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ABSTRACT
Characterization of Selectin Ligands on Hematopoietic Stem Cells
Hanan Mahmood
Successful bone marrow (BM) transplantation requires the homing of the transplanted
hematopoietic stem/progenitor cells (HSPCs) to their bone marrow niche, where they
undergo differentiation to form mature cells that are eventually released into the
peripheral blood. However, the survival rate of patients receiving BM transplants is poor
since many of the transplanted HSPCs do not make it to their BM niches in the
recipient’s body. Since the availability of HSPCs from traditional sources is limited,
transplanting more number of HSPCs is not a solution to this problem. This study aims to
characterize the adhesion molecules mediating cell migration in order to better
understand the adhesion mechanisms of HSCs with the bone marrow endothelium. This
will aid in developing future tools to improve the clinical transplantation of HSPCs. This
study also aims to understand the factors that influence HSPC proliferation in the bone
marrow niche.
E-selectin plays an important role in the process of homing; however, its ligands on
HSPCs are not well characterized. We used western blotting and immunoprecipitation to
show that endomucin is expressed on HSPCs and plays a role in the binding of HSPCs to
E-selectin. We also studied the effect of recombinant E-selectin on the expression of a
newly characterized E-selectin ligand in our lab, CD34, in HSPCs. This will provide us
insight into novel roles for endomucin and E-selectin and help us to understand the
factors influencing HSPC migration to BM endothelium.
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CHAPTER I: Analysis of endomucin as an E-selectin ligand
INTRODUCTION
Understanding homing to aid BM transplantation
Hematopoietic Stem/Progenitor Cell (HSPC) transplantation is a common treatment
procedure to replenish the blood pool in patients with leukemia post high-dose
chemotherapy or radiation therapy. Hematopoietic stem/progenitor cells (HSPCs) are the
stem cells that terminally differentiate to give rise to blood and immune cells. HSPCs are
also used to treat other disorders of the blood and immune system. Bone marrow cells are
administered intravenously to the recipient. After transplantation, the hematopoietic stem
cells travel through the blood to their target organs and bone marrow (BM) niches. The
process by which the stem cells navigate through the blood and the bone marrow
endothelium and find their niche is termed as homing. A better understanding of the
homing process and the adhesion molecules that initiate the interactions is required to
improve the engraftment of HSPCs to the BM of recipients.
Homing is a complex and a highly regulated process involving several steps. Fast
moving HSPCs traveling in the blood vessels slow down as specialized molecules
expressed by them interact with the endothelial cells of the vessels. These interactions are
short lived but of high affinity and are mediated essentially by adhesion molecules called
selectins. The selectins expressed by the bone marrow vasculature interact with their
corresponding ligands on HSPCs and subsequently slow down the blood cells. Once the
cells adhere loosely and roll along the endothelium (Step 1), chemokines like stromal
cell-derived factor-1 (SDF-1) are secreted by the endothelial cells and interact with their
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receptors on the surface of HSPCs (CXCR-4) (Step 2). These interactions lead to the
activation of integrin molecules expressed on the surface of the HSPCs which bind more
avidly to their ligands on the endothelial cells, leading to firm adhesion to the bone
marrow vasculature (Step 3). Eventually, these interactions lead to the migration and
extravasation of HSPCs to the BM niches (Step 4).

Figure 1: The multistep paradigm of cell migration. Step 1 includes the tethering and rolling mediated
by selectins and their ligands. As the cells roll over the endothelium, they come in contact with the
chemokines, which activate integrins (Step 2) leading to firm adhesion (Step 3) to the endothelium. Finally
the cell crosses the endothelium and migrates to the site of inflammation (Step 4) (Sackstein, 2011).

