
stained for Phgdh, showed expression of Phgdh at low, but
detectable, levels in CK5-negative areas (Figure 6D, white ar-
rows), or very high levels of expression in CK5-positive areas
(Figure 6D, black arrows), respectively. Although there was a
strong positive association between Phgdh and CK5 scores
(Figure 6B; P < 0.001), this correlation was not absolute. Classifi-
cation of samples into CK5 positive or negative (>=10% or <10%
of tumor cells positive, respectively), and Phgdh overexpression
or not (>=10% or <10% of tumor cells displaying strong immu-
noreactivity, respectively), showed that in 24 out of 77 cases
(31%), expression of Phgdh and CK5 was discordant (Table 1).
These cases probably reflect additional regulatory and molecu-
lar events that are superimposed on, but independent of, cell
lineage affecting Phgdh expression, such as gene copy-number
changes, as PHGDH is in a genomic region of recurrent copy
number gain in breast cancer (Beroukhim et al.,, 2010), and
gene copy number gain is significantly associated with
augmented gene expression in breast cancer (data not shown;
cbioportal.org) (Cerami et al., 2012). Unfortunately, due to sam-
ple availability we were unable to determine if indeed gene
copy-number changes in PHGDH account for our discordant
cases.
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Figure 6 — Immunohistochemistry analysis of Phgdh expression. (A) Quantitative analysis of Phgdh expression in TNBC (n = 77), IAC (n = 33),
and ADCIS (n = 13) samples. Staining intensities were significantly lower in IACs (P < 0.001) or ADCIS (P < 0.001) as compared to TNBC
samples. (B) Correlation analysis between Phgdh and CK5 in TNBC samples showed a positive significant association between the two markers

(P < 0.001). (C and D) Stainings of tandem sections of the same sample illustrates the strong correlation between expression of Phgdh and CKS5 at
the cellular level. This lesion contained areas with CK5-negative Phgdh-low cells (white arrows) and areas with CK5-positive Phgdh-high cells
(black arrows). (E) A strong correlation was also observed in the independent cohort included in YTMA-49. (Upper panel) A sample that was CK5-

negative (lefthand core) presented low levels of Phgdh (righthand core), both in CIS lesions (yellow arrow) and invasive component (red arrow).

(lower panel) A sample that was CK5-positive (lefthand core) also showed strong Phgdh immunoreactivity (righthand core), both in CIS lesions

(yellow arrow) and invasive component (red arrow). Magnification 20X.

3.3.2.  Phgdh expression in an independent sample set
consisting of 688 breast tumors: correlation with the
clinicopathologic parameters of tumors and prognostic
relevance of Phgdh expression

To further elucidate the role of Phgdh in breast cancers and its
possible correlation with survival outcome and multiple clin-
icopathological parameters, Phgdh expression was evaluated
in a large cohort of breast cancers using a tissue microarray
(TMA), YTMA-49, containing 688 carcinomas for which we
had clinical follow-up data (Camp et al., 2003; Dolled-Filhart
et al.,, 2003). Analysis of the IHC staining results from the
TMA showed that of the histopathological parameters we
assessed, three - tumor size, histologic grade, and ER status -
were significantly associated with Phgdh expression, whereas
age, nodal status, and HER-2/neu status were not (Table 2).
The YTMA-49 breast cancer cohort TMA has been extensively
used by the Rimm laboratory and has been examined for
expression of various proteins, with staining scores for these
proteins evaluated by AQUA™ technology (Dolled-Filhart
etal.,, 2010). Correlation analysis of Phgdh ACIS staining scores
of YTMA-49 cores with AQUA scores available through the
AQUAmine database, showed that Phgdh expression was
weakly, but significantly, associated with expression of four
proteins: CK5 (p = 0.268), carbonic anhydrase IX (CA IX)
(p = 0.205), MMP11 (p = 0.142), and BRCA1 (p = 0.0939), with
the most significantly correlated being CK5 (P < 0,0001), thus

validating our results in an independent patient cohort
(Table 3; proteins ranked by correlation significance). This as-
sociation is illustrated in Figure 6E with two samples from
YTMA-49. One of the samples displayed areas of DCIS entrap-
ped within an invasive carcinoma. This sample was CK5-
negative and presented low levels of Phgdh, both in CIS le-
sions (yellow arrows) and invasive component (red arrow).
The few cells expressing CK5, which also moderately
expressed Phgdh, were basal cells surrounding foci of DCIS
(Figure 6E; upper panel). Conversely, a sample that was CK5-
positive also showed strong Phgdh immunoreactivity
(Figure 6E; lower panel). In the case of the second most signif-
icantly correlated marker CA IX (P < 0,0001), CA IX expression
in breast cancer is associated with the triple negative pheno-
type (Neumeister et al., 2012), and is associated specifically
with cytokeratin 5/6 positivity (Jeon et al., 2013), thus it is
not surprising that we found its expression to correlate with
that of Phgdh. Analyses of overall survival (OS) were also per-
formed on the results from the cores present in the YTMA-49
for which clinical data and interpretable Phgdh staining were
concurrently available (n = 585; corresponding to 451 regis-
tered events). Initially, Phgdh was analysed for prognostic
value using the ACIS TMA score as a continuous variable,
with univariate hazard ratios calculated by the Cox propor-
tional hazards regression model. We found that overall Phgdh
protein levels were not significantly associated with OS
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Figure 7 — Expression patterns of Phgdh in apocrine samples. (A) Cells displaying apocrine morphology features (red arrow) did not express Phgdh
or expressed it at much lower levels than neighbor basal cells without apocrine features (yellow arrow). (B) Tumor cells exhibiting cytological

features typical of apocrine cells (red arrow) expressed Phgdh at much lower levels than cells in adjacent CIS lesions that did not display apocrine
differentiation features (yellow arrow), or normal glands present in the same tissue section (inset, yellow arrow). (C) Indirect immunofluorescence
analysis of benign apocrine metaplasia, with non-malignant cells displaying apocrine features (yellow arrow) presenting much lower levels of Phgdh

than neighbor non-apocrine cells (red arrow). Magnification, 20X.

(P = 0.409; hazard ratio (HR) = 1.055; [95% confidence interval
(95% CI) 0.929—-1.198)) in this cohort. Previous reports identi-
fied a correlation between high PHGDH expression and poor
5-year survival for breast cancer (Possemato et al., 2011), as
well as time to relapse in 368 breast cancers (P < 0.001) and
to overall survival (OS) time in 393 breast cancers (P = 0.002)
(Pollari et al., 2011). However, a differing study found lack of

Table 2 — Clinicopathological correlation of Phgdh expression in

Yale Tissue MicroArray 49 (YTMA-49).

tumoral Phgdh expression to be predictive of a shorter OS n Phgdh score (median) P
rate (hazard ratio 3.053, 95% CI 1.002—9.305, P = 0.05) in
TNBC (Noh et al., 2014), which, together with our own results, Age (years)

. . . . <55 251 2.35 0.292°
raised some questions as to the rationale underlying these - - 5
data. To clarify these apparently conflicting results, we inter- Tumor size (mm) i
rogated the Kaplan—Meier-plotter, an online survival analysis <25 205 235 0.009%
tool (KM plotter; http://www.kmplot.com), for effect of PHGDH >25 240 245
expression on OS and relapse free survival (RFS) on breast can- Histologic grade (BRE)

. . . . b
cer prognosis using microarray data from 4142 patients Grade 1 91 2.15 <0.001
(Gyorffy et al., 2010). We found PHGDH expression to be asso- e 289 242

. . . Grade 3 159 2.59
ciated with worse prognosis (OS and RFS, P < 0.001 and
. ” ) Lymph node status
P < 0.0001, respectively) if all tumors were included FesiEve 308 238 0.155°
(Supplementary Figure 2). However, when we repeated the Negative 276 2.36
analysis for each of the basal, luminal A, and Luminal B Estrogen status
Positive 295 2.38 0.044%
Negative 289 2.42
HER-2/neu status
0 348 2.38
Table 1 — Correlation of Phgdh with CK5 expression in TNBCs. 1 110 2.45 0.852"
2 40 2.34
Phgdh \ CK5 - + 3 53 242
High 13 42 a Wilcoxon rank-sum test.
Low 10 1 b Kruskal-Wallis one way analysis of variance on ranks.
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Table 3 — Phgdh associations with various protein markers

previously evaluated on the Yale Tissue MicroArray 49 (YTMA-49)
breast cancer cohort.

Marker Correlation coefficient (p) p?
CK5 0.268 <0.0001
CAIX 0.205 <0.0001
MMP11 0.142 <0.01
BRCA1 0.0939 0.0346
GLI2 —0.0787 0.0535
EGFR 0.0762 0.0660
CXCR4 —0.124 0.0713
HuR —0.108 0.0749
BCL2 0.0749 0.112
GRB7 0.0681 0.145
CD68 —0.0630 0.169
CD44 0.0656 0.176
NAT1 0.0496 0.230
C-myc 0.0631 0.245
ALDH1 0.0403 0.331
AuroraB 0.0429 0.340
Bagl —0.0433 0.346
HER4 —0.0505 0.381
ATF2 0.0530 0.410
Chaperonin 10 0.0453 0.476
GATA-3 0.0493 0.523
GSTM1 —0.0291 0.527
Caveolin 1 —0.0309 0.576
Fibronectin —0.0258 0.629
STK15 0.0204 0.639
CD31 0.0197 0.670
Cathepsin L2 —0.0186 0.687
Cyclin B1 0.0163 0.723
TRAIL —0.0165 0.745
HER3 0.0176 0.771
TIF2 0.00885 0.838
AKT3 —0.0102 0.840
Matriptase normalized 0.00738 0.894
EGFR_15F8 —0.00295 0.948
pl6 0.00129 0.979

a Spearman rank order correlation.

subtypes, respectively, we found no correlation to prognosis,
OS or RFS, in Luminal A and Luminal B cancers, and an inverse
correlation for OS in basal cancers (P = 0.044), indicating that
the negative effect on survival in all cancers is driven by the
basal cancers, due to the association between CK5 positivity
and Phgdh expression, and that in basal cancers Phgdh
expression has a positive effect on patient outcome.

3.4. Overexpression of Phgdh is a recurrent event in
normal stratified epithelium and cancer cells

The data we present here clearly demonstrates that Phgdh is
expressed at high levels in mammary epithelial cells that ex-
press the CKS5 stratified-epithelium marker. If high-level
expression of Phgdh in the basal epithelial cell lineage is an
intrinsic feature of these cells, one might expect that other
stratified epithelial tissues would also display high levels of
Phgdh in basal cells. One obvious candidate was prostate tissue.
Analogously to breast, prostate myoepithelial cells are CK5 pos-
itive, whereas the prostate glandular epithelium is generally

CK5 negative (Moll et al., 1982; Wang et al., 2001). If lineage is
indeed a major determinant of Phgdh high-level expression,
an analogous pattern of expression of Phgdh in prostate epithe-
lium to that observed in breast epithelium was to be expected,
and would be an weighty argument in favor of this hypothesis.
We analysed a TMA, MTU951 (Pantomics Inc., USA), which con-
tains 40 tumor types covering most of the common benign, ma-
lignant and metastatic tumors originated from 27 anatomic
sites (H&E images and information for all cores available at
www.pantomics.com/tissue-arrays/multi-system/multi-or-
gans/MTU951/; last accessed 05.11.2014). Normal prostate
epithelium showed stronger expression of Phgdh in basal cells
(Figure 8A, red arrows) with luminal cells presenting much
lower levels of Phgdh immunoreactivity (Figure 8A, grey arrow).
Notably, both prostate adenocarcinoma samples present in the
TMA expressing Phgdh at high levels (illustrated in Figure 8B).

A corollary of the CK5"-lineage restricted Phgdh expres-
sion hypothesis is that if the CK5" epithelial cell lineage is a
primary determinant of high-level Phgdh expression, then
one would expect that simple epithelial tissues, which do
not have committed basal epithelial cells, would not present
a significant number of normal cells displaying strong expres-
sion of Phgdh. Accordingly, we examined immunoexpression
of Phgdh in normal lung alveoli and colonic epithelium, two
tissue types that do not present CK5" basal epithelial cells
(Moll et al., 1982). We found no significant expression of Phgdh
in lung or in colon epithelial cells in either of the normal sam-
ples present in the TMA (Figure 8C and D, respectively). None-
theless, we found that some colon (1 out of 3) and lung (2 out of
4) tumors, (Figure 8E and F; colorectal adenocarcinoma and
lung small cell carcinoma samples, respectively) expressed
Phgdh, albeit at lower levels than those observed for CK5-
positive breast and prostate cancer.

Although rather useful for getting a broad overview of tis-
sue expression, one needs to use caution when interpreting
the staining results for this multi-tissue array, as in general
one single core is available for normal samples and very few
anatomical site-matched tumor cases are present for each
cancer type. The human protein atlas (HPA) (Uhlen et al,
2010) is an initiative that combines high-throughput genera-
tion of affinity-purified antibodies with protein profiling in a
multitude of tissues and cells, allowing one to verify, and
expand, one’s data using an independent source. In the case
of Phgdh, tissue stainings were available for four different an-
tibodies including two monoclonal antibodies, CAB003681
(clone 4A3-1D6) and CAB068216 (clone CLOS555), respectively.
The two polyclonal antibodies, HPA021241 and HPA024031, re-
ported low specificity (binding to 1—2 PrESTs >15% and <40%)
in protein array validation assays and presence of additional
bands in western blot validation assays, respectively, and as
a consequence were not considered. Inspection of the images
available at human protein atlas for Phgdh for the CAB068216
antibody (www.proteinatlas.org; last accessed 06.11.2014),
showed an overall expression pattern for Phgdh reminiscent
of the one we had observed. In breast tissue myoepithelial cells
showed uniform, moderate immunostaining for Phgdh, and
occasional intraduct epithelial cells displaying very strong im-
munostaining (Supplementary Figure 3A). Breast cancers
showed high level expression (8 out of 10) (illustrated in
Supplementary Figure 3B). Normal prostate epithelium
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Figure 8 — Phgdh expression patterns in normal human and corresponding cancers present in the MTU951 TMA. Immunohistochemical analysis

of Phgdh expression in (A) normal prostate (core F07; 65 year old male, normal prostate with hyperplasia) and (B) a prostate carcinoma (core F08;
60 year old male, adenocarcinoma, grade II, stage T2NOMO0). (C) Normal lung (core E01; 58 year old male) and (D) a lung cancer (core E05; 19 year
old male, small cell carcinoma, stage T3NOMO), (E) normal colon (core C08; 27 year old female, normal colon) and (F) a colorectal carcinoma (core
C12; 43 year old female, colon adenocarcinoma, grade 111, stage T3NOMO0). Magnification, 20X.

showed strong expression of Phgdh in basal cells with luminal
cells presenting much lower levels of Phgdh immunoreactivity
(illustrated in Supplementary Figure 3C). All 10 prostate cancer
samples examined expressed Phgdh at high levels (illustrated
in Supplementary Figure 3D). Lung and colon epithelial cells
showed only occasional staining in glandular cells (illustrated
in Supplementary Figure 3E and G, respectively), whereas 5
out 11 and lung and 10 out of 12 colorectal cancers, respectively
(illustrated in Supplementary Figure 3F and H, respectively),
presented with high levels of Phgdh expression.

3.5. Patterns of Phgdh protein expression differ between
normal and tumor cells

PKC{ was recently demonstrated to phosphorylate Phgdh at
residues Ser55, Thr57, and Thr78, and that phosphorylation
shown to directly regulate the enzymatic activity of Phgdh

(Ma et al., 2013) in the SW480 colon cancer cell line. It was
therefore conceivable that, despite the fact that we did not
detect differences in overall expression of Phgdh between
normal and malignant breast epithelial cells of the basal line-
age, the protein could be modified differentially during carci-
nogenesis, with consequential functional differences. Gel-
based proteomics relies on the intrinsic resolving ability of
2D-PAGE gels, which separate proteins orthogonally according
to their pI and molecular mass. Accordingly, 2D-PAGE is
capable of detecting pl changes caused by post-translational
modifications (PTMs), insofar as these PTMs alter the net elec-
tric charge of the protein. This makes 2D gels particularly use-
ful to investigate patterns of PTM changes, such as
glycosylation and phosphorylation, in a given protein (Gorg
et al, 2004; Rogowska-Wrzesinska et al., 2013). Two-
dimensional Western blots of TNBC samples overexpressing
Phgdh (illustrated in Figure 9A), revealed a complex pattern
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of expression for Phgdh, detected as chains of spots (Figure 9B
and C). We observed essentially two main forms of protein
variants (labeled o and B, respectively) that differed by approx-
imately 3 kDa in size (Figure 9C, boxed in red stipled line and
black stipled lines, respectively), with each form displaying
multiple modifications (indicated by multiple black and red
arrowheads, respectively). The identity of the spots as Phgdh
was confirmed by mass spectrometry analysis. To determine
whether the differences were due to Phgdh phosphorylation
status, we performed in vitro dephosphorylation of protein ly-
sates by A-phosphatase prior to 2D electrophoresis but found
no difference in the patterns of expression for Phgdh (data
not shown), which indicated that another PTM, rather than
phosphorylation, is at play.

To determine if the pattern of isoform expression differed
between normal and tumor samples we analysed sets of
matched samples. The amount of sample required for 2D
western blot analysis was a limiting factor, such that due to
sample availability issues we were only able to analyze six
matched sets of TNBC samples (representative images are
presented in Figure 10). In addition, we could analyze one
matched luminal sample (Figure 10), and one matched IAC
sample that expressed Phgdh, as well as five additional
normal and 8 TNBC samples. The pattern of expression of
Phgdh variants we observed differed between normal and tu-
mor samples, since normal tissue samples did not exhibit the
same number of variants (illustrated in Figure 10A, matched
tumor and normal tissue samples from same patient). Normal
samples generally did not express the B variant forms, or
expressed it at low levels (Figure 10A and B, Normal panels,

IEF —»

respectively), whereas tumors expressed the B variant forms
at levels matching, or even surpassing, those of the « variants
(Figure 10A and B, Tumor panels respectively). Lymph node
metastasis samples displayed the same patterns as matched
tumor samples (illustrated in Figure 10B, compare Tumor
and Metastasis panels, respectively). Greater than normal
expression of the B variant forms was consistently observed
for tumor tissue samples, independently of breast cancer sub-
type (illustrated in Figure 10C for luminal cancer). Even the
IAC sample we had, which expressed Phgdh, overexpressed
the B variants in relation to matched normal tissue
(Figure 10D, compare Normal with Tumor and Metastasis
panels).

As mentioned above, the detailed analysis of Phgdh protein
variants in clinical samples is not a trivial endeavor requiring
substantial amounts of biological material and constitutes a
study in its own right. However, to begin addressing this ques-
tion we examined whether the same pattern could be
observed in a model system. For this reason we tested the
MCF7 breast cancer cell line, representing a less aggressive
luminal breast cancer subtype, and a more aggressive coun-
terpart, namely, MCF-7 p95Her2 breast cancer cells, which ex-
press a constitutively active, truncated form of Her2
(p95Her2). We observed the same shift in ratios of expression
between the o and B Phgdh protein variants in MCF-7 p95Her2
breast cancer cells, which express a constitutively active,
truncated form of Her2 (p95Her2), compared to MCF-7 cells
transfected with vector control alone (Figure 11A). The
p95Her2 fragment expressed in these cells mimics the proteo-
lytically cleaved form of ErbB2 commonly found in highly

Figure 9 — Two-dimensional Western blot (2D-WB) profiling of Phgdh expression patterns. (A) Representative silver stained 2D-PAGE IEF gel
of proteins extracted from a TNBC sample and (B) corresponding 2D-WB. The framed area in the 2D-WB, corresponding to the portion of the

gel that contain Phgdh, is shown enlarged in (C). The two main protein variants, o and B, are framed, and each spot corresponding to a

modification of one of the variants are indicated by arrowheads, black for the o forms and red for the B forms, respectively.
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Figure 10 — Two-dimensional Western blot profiling of Phgdh expression patterns in matched samples. (A) Matched normal and tumor samples
(TNBC) (B) 2D-WB from another TNBC patient with matched normal, tumor, and lymph node metastasis. (C) Matched normal and tumor
samples from a luminal sample. (D) 2D-WB of normal, tumor, and lymph node metastasis from an IAC sample that expressed Phgdh by IHC.

Spots corresponding to the two main protein variants, o and B, are indicated by arrowheads, black for the o forms and red for the B forms,

respectively.

malignant, aggressive breast cancers (Saez et al., 2006; Scaltriti
et al., 2007) that was found to lead to the progression of breast
tumors far more aggressive and metastatic than those driven
by high levels of full-length Her2 (Pedersen et al., 2009; Rafn
et al., 2012). To evaluate whether expression of the Phgdh B
variants was associated with malignant transformation, we
examined the expression pattern of Phgdh in normal primary
epidermal keratinocytes and in SV40 transformed keratino-
cytes (SVK14). As was the case for breast tumors, we found
that SVK14 cells expressed the p form of Phgdh abundantly,
whereas normal keratinocytes only expressed the o« form
(Figure 11B, compare SVK14 with normal keratinocytes
panels, respectively).

4. Discussion

Scrutiny of our proteomics database for TNBC-specific pro-
teins identified Phgdh (Figure 1A and B), a key regulatory activ-
ity in the serine biosynthetic pathway, as being highly
expressed in a substantial fraction of samples (64 out of 72
samples, corresponding to 89%). This observation was consis-
tent with a number of recent studies that have provided direct
evidence for a role of Phgdh in breast cancer: Phgdh locates to
aregion that was identified as showing frequent focal somatic
copy-number alterations in breast cancer, with 6% of primary
tumors showing amplifications in Phgdh (Beroukhim et al,,
2010; Possemato et al., 2011), Phgdh is overexpressed in ER-
negative breast cancer (Locasale et al., 2011; Pollari et al.,
2011; Possemato et al., 2011) and Phgdh expression is associ-
ated with TNBCs (Kim et al., 2014; Noh et al., 2014). Glucose
flux towards glycine production, through de novo serine

biosynthesis, can be substantial in cancer cells, and in some
cases there is functional addiction to Phgdh, as two conver-
gent studies have identified this protein as being critical for
growth and survival of those cancer cells that overexpress it
(Locasale etal., 2011; Possemato et al., 2011). Taken as a whole,
these data are rather suggestive; altered tumor metabolism is
a hallmark of cancer (Hanahan and Weinberg, 2011), and
different tumors may harbor distinct metabolic alterations
that are able to support their particular malignant phenotype.
One such alteration could be increased Phgdh activity, as a
consequence of overexpression due to, at least in a significant
fraction of cases, gene copy number amplification. However,
copy number analysis (GISTIC2) analysis of The Cancer
Genome Atlas (TCGA) breast dataset (primary solid tumor
cohort - breast invasive carcinoma, 891 tumor samples),
showed that Phgdh is not significantly focally amplified in
this breast cancer cohort (http://gdac.broadinstitute.org/
runs/analyses__2013_01_16/reports/cancer/BRCA-TP/; last
accessed 07.03.2013). Clearly then, a regulatory mechanism
other than gene copy number amplification must be respon-
sible for Phgdh upregulation in breast tumors. As overexpres-
sion of Phgdh was associated with ER-negative disease (Table
2) (Kim et al., 2014; Locasale et al., 2011; Pollari et al., 2011,
Possemato et al., 2011), it was conceivable that molecular fac-
tors that correlate with ER-negative disease, such as EGFR
(Corkery et al., 2009) played a role. However, analysis of our
breast proteomic datasets, showed that, although we did iden-
tify Phgdh as being highly expressed in a significant fraction of
TNBC samples, IAC, a breast cancer subtype normally present-
ing as TNBC (24 out of the 33 IAC samples examined were
TNBC), was associated with lack of expression of Phgdh
(Figures 1B and 6A, and Figure 7). Thus, while overexpression
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Figure 11 — Two-dimensional Western blot profiling of Phgdh
expression patterns in (A) MCF-7 cells expressing p95Her2 (MCF7-
p95Her2) or control vector (MCF-7), and (B) in the human
keratinocyte SVK14 cell line and normal primary epidermal

keratinocytes. Spots corresponding to the two main protein variants,
o and B, are indicated by arrowheads, black for the o forms and red

for the B forms, respectively.

of Phgdh was significantly associated with ER-negative status
(Table 2), the regulatory mechanism(s) underlying its
enhanced expression may not be directly related to ER activ-
ity, or lack thereof, per se. Indeed, comparative analysis of
Phgdh expression patterns with several molecular markers
(Figure 4), showed that high level expression of Phgdh in
mammary epithelium, be it in normal or malignant cells,
was associated mainly with CKS5 expression (Figures 4 and 5,
and Table 3). Expression of basal cytokeratins (CK5, 6 and 17)
together with high expression of genes associated with cell
proliferation are characteristic features of the basal-like sub-
type of breast cancer (BLBC). Although there is a high degree
of overlap between the TNBC and BLBC definitions, they are
not synonymous entities (Carey et al., 2010; Gluz et al., 2009)
— based on the observed concomitant Phgdh overexpression
and CK5-positivity, we would expect that Phgdh was associ-
ated with the basal subtype. Ostensibly, these data reiterate
previous observations that Phgdh overexpression is associ-
ated with breast cancer of the basal subtype (Locasale et al.,
2011; Noh et al., 2014; Pollari et al., 2011), however, our anal-
ysis of Phgdh expression further showed that normal mam-
mary tissue also expressed Phgdh at high levels, in specific
cell populations, namely CK5-positive cells (Figures 2, 3 and
5). Thus, overexpression of Phgdh in mammary epithelial cells
is most likely not an acquired feature of basal-type cancer, but
rather an intrinsic property of the basal cell lineage, suggest-
ing that cells, malignant or not, of this cellular lineage will

generally express Phgdh at high levels. One simple rationali-
zation of this effect is that Phgdh is under regulation of a basal
cell specific factor, with a possible candidate being p73. P73 is
a well-known basal marker in breast cells (Puig et al., 2003)
that is specifically expressed in myoepithelial cells
(Yamamoto et al., 2001), and is able to regulate expression of
Phgdh in human lung adenocarcinomas (Amelio et al., 2014).

Our observations have a number of implications. First, our
data shows that Phgdh expression is cell lineage dependent,
which to a large extent translates into associations with
breast cancer subtype. Analysis of previously published gene
expression data showed a correlation between high PHGDH
expression and poor 5-year survival for breast cancer
(Possemato et al., 2011), as well as time to relapse in 368 breast
cancers (P < 0.001) and to overall survival (OS) time in 393
breast cancers (P = 0.002) (Pollari et al., 2011). However, lack
of tumoral Phgdh expression was shown to be predictive of
a shorter OS rate (hazard ratio 3.053, 95% CI 1.002—9.305,
P = 0.05) in TNBC (Noh et al., 2014). Although paradoxical at
first sight, these observations can be rationalized by cell line-
age effects. Our own analysis of the prognostic value of PHGDH
expression on OS and RFS by breast cancer subtype
(Supplementary Figure 2), supports this hypothesis.

Second, Phgdh overexpression appears to be a common
defining characteristic of basal epithelial cells, valid for other
tissues types, as prostate epithelium also displayed these
same features (Figure 8A). Conversely, non-stratified epithe-
lium, which does not present basal differentiated cells, such
as lung or colon (Figure 8C and D, respectively), does not
display epithelial cells with high levels of Phgdh in normal tis-
sue, although they can do so in cancer cells (Figure 8E and F).

Our results raise two questions: First, is there a function for
Phgdh in basal cells that requires high level expression of this
protein? One possibility is that Phgdh plays a non-metabolic
role in these cells. A recent study identified a non-metabolic
role for Phgdh in glioma cells, showing that Phgdh interacts
with and stabilizes the forkhead box M1 (FoxM1) transcription
factor at the protein level (Liu et al., 2013). In breast cells,
FoxM1 regulates the transcriptional activity of ERa by co-
binding cognate genomic sites (Sanders et al., 2013), and a
PARADIGM analysis of the gene expression signature of
basal-like tumors recognized hyperactivated FoxM1 as a tran-
scriptional driver of the enhanced proliferation signature of
these tumors (Cancer Genome Atlas, 2012). Therefore it is
possible that Phgdh also plays a non-metabolic role in breast
basal epithelial cells, possibly through FoxM1.

Second, are high levels of expression of Phgdh an intrinsic
feature of basal cells that enables tumorigenesis? In the
absence of glucose, cancer cells can reprogram their cellular
metabolism to utilize glutamine through the serine biosyn-
thetic pathway, a process that may involve enhanced expres-
sion of Phgdh. Potentially, several mechanisms could be
responsible for such increased levels of expression: one mech-
anism is PHGDH gene copy number amplification, which oc-
curs, at least in some cases (Locasale et al., 2011). Another
one is enhanced transcriptional activity, either by activation
or loss of repression. Both cases have been reported, with tran-
scriptional activation of PHGDH by cancer-associated factors
that regulate energy metabolism, such as Myc (Dang et al,
2009) or p53 (Maddocks et al., 2013), or by loss of PKC{, a
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metabolic tumor suppressor (Ma et al., 2013). In addition, Phgdh
activity is under multiple regulatory constraints, not only at the
gene expression level but also at the protein level. Thus, PKC{
phosphorylates Phgdh at key residues to inhibit its enzymatic
activity (Ma et al., 2013). Consequently, high-level expression
of Phgdh in normal CK5-positive epithelial cells, may not neces-
sarily result in metabolic reprograming and tumorigenesis. But
one would expect that PKC{ deficiency alone would allow basal
cells to reprogram their metabolism to utilize glutamine
through the serine biosynthetic pathway under conditions of
nutrient stress, thus obviating the need for an additional mech-
anism that can enhance expression of PHGDH. Hence, overex-
pression of Phgdh in normal CK5-positive cells may be an
intrinsic characteristic of basal cells in stratified epithelium
that could function as an enabling trait for tumorigenesis.

Finally, it is conceivable that Phgdh activity, rather than
overall expression, is associated with malignant phenotype,
which would challenge the value of any simple expression anal-
ysis. A recent report has shown that simple overexpression of
Phgdh is not sufficient to confer SW480 colon carcinoma cells
the ability to survive and proliferate under nutrient-scarce con-
ditions (Ma et al., 2013). We showed here that Phgdh is
expressed in two major protein variants that differed by
approximately 3 kDa in size (Figure 9), which we termed o and
B, with each form showing multiple modifications. The expres-
sion ratio between the o and p forms varied drastically in the six
matched normal and tumor TNBC samples we analysed (illus-
trated in Figure 10), due to an apparent increase in expression
of the B variants (Figure 10; compare normal with tumor sam-
ples, red arrows). We observed the same transition in samples
of the luminal type (Figure 10C), and even in the single apocrine
tumor we had that expressed PHGDH (Figure 10D). Expression of
the B variants can be elicited by malignancy (Figure 11B) or by
exacerbation of a malignant phenotype (Figure 11A), butitisun-
clear, at this point, what the relationship may be, and further
studies determining a causal relationship and the actual nature
of the e and B variants are needed. Also, due to sample availabil-
ityissues we only were able to analyze six matched sets of TNBC
samples (all showed the same alteration in expression ratio of
Phgdh variants), as well as five different normal and 8 TNBC
samples (again, all showed the same pattern of variant expres-
sion). Phgdh has seven known splice variants, two of which are
protein coding (ENSEMBL transcripts ENST00000369409 and
ENST00000369407). The latter translate into proteins of 533aa
and499aa, corresponding to 53.1kDa and 56.6 kDa, respectively.
The parallel between the expected sizes of these variants and
the sizes of the observed o and B variants is very suggestive,
and it is tempting to conclude that the o and B variants we
detected by 2D Western correspond to ENST00000369409 and
ENST00000369407, respectively, but to present we have been
unable to confirm this. Finally, given the very limited number
of samples analysed, a larger cohort needs to be examined to
verify this finding.
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