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Abstract
Background—L-3-phosphoserine phosphatase (Psph) is a highly conserved and widely
expressed member of the haloacid dehalogenase superfamily and the rate-limiting enzyme in L-
serine biosynthesis. We previously found Psph expression to be uniquely upregulated in a α6β4
integrin transgenic mouse model that is predisposed to epidermal hyperproliferation and squamous
cell carcinoma (SCC) formation implicating a role for Psph in epidermal homeostasis.

Objective—We examined the status of PSPH in normal skin epidermis and skin tumors along
with its sub-cellular localization in epidermal keratinocytes and its requirement for squamous cell
carcinoma (SCC) proliferation.

Methods—First, an immunohistochemical study was performed for PSPH in normal skin and
skin cancer specimens and in cultured keratinocytes. Next, biochemical analyses were performed
to confirm localization of PSPH and to identify candidate binding proteins. Finally, proliferation
and apoptosis studies were performed in human SCC and normal keratinocytes, respectively,
transduced with vectors encoding small hairpin RNAs targeting PSPH or overexpressing a
phosphatase-deficient PSPH mutant.

Results—PSPH is expressed throughout the proliferative layer of the epidermis and hair follicles
in rodent and human skin and is highly induced in SCC. In keratinocytes, PSPH is a cytoplasmic
protein that primarily localizes to endosomes and is present primarily as a homodimer. Knock
down of PSPH dramatically diminished SCC cell proliferation and cyclin D1 levels in the
presence of exogenous of L-serine production suggesting a non-canonical role for PSPH in
epithelial carcinogenesis.

Conclusions—Psph is highly induced in proliferative normal keratinocytes and in skin tumors.
PSPH appears to be critical for the proliferation of SCC cells; however, this phenomenon may not
involve the phosphoserine metabolic pathway.
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1. Introduction
L-3-phosphoserine phosphatase (PSPH) is a member of haloacid dehalogenase (HAD)
superfamily and contains a N-terminal DXDXT(T/V) motif, which is utilized to convert
phospho-L-serine to L-serine [1–5]. As a precursor for the biosynthesis of diverse
compounds including amino acids, neurotransmitters, phospholipids, glycolipids, purines,
and thymidine, L-serine is linked to multiple fundamental aspects of cell behavior such as
proliferation and differentiation in most tissues. Multiple lines of evidence in both
experimental mouse models and patients suffering from congenital neurological
abnormalities indicate that insufficient L-serine biosynthesis primarily impacts the
development and proper functioning of the central nervous system [6–7]. On the other hand,
augmented L-serine biosynthesis is associated with a number of cancer types in humans. For
example, metastatic breast cancer features increased production of L-serine, which is
thought to be critical for the proliferation of these metastatic cells, and correlates with poor
prognosis in patients with bone metastases [8]. The role of PSPH in providing amino acid
and nucleotide precursors to facilitate cell proliferation has been well documented and,
accordingly, augmented PSPH levels have been observed in a number of human tumor types
in including non-small-cell lung cancer [9], mesothelioma [10], metastatic breast [8] and
gastric cancers [11], and pediatric brain tumors [12]. However, the functional significance of
PSPH dysregulation in these tumors remains unclear.

We previously identified augmented levels of Psph in a α6β4 integrin transgenic mouse
model that is predisposed to epidermal hyperproliferation and SCC formation [13]
implicating a novel function for Psph in epidermal homeostasis. However, the status of
PSPH in the skin and its potential role in maintaining epidermal homeostasis and skin
carcinogenesis has been largely unexplored up to this point. Here, we provide evidence that
PSPH is strongly expressed in proliferative keratinocytes in murine and human skin. In
epidermal keratinocytes, PSPH is primarily present as a homodimer and is localized to
endosomes organelles. PSPH is highly induced in murine and human SCC and knock down
of PSPH expression abrogates SCC keratinocyte proliferation independent of L-serine
levels.

2. Materials and Methods
2.1 Skin and skin tumor harvesting

De-identified human foreskin specimens were obtained through the services of the Skin
Disease Research Center in the Department of Dermatology at Columbia University under
IRB approval. Human cutaneous SCCs were collected from the Department of Dermatology
at Columbia University Medical Center as previously described [14]. Dorsal murine skin
specimens were surgically excised from eight-week old female FVB mice (Taconic). For
immunolabeling studies, specimens were embedded in O.C.T. medium and cryopreserved or
fixed in 10% formalin and paraffin-embedded. For RT-PCR studies, mice were shaved on
the dorsal surface and 24 hours later received a single topical application of 5 nmol 12-O-
tetradecanoylphorbol-13-acetate (TPA) (LC Laboratories) in 200 μl acetone or 200 μl
acetone vehicle alone. Dorsal skins were surgically excised 4 hours following TPA and
acetone treatment and flash frozen in liquid nitrogen. Murine skin papillomas and SCCs
utilized in this study were induced in FVB mice using a standard two-stage chemical
carcinogenesis protocol [14].
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2.2 RT-PCR analysis
Total RNA was isolated from acetone- and TPA-treated Wt and α6β4 transgenic mouse skin
epidermis and used to synthesize cDNA as previously described [15]. For semi-quantitative
RT-PCR analysis cDNA samples were subjected to PCR analysis using 2X PCR Master Mix
as per manufacturer instructions (Promega). Oligonucleotide primer pairs were designed to
target separate exons in Psph (sense: 5′-ATGGTCTCCCACTCAGAGCTG-3′; anti-sense:
5′-ACAATGCTCCGAAAGCCACC-3′) and Gapdh (sense: 5′-
AGTATGATGACATCAAGAAGG-3′; anti-sense: 5′-
ATGGTATTCAAGAGAGTAGGG-3′) for each sample. PCR products were quantified by
densitometry using NIH ImageJ software. For each sample, Psph levels were normalized by
expression of Gapdh (n = 3 mice per group). Average Psph levels were statistically
compared between acetone-treated Wt versus α6β4 transgenic mice (p < 0.05) and TPA-
treated Wt versus α6β4 transgenic mice (p < 0.05) using a Student’s t-Test.

2.3 Tissue culture
Primary normal mouse keratinocyte cultures were established in complete FAD medium as
previously described [13–15]. Primary cultures of human normal and SCC keratinocytes
were established in complete FAD medium as previously described [16]. For confluency
studies, human SCC keratinocyte cultures huSCC13 and huSCC35 were counted using a
Countess automated cell counter (Invitrogen) and seeded at equal density (105 cells/plate).
After which, cultures were harvested on sequential days of growth between 20%, 40%, 80%
and 100% confluency. HEK293 (kindly provided by Dr. David Bickers) and 293T
packaging cells (kindly provided by Dr. Angela Christiano) were cultured in DMEM
(Invitrogen) supplemented with 10% FBS (HyClone).

2.3.1 Retroviral transduction—Full-length Wt or phosphatase-deficient mutant
(PsphAsn20, please see Mutagenesis section below) murine Psph cDNA (Invitrogen) was
tagged with EGFP using the pEGFP-N1 vector (Clontech) and subsequently subcloned into
the pBabe retroviral vector [17]. In addition, EGFP cDNA alone was subcloned into pBabe
as a control vector. Either pBabe empty (EV), pBabe-EGFP, pBabe-Psph-EGFP, pBabe-
PsphAsn20-EGFP vectors were transduced into normal murine keratinocytes using a dual
packaging cell system as previously described [15–18].

2.3.2 Psph shRNA knock down—To ablate PSPH expression in huSCC cells, the
pTRIPZ (Open Biosystems) a lentiviral vector encoding a short hairpin RNA against murine
PSPH (pTRIPZ-PSPH, clone V2HS_47583, Open Biosystems) or control (pTRIPZ-NS) was
utilized along with psPAX2 (Addgene 12260) and pMD2.G (Addgene 12259) plasmids to
produce lentivirus to subsequently transduce huSCC cells as previously described [14].
Transduced huSCC cells were selected in 2 μg/mL puromycin (Sigma). PSPH knockdown
was induced by treating transduced cells with 1 μg/ml Doxycycline (Dox) (Fisher Scientific)
for 1–6 days.

2.3.3 Clonogenic assays—To measure proliferation, pTRIPZ-NS or pTRIPZ-PSPH
huSCC13 and huSCC35 cells were plated at 2,000 cells/well as previously described [14–
15] supplemented with 1 μg/ml Dox. Cultures were incubated for two weeks after which the
3T3 cells were removed and keratinocyte colonies were fixed and stained with Rhodamine.
Total colonies > 4 mm in size were counted using NIH ImageJ software. Each time point
was counted in triplicate for each group and average colony numbers were statistically
compared using a Student’s t-Test (p < 0.05) between pTRIPZ-NS or pTRIPZ-PSPH groups
for each huSCC primary culture.
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2.4 Generation and Purification of Psph Monoclonal Antibodies
Full-length recombinant murine Psph was tagged with glutathione S-transferase using the
bacterial expression vector pETGEXCT vector and utilized to immunize mice to produce
hybridomas generating monoclonal antibodies against Psph (A&G Pharmaceutical). 5
hybridoma clones were identified to specifically recognize Psph by immunoblot analysis
using unpurified supernatant (data not shown). For all studies herein, clone 5B2 was chosen
due to its relative high affinity and recognition of murine and human PSPH proteins. To
harvest antibodies, 5B2 cell supernatants were purified using a Nunc ProPur™ Protein
Purification Kit as per manufacturer instruction(Fisher Scientific).

2.5 Immunoblot analysis
Cultured cells were lysed in RIPA buffer containing 1 mM Na3VO4 (Sigma), 1mM
phenylmethanesulphonylfluoride (PMSF) (Sigma), 1 μg/ml leupeptin (Sigma) and 1 μg/ml
aprotinin (Sigma). Murine liver, brain and lung tissues were lysed in 10 mM Na3PO4
(Sigma), 1% Triton (Sigma), 1% SDS (Fisher Scientific), 150 mM NaCl (Fisher Scientific),
0.5% sodium deoxycholate, 1mM PMSF, 1 μg/ml leupeptin and 1 μg/ml aprotinin. Human
liver and lung nuclear lysates were purchased from Active Motif. 10–20 μg of protein were
subjected to SDS-PAGE on Novex Tris-Glycine Gels (Invitrogen), and transferred proteins
were probed with the following primary antibodies: Psph (5B2), β-actin (Cell Signaling),
GFP (AbCam), cleaved PARP (Cell Signaling), β-tubulin (Sigma), cyclin D1 (Santa Cruz)
or Rb (Cell Signaling). Primary antibodies were detected with species-specific horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) followed by ECL
(GE Healthcare Life Sciences).

2.6 Immunoprecipitation studies
For tandem affinity purification analysis, full-length murine Psph cDNA (Invitrogen) was
N-terminal tagged with HA and C-terminal tagged with FLAG and sub-cloned into the
pcDNA3.1 expression vector (Invitrogen). HA-Psph-FLAG-pcDNA3.1 or empty pcDNA3.1
was transfected into HEK293 cells using Lipofectamine as per manufacturer instruction
(Invitrogen). Transfected cells were lysed in buffer containing 50 mM Tris-HCl, 150 mM
NaCl, 1 mM EDTA, 1% NP40 (US Biological), 1mM PMSF, 1 μg/ml leupeptin and 1 μg/ml
aprotinin and incubated with α-FLAG-conjugated sepharose beads (Sigma) followed by
competitive elution with the FLAG peptide (Sigma). Next, lysates were incubated with α-
HA-conjugated sepharose beads followed by competitive elution with HA peptide (Roche).
Eluants were subjected to SDS-PAGE after which gels were stained using the SilverSNAP
Stain for Mass Spectrometry kit as per manufacturer instruction (Pierce) to visualize bands.
Excised bands were subjected to LC-MS/MS analysis as outlined below.

For co-immunoprecipitation analysis, primary murine keratinocytes transduced with pBabe-
EGFP or pBabe-Psph-EGFP were lysed in 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA,
1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, 1mM PMSF, 1 μg/ml
leupeptin and 1 μg/ml aprotinin and lysates were incubated with a GFP antibody (Abcam).
Psph complexes were precipitated with Protein A sepharose and subjected to SDS-PAGE as
outlined above.

2.7 LC-MS/MS analysis
Protein bands were subjected to in-gel digestion and peptide extracts were subjected to LC-
MS/MS analysis on a Micromass Q-Tof hybrid quadrupole/time-of-flight mass spectrometer
with a nanoelectrospray source. Capillary voltage was set at 1.8kV and cone voltage 32V;
collision energy was set according to mass and charge of the ion, from 14eV to 50eV.
Chromatography was performed on an LC Packings HPLC with a C18 PepMap column
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using a linear acetonitrile gradient with flow rate of 200 nl/min. Raw data files were
processed using the MassLynx ProteinLynx software and .pkl files were submitted for
searching at www.matrixscience.com using the Mascot algorithm. Peptide data can be
accessed by the following link:
www.matrixscience.com/cgi/master_results.pl?file=../data/20101018/FteeifHOE.dat.

2.8 Tissue and cell immunolabeling
For immunohistochemical labeling of mouse tissue sections, purified 5B2 antibody was
biotin-conjugated using EZ-Link Sulfo-NHS-LC-Biotin Kit as per manufacturer instruction
(Pierce). Six μm histological sections of paraffin-embedded murine skin were probed with
biotin-conjugated 5B2 antibody followed by detection with streptavidin-conjugated HRP
using DAB (BioGenex) as a chromagen. Six μm cryosections of human skin and SCCs were
stained with purified 5B2 antibody and Krt14 antibodies (Covance) followed by detection
with anti-mouse Alexa Fluor-conjugated secondary antibodies (Invitrogen). Fluorescent and
bright field images were captured on a Zeiss Axioplan 2 microscope.

Cultured cells were fixed in 4% pfa, permeabilized in 0.3% triton and stained with 5B2,
Krt14 (Covance), Ki67 (Abcam), Calreticulin (Abcam), TGN38 (Abcam), or Lamp1
(DSHB) antibodies; or Lysotracker Green (Invitrogen) or Mitotracker Green (Invitrogen)
organelle probes. Unconjugated primary antibodies were detected using species-specific
Alexa Fluor-conjugated secondary antibodies (Invitrogen). Fluorescent images were
captured on a Zeiss Inverted Axiovert 200M spinning disc confocal microscope.

2.10 Mutagenesis and phosphatase assay
Insertional mutagenesis of Psph Asp20 to Asn20 was conducted by PCR using Pfu DNA
polymerase (Stratagene) and oligonucleotide primers, 5′-
CGGATGCAGTGTGCTTTAATGTTGATAGCACCGT-3′ (sense) and 5′-
ACGGTGCTATCAACATTAAAGCACACTGCATCCG-3′ (anti-sense), on murine Psph
cDNA and confirmed by sequencing analysis (data not shown). Wt Psph and PsphAsn20

subcloned into the pETGEXCT GST vector for production of recombinant Psph-GST and
PsphAsn20-GST fusion proteins in BL21 (DE3) pLysE cells (Invitrogen), which were
purified using the MagneGST purification kit (Promega). Phosphatase assays were
conducted on GST, Psph-GST or PsphAsn20-GST recombinant proteins using a para-
nitrophenyl phosphate (pNPP) Phosphatase Assay Kit as per manufacturer instruction
(BioAssay Systems). The production of p-nitrophenol was measured by spectrophotometry
at 405 nm and used to calculate phosphatase enzyme activity (Beer-Lambert). Phosphatase
activities (μmoles/min/μg) were statistically compared between GST, Psph-GST or
PsphAsn20-GST recombinant proteins using a Student’s t-Test.

2.9 Isolation of Nuclear and Cytoplasmic Cell Fractions
Nuclear and cytoplasmic fractions were isolated from primary mouse keratinocytes
transduced with pBabe-EV, pBabe-EGFP or pBabe-Psph-EGFP retroviral vectors using the
Nuclear Extract Kit according to manufacturer instruction (Active Motif). Fractions were
subjected to SDS-PAGE followed by immunoblotting as outlined above.

2.11 Annexin V analysis
Murine keratinocytes transduced with pBabe-EGFP, pBabe-Psph-EGFP or pBabe-
PsphAsn20-EGFP retroviral vectors were stained for Annexin V (Cell Lab ApoScreen
Annexin V-PE Apoptosis kit) as per manufacturer instruction (Beckman Coulter). The
percentage of Annexin V+ cells in each group was detected by FACS analysis performed on
a LSRII FACS scanner (BD Biosciences). Data were analyzed using the FlowJo Flow
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Cytometry Analysis software (Tree Star). The average percentage of DAPI-negative
Annexin V+ cells was compared between pBabe-EGFP, pBabe-Psph-EGFP and pBabe-
PsphAsn20-EGFP transduced cells (n = 3 replicates/group).

3. Results
3.1 Expression of Psph in mouse skin

We previously identified Psph by RNA microarray analysis to be highly induced in α6β4
integrin transgenic mouse epidermis compared to Wt epidermis in response to tumor
promoter treatment. We confirmed these earlier findings by conducting RT-PCR analysis for
Psph in RNA isolated from TPA- and vehicle-treated α6β4 integrin transgenic and Wt
mouse epidermis (Fig. 1a). α6β4 integrin transgenic mice are highly sensitive to chemically
induced skin SCC formation due to excessive epidermal proliferation in response to TPA
tumor promotion [13]. Psph levels were elevated 2–3 fold in α6β4 integrin transgenic
compared to Wt skin (Fig. 1a) suggesting a role for Psph in skin proliferation and/or
tumorigenesis.

To begin to determine a role for Psph in skin homeostasis we generated monoclonal
antibodies against murine Psph. Murine and human Psph homologs are both 225 amino acid
proteins with a predicted molecular weight of 25 kD. Purified supernatant from Psph murine
hybridoma clone 5B2 recognized an apparent 25 kD protein in both mouse and human
keratinocytes (Fig. 1b) and an approximate 52 kD protein in cells transduced with the pBabe
retroviral vector encoding a Psph-EGFP fusion protein (Fig. 1b). A single 25 kD was also
detected in lysates derived from mouse liver and lung, tissues reported to exhibit strong Psph
expression, at markedly higher levels compared to mouse epidermis (Fig. 1c). Low levels of
Psph were also detected in mouse brain lysate upon longer film exposure (data not shown).
Collectively, these results confirm that Psph is the major protein recognized by the 5B2
antibody by immunoblot analysis. In murine skin, strong immunodetection of Psph was
localized in the cytoplasm of keratinocytes in the proliferative epithelial layer of the
epidermis, hair follicles and sebaceous glands (Fig. 1d–e) and Psph expression was also
detected in the differentiated layers of the epidermis (Fig. 1d–e). An analogous pattern of
expression for Psph was also detected in normal human skin where strong Psph
immunolabeling was observed in the Krt14-expressing basal epidermal layer (Fig. 1f–h). To
further confirm the status of Psph in epidermal keratinocytes, primary cultures of murine
keratinocytes were labeled with the 5B2 antibody in conjunction with either Krt14
(keratinocyte marker) or Ki67 (proliferation marker) antibodies. Strong Psph
immunolabeling was localized primarily in the cytoplasm of Krt14+ (Fig. 1i–k) and in Ki67+

(Fig. 1l–n) mouse keratinocytes. Interestingly, the distribution of Psph immunolabeling in
mouse keratinocytes suggests that Psph may be primarily localized to cellular organelles
(Fig. 1i). These results indicate that Psph is an approximate 25 kD protein that is strongly
expressed in epithelial keratinocytes of mammalian skin.

3.2 Psph localizes to late endosomes in mouse keratinocytes
To further characterize Psph, we investigated its sub-cellular localization in primary cultures
of epidermal keratinocytes. Consistent with its expression pattern in skin tissue (Fig. 1),
Psph was largely localized in the cytoplasm of primary keratinocytes and was concentrated
to the perinuclear region in a staining pattern that was consistent with organelle distribution
(Fig. 2a–f). Co-labeling studies with a panel of markers for sub-cellular organelles showed
that Psph primarily associated with Lamp1+ late endosomes (Fig. 2r) and did localize to
lysosomes (Fig. 2n), the nuclear membrane (Fig. 2o), mitochondria (Fig. 2p) or trans-Golgi
(Fig. 2q); however, we cannot rule out a small fraction of Psph protein associating with the
endoplasmic reticulum (Fig. 2m). A similar staining patter for Psph was observed in primary
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cultures of human keratinocytes (data not shown). To confirm the cytoplasmic
immunolocalization of Psph in keratinocytes, cytoplasmic and nuclear fractions were
isolated from mouse keratinocytes transduced with an empty pBabe, pBabe-EGFP or pBabe-
Psph-EGFP retrovector. The Psph-EGFP fusion protein was detected by immunoblot
analysis in cytoplasmic fractions of keratinocytes but not in the nuclear fraction (Fig. 3a). In
addition, endogenous Psph protein was also absent in nuclear lysates generated from normal
human liver and Rb-expressing lung tissues (Fig. 3b).

3.3 PSPH functions as a homodimer
Homodimerization is a conserved feature of HAD proteins [19], prompting us to investigate
whether PSPH may also exist in a dimeric form or interact with other proteins outside of
canonical L-serine biosynthesis. To determine this, we employed a tandem affinity
purification approach using a HA- and FLAG-tagged PSPH protein as bait in HEK293
epithelial cells to identify potential PSPH interacting proteins. We observed a single
candidate band by SDS-PAGE silver staining (Fig. 3c–d) that was subsequently identified
by LC-MS/MS analysis to be human PSPH (data not shown) indicating that PSPH may exist
in multimeric form. This possibility was confirmed by GFP immunoprecipitation in lysates
from keratinocytes transduced with either pBabe-EGFP or pBabe-Psph-EGFP followed by
Psph immunoblot analysis. Endogenous Psph was precipitated by GFP antibodies in pBabe-
Psph-EGFP keratinocytes but not in pBabe-EGFP keratinocytes (Fig. 3e). Finally,
immunoblot analysis under non-reducing conditions identified a single endogenous PSPH
multimer of approximately 50 kD in HEK293 cells (Fig. 3f) indicating that PSPH is
primarily present as a homodimer in epithelial cells. Similar results were obtained in
multiple human epithelial cell lines (data not shown).

3.4 PSPH regulates keratinocyte proliferation
Our initial findings of induced Psph levels in hyperproliferative murine epidermis suggest
that Psph may play a role in epithelial proliferation (Fig. 1). To explore this possibility
further, we analyzed PSPH levels in huSCC13 and huSCC35 keratinocytes isolated under
pre-confluent, highly proliferative conditions compared to confluent conditions where cells
are largely contact inhibited. PSPH protein levels were approximately 5–7 fold higher in
huSCC13 and huSCC35 cultures growing at 20–40% confluency compared to cultures at
80–100% confluency (Fig. 4a–b; data not shown). These results support the idea that PSPH
is induced under proliferative conditions in epithelial cells but do not exclude the possibility
that cell-cell contact may also suppress PSPH expression.

To further delineate the role of PSPH in keratinocyte proliferation, huSCC13 and huSCC35
keratinocyte cultures were transduced with the Dox-inducible pTRIPZ lentiviral vector
encoding a short hairpin RNA targeting PSPH (shPSPH) or a non-silencing control (shNS).
We typically observed 70–90% knockdown of PSPH protein in Dox-treated SCC
keratinocytes transduced with shPSPH compared to untreated cells (Fig. 4c–d). PSPH levels
were unaltered in shNS transduced SCC cells treated with Dox (Fig. 4c–d). To measure
proliferation we subjected shPSPH and shNS SCC cells (huSCC13 and huSCC35) to
clonogenic growth assays [13] in growth medium containing an excess of L-serine (3.25
mM) and either treated untreated with Dox. Colony forming efficiency was decreased
approximately 4-fold in shPSPH huSCC13 cells and 2-fold in shPSPH huSCC35 cells
compared to shNS huSCC13 and shNS huSCC35 cells, respectively (Fig. 4e–g). The
dramatic reduction in proliferation in PSPH-deficient SCC keratinocytes observed under
excessive L-serine conditions, suggests that new roles may exist for PSPH outside of L-
serine biosynthesis that are critical for epithelial cell proliferation.
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To begin to explore the molecular basis of L-serine-independent regulation of SCC
proliferation by PSPH, we analyzed shPSPH and shNS huSCC13 cells for levels of the cell
cycle regulator cyclin D1. We found cyclin D1 levels to be dramatically reduced in Dox-
treated shPSPH but not shNS huSCC13 cells (Fig. 5a) suggesting that Psph may play a role
in entry into the cell cycle. To exclude the possibility that the reduced colony numbers in
shPSPH SCC cells may be due to increased apoptosis we also analyzed cleaved PARP levels
in shPSPH huSCC13 cells compared to shNS huSCC13 cells. No differences in cleaved
PARP levels were observed between shPSPH- and shNS-transduced huSCC13 cells (Fig.
5a) indicating that the decreased colony numbers in shPSPH-transduced huSCC13 and
huSCC35 cells was not due to induction of apoptosis. We also confirmed that loss of Psph
enzymatic phosphatase activity does not induce apoptosis in murine keratinocytes that
overexpressed an EGFP-tagged phosphatase-deficient Psph mutant (PsphAsn20-EGFP). The
phosphatase-deficient mutant Psph was generated by replacing the first conserved aspartate
(Asp20) contained within the normal phosphatase motif DVDST with an asparagine (Asn20)
resulting in an inactive domain, NXDXT. Consistent with previous studies of Psph and other
HAD family members [3–4], we found the first conserved aspartate to be most critical for
the Psph phosphatase activity (Fig. 5b). Overexpression of Wt Psph or PsphAsn20 did not
increase the number of Annexin V+ cells as determined by FACS analysis (Fig. 5c).
Collectively, these results exclude a role for PSPH in epithelial cell apoptosis and suggest
that the presence of PSPH is critical for SCC proliferation in a L-serine biosynthesis-
independent fashion.

3.5 PSPH is induced during skin carcinogenesis
To determine whether PSPH expression may be altered in skin carcinogenesis in vivo, we
examined the levels and localization of PSPH in murine and human cutaneous skin tumors.
Psph protein levels were upregulated in both benign papillomas and SCCs induced by a two-
stage DMBA/TPA skin carcinogenesis protocol [14] compared to normal epidermis (Fig.
5d). Similarly, PSPH levels were also constitutively induced in human SCC keratinocytes
compared to normal adult keratinocytes (Fig. 5e). Immunohistochemical labeling of
histological tissue sections demonstrated that Psph was strongly expressed in epidermal
keratinocytes within murine benign papillomas (Fig. 5f) and malignant SCC, including areas
containing atypical cells (Fig. 5g), indicating that the high expression levels of Psph in
murine skin tumors (Fig. 5d–e) are largely derived from neoplastic keratinocytes.
Collectively, these results indicate that PSPH induction is an early and maintained event in
cutaneous SCC pathogenesis.

4. Discussion
In this study, we provide evidence for a fundamental role for the HAD family enzyme PSPH
in SCC proliferation. Typically, increased L-serine biosynthesis would support tumor cells
by providing amino acid and nucleotide substrates necessary for cell division. Therefore, the
induction of PSPH observed in proliferating keratinocytes in normal and neoplastic skin
may in part be due to the requirement for the L-serine biosynthetic pathway. However, the
marked reduction in SCC proliferation in PSPH knock down cells occurred in the presence
of excess exogenous L-serine suggesting that additional roles for PSPH in the proliferation
of neoplastic epithelial cells may exist outside of its role in L-serine biosynthesis. Overall
these findings suggest that PSPH may have additional enzymatic substrates or novel non-
enzymatic interacting proteins in epithelial cells that may be important for carcinogenesis.

Multiple lines of direct evidence show that HAD hydrolase family members can function
outside of their canonical metabolic pathways and influence cell behavior and that the
DXDXT catalytic motif can facilitate phosphate transfer on a variety of molecular
substrates. For example, chronophin exhibits protein phosphatase activity on the actin-
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depolymerizing factor cofilin, by dephosphorylating a single serine residue through its
DXDXT motif, thereby implicating a role for chronophin in cell division, growth and
motility [20]. The N-terminal domain of the epoxide hydrolase EPXH2 protein bears high
homology to HAD proteins and has reported lipid phosphate phosphatase activity [21], and
PHOSPHO1 is a HAD family protein with proven phosphatase activity on
phosphoethanolamine and phosphocholine [22]. In addition emerging evidence shows that
Psph levels are uniquely regulated in certain stem cell populations and suggests that PSPH
may play a role in cell fate decisions. Psph levels are enriched in hematopoietic stem cells
[23] and neural stem cells in mouse [23–25]. The Drosophila homolog of PSPH, aay, a can
be induced by Ras in proliferative hemocytes [26] and is also involved in neuronal cell fate
determination [27].

Some attractive possibilities for PSPH functions outside of L-serine metabolism include
protein or lipid phosphorylation or modulation of cell signaling pathways by non-enzymatic
means. While our initial immunoprecipitation studies did identify PSPH as a homodimer, we
did not identify novel phosphoprotein substrates or additional interacting proteins. Although
our cell proliferation studies were conducted in excess L-serine conditions, we cannot
conclusively rule out the possibility that loss of PSPH may still perturb the L-serine
biosynthetic pathway and lead to aberrant production of metabolic intermediates and
diminished cell proliferation. Whether phospholipid or other non-enzymatic substrates exist
for PSPH that can influence cell proliferation will be the subject of future studies. In
addition, it will also be critical to determine whether the influence of PSPH on SCC
proliferation observed in tissue culture is maintained in vivo under natural carcinogenesis
conditions.

In summary, we identified the HAD family protein PSPH to be expressed in the epidermis
of mammalian skin and highly induced in skin tumors. PSPH appears to be critical for the
proliferation of SCC cells; however, it is unclear whether this phenomenon may due to non-
enzymatic activity or phosphatase activity on other cellular substrates besides
phosphoserine. In as much, these studies show that PSPH may serve as novel therapeutic
target to modulate cutaneous SCC, and our future work will focus on profiling human SCC
signaling pathways that are important for proliferation and are also compromised as a
consequence of blocking PSPH expression.
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Fig. 1.
PSPH is expressed in the epidermis of murine and human skin.
A. Bar graph depicting relative Psph levels quantified by RT-PCR analysis on epidermal
RNA samples isolated from acetone- and TPA-treated Wt and α6β4 transgenic mouse skin.
Psph levels are normalized by expression of Gapdh. B. Immunoblot validation of
monoclonal Psph antibody 5B2 in primary murine, MK-EGFP and MK-Psph-EGFP, and
human, huKC1 and huKC2, keratinocyte cultures. Arrow points to an apparent 25 kD
protein in all cells (PSPH; lower) or 52 kD fusion protein (PSPH-EGFP; upper) only
observed in MK-PSPH-EGFP cells. C. Immunoblot detection of Psph in lysates generated
from murine epidermis (Ep), liver (Li), brain (Br), and lung (Lu) tissues. Tubulin (lower
panel) levels were assessed to confirm protein loading. D–H. Immunohistochemical
detection of Psph in adult murine skin (DAB staining) (D) and immunofluorescent co-
labeling of PSPH (F) and Krt14 (G) in human foreskin. No labeling was observed in
streptavidin (E) or IgG (H) control-stained sections. Arrows point to strong Psph labeling in
the basal layer of the epidermis (D, F). Panels F–G represent the same field of view. I–N.
Immunofluorescent co-labeling of Psph and Krt14 (I–K) or Psph and Ki67 (L–N) in primary
murine keratinocyte cultures. Panels I–K and L–N represent the same field of view.
Abbreviations: epid, epidermis; derm, dermis; sg, sebaceous gland; hf, hair follicle; SA,
streptavidin; Wt, wild-type. Scale bar: 50 μm (DE); 20 μm (F–H); 10 μm (I–N).
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Fig. 2.
Sub-cellular localization of Psph in mouse keratinocytes.
A–F. Primary mouse keratinocytes were co-labeled with Psph monoclonal antibody 5B2 and
markers for the following sub-cellular structures: endoplasmic reticulum (G), lysosomes
(H), nuclear membrane (I), mitochondria (J), trans-Golgi (K) and endosomes (L). M–R.
Merged panels for each co-labeled group were generated to confirm the localization of Psph.
Scale bar: 10 μm.
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Fig. 3.
Cytoplasmic Psph functions as a homodimer.
A. GFP immunoblot analysis of cytosolic (C) and nuclear (N) lysates from murine
keratinocytes (MK) transduced with pBabe-EV, pBabe-EGFP or pBabe-Psph-EGFP
retroviral vectors. Arrows point to 52 kD Psph-EGFP fusion protein (upper) or EGFP
(lower). Lower blot shows immunodetection of tubulin only in cytosolic lysates of each
group. B. Rb (top), PSPH (middle) and tubulin (bottom) immunoblot analysis of nuclear
lysates derived from human liver (Li) and lung (Lu) tissue. C. Silver-stained acrylamide gel
of anti-HA and anti-FLAG tandem affinity purification in HEK293 cells transfected with
pcDNA3 empty vector (1) or pcDNA3-HA-PSPH-FLAG vector (2). Bands marked with
arrows were identified by LC-MS/MS to be HA-PSPH-FLAG (upper) and endogenous
PSPH (lower). D. Immunoblot analysis showing detection of input levels of HA-PSPH-
FLAG expression (arrow) in pcDNA3-HA-PSPH-FLAG transfected (2) but not in pcDNA3
empty vector transfected (1) cells used above in A. E. Psph immunoblot analysis of lysates
from primary keratinocytes overexpressing EGFP (1) or Psph-EGFP fusion protein (2) either
input (left panel) or immunoprecipitated with EGFP antibodies (right panel). Arrows point
to detection of the Psph-EGFP fusion protein (upper) or endogenous Psph (lower). F. Psph
immunoblot analysis of whole cell lysates from HEK293 cells subjected to PAGE under
non-reducing (NR) and reducing (R) conditions. Abbreviations: MW, molecular weight
ladder.
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Fig. 4.
Effect of PSPH on keratinocyte proliferation.
A. PSPH immunoblot analysis in pre-confluent (20–40%) and confluent (80–100%) cultures
of huSCC13 (1) and huSCC35 (2) cells. GAPDH immunoblot indicates protein loading. B.
Bar graph depicting relative densitometric units of Psph protein levels normalized to
GAPDH levels (from A) in pre-confluent and confluent huSCC13 keratinocyte cultures.
Error bars represent the average of duplicate experiments. C. Psph immunoblot analysis
showing knock down of PSPH in human SCC keratinocytes transduced with a Dox-
inducible shRNA targeting PSPH (shPSPH) or a non-silencing control (shNS). Actin (lower
panel) levels were assessed to confirm protein loading. D. Bar graph depicting relative
densitometric units of Psph protein levels normalized to actin levels (from C) in shNS and
shPSPH transduced human huSCC13 and huSCC35 (immunoblot not shown) keratinocyte
cultures treated or untreated with Dox. E. Colony forming assay showing Rhodamine A-
stained cultures of shNS and shPSPH huSCC13 keratinocytes cultured for 14 days with
Dox. F. Bar graph depicting the quantification of colonies > 4 mm in size in shNS and
shPSPH transduced huSCC13 cells. Error bars represent the standard deviation of three
replicate plates. G. Bar graph depicting the quantification of colonies > 4 mm in size in
shNS and shPSPH transduced huSCC35 cells (colony assay plates not shown). Error bars
represent the standard deviation of three replicate plates.
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Fig. 5.
PSPH is induced in murine and human skin tumors.
A. Cyclin D1 and cleaved PARP immunoblot analysis in shNS and shPSPH huSCC13
keratinocytes treated (+) or untreated (−) with Dox. Tubulin (lower panel) levels were
assessed to confirm protein loading. B. Bar graph depicting enzymatic phosphatase activity
on para-nitrophenyl-phosphate by recombinant GST, Psph-GST or PsphAsn20-GST proteins.
Error bars represent the standard deviation of three replicate assays. C. Bar graph depicting
the percentage of Annexin V+ cells as determined by FACS analysis in murine keratinocytes
transduced with pBabe-EGFP, pBabe-Psph-EGFP or pBabe-PsphAsn20-EGFP retroviral
vectors. Error bars represent the standard deviation of three replicate assays. D. PSPH
immunoblot analysis of whole cell lysates from normal murine epidermis (Epid), benign
papillomas (Pap) and SCCs. E. PSPH immunoblot analysis of lysates derived from 2
separate cultures (PK24, PK115) of primary normal and 7 separate cultures (huSCC13,
huSCC35, huSCC39, huSCC73, huSCC161, huSCC169, huSCC194) of SCC human
keratinocytes. Actin (D) or tubulin (E) levels were assessed to indicate protein loading. F–H.
Immunolocalization of Psph in murine papilloma (F) and cutaneous SCC (G) tissue sections.
Arrow heads point to areas containing atypical cells in G. Panel H represents a secondary
antibody-stained control serial section of panel G. Abbreviations: kc, keratinocytes; st,
stroma. Scale bar: 50 μm.
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