Selectins and their ligands
The initial process of rolling and tethering is mediated by selectins expressed by the
endothelial cells in the bone marrow sinusoids. These are calcium-dependent integral
membrane glycoproteins that bind to cell surface ligands on HSCs. There are three
known selectins- E-, L- and P-selectin. The three types of selectins are structurally
similar. They consist of extracellular lectin domain that interacts with the ligands in a
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calcium dependent manner (Drickamer, 1988), an epidermal growth factor-like (EGF)
domain, variable number of short repeats similar to those found in complement binding
proteins, a transmembrane domain, and an intracellular cytoplasmic tail (Varki, 1997).
P-selectin is constitutively expressed in intracellular vesicles of platelets and stored in
the Weibel – Palade bodies of endothelial cells, from where it is rapidly translocated to
the surface of activated endothelial cells and platelets (Ley, 2003). L-selectin is
constitutively expressed on the surface membrane of leukocytes (Cummings, 1999). Eselectin expression is transcriptionally up regulated by inflammatory cytokines. Eselectin is also constitutively expressed on the bone marrow microvasculature
(Schweitzer et al., 1996). Human BM vasculature constitutively expresses both E- and Pselectin (Mazo et al., 1998).
The selectin ligands have specialized post-translational modification called Sialyl Lewis
X (sLex), which is a carbohydrate moiety, comprised of a α (2,3)-linked sialic acid to
galactose (Gal) and a α (1,3)-linked fucose to N-acetylglucosamine (GlcNAc) of a
lactosamine unit ([Gal-GlcNAc] n) (Sackstein et al., 2008). sLex is recognized by the
selectins. Selectins have varied binding efficiencies for their ligands. They display
maximum binding to their ligands under physiologic shear conditions (Sackstein and
Fuhlbrigge, 2009). Among selectins, the binding of E-selectin to its ligand demonstrates
the highest resistance to detachment under hydrodynamic shear force assay (Sackstein
and Fuhlbrigge, 2009). The selectin ligands can be either glycolipids or glycoproteins.
However, it has been shown that membrane glycoproteins are more effective E-selectin
ligands under physiologically relevant flow conditions since the glycoprotein scaffold
extends the sLex further beyond the glycocalyx (Sackstein, 2009b).
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E-selectin ligands
As mentioned earlier, E-selectin is constitutively expressed on the bone marrow
vasculature and its ligands are found on HSPCs. E-selectin ligands expressed on mouse
and human leukocytes have been widely studied and examined. These studies have
revealed a large number of E-selectin ligands. However, E-selectin ligands expressed on
HSPCs have not been fully identified and characterized. One of the first identified ligands
for E-selectin on HSPCs is P-selectin ligand glycoprotein 1 (PSGL-1). It is a 220-kD
sialomucin-like protein. Depending on the posttranslational glycosylation pattern, PSGL1 can serve as a ligand for all three types of selectins. CLA is a specific glycoform of
PSGL-1, which is recognized by HECA-452, a rat monoclonal antibody and serves as the
E-selectin ligand (Dimitroff et al., 2001a). The sLex moiety is attached to CLA via Olinked glycosylation sites (Sackstein, 2009a).
Dimitroff et al., 2001a showed that the predominant E-selectin ligand of human
hematopoietic cells could potentially be a 100-kD specialized glycoform of CD 44. Given
that this specific glycoform is an L-selectin ligand too (Dimitroff et al., 2001b), they
designated the specialized molecule as hematopoietic cell E-/L-selectin ligand (HCELL)
(Dimitroff et al., 2001a). HCELL displays sLex, the binding determinant for selectins. It
is the carbohydrate region of CD44 that is responsible for its ligand binding activity and
the glycan modifications solely give the property of selectin binding to CD44. This is
evident as the ligand activity was found to be abrogated when the carbohydrate moieties
were altered, with either inhibitors of glycosylation or digestion with sialidase/fucosidase
(Oxley and Sackstein, 1994). HCELL is the strongest E- and L-selectin ligand expressed
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on human cells. It is found on human HSPCs (CD34+ cells), but is not expressed on
mouse HSPCs (Lin-/c-Kit+/Sca-1+ cells) (Sackstein, 2011).
CD43 is a sialomucin expressed on most leukocytes (Fukuda and Tsuboi, 1999). It is
known to serve as an E-selectin ligand on human T cells (Fuhlbrigge et al., 2006). In
2011, it was shown that a specific glycoform of CD43 (130-kDa) serves as an E-selectin
ligand binding glycoform for both human HSPC (CD34+) cells and mouse LSK cells.
The study also revealed that the binding of this CD 43 glycoform to E-selectin is more
pronounced on human CD34+ cells than on mouse LSK cells (Merzaban et al., 2011).

Endomucin
Endomucin is expressed on nearly all endothelial cells of the human vascular system,
including the lymphatic vessels and arterioles. Surprisingly, endomucin was also found to
be expressed on epithelial cells of the epidermis and apocrine and eccrine glands in the
skin. Its expression was detected with the use of polyclonal antibodies (Samulowitz et al.,
2002).
In 2002, endomucin expression was identified on the High Endothelial Venules (HEVs)
of mouse and human lymphoid organs. The endomucin expressed on HEVs was found to
be highly O-glycosylated and carrying the carbohydrate MECA-79 epitope (Samulowitz
et al., 2002). Since then, four isoforms of endomucin have been identified in the various
tissues where endomucin is present.
Homing of lymphocytes to lymph nodes (LNs) and Peyer’s Patches (PPs) involves
transient interactions between the circulating lymphocytes and the HEVs. These
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interactions include the tethering and rolling of the lymphocytes along the HEVs (Step 1),
chemokine and integrin activation due to intracellular signaling (Step 2), firm adhesion
(step 3) and transendothelial migration (step 4) across the HEVs. Lymphocyte rolling on
HEVs depends on the interaction of L-selectin on lymphocytes with the carbohydrate
moieties present on sialomucin proteins expressed on the HEVs (Lowe, 2002). All of the
identified molecules have sialomucin-like character containing many O-linked
carbohydrate chains. Also, only specific glycoforms of these molecules act as L-selectin
ligands. These glycoproteins have a number of posttranslational modifications including
α2-3 sialylation, α1-3 fucosylation, and carbohydrate 6-O sulfation which aid in the
interaction with the lectin domain of L-selectin (Rosen, 1999). This complex of four or
potentially more glycoproteins L-selectin ligands defined by their reactivity with MECA79 epitope has been given the name peripheral lymph node addressin (PNAd) (Berg et al.,
1991) (Streeter et al., 1988). Endomucin is also included in this complex.
It has been shown that endomucin expressed in HEVs binds to L-selectin and also has the
MECA-79 epitope (Kanda et al., 2004). The group observed that with the appropriate
amount of glycosylation, endomucin could facilitate the rolling of circulating
lymphocytes through interactions with L-selectin.
Depending on its glycosylation state, endomucin may serve different functions. It has
been proposed that endomucin has anti-adhesive properties, which might aid in
dislodging early hematopoietic cells from the dorsal aorta (Samulowitz et al., 2002).
Also, as reported above endomucin plays a role in the rolling of lymphocytes on HEVs
via interactions with L-selectin.
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Endomucin is a member of the sialomucin family to which CD34 also belongs. CD34 is a
widely used marker of HSCs and HSPCs. As mentioned above, endomucin was always
considered to be an endothelium- specific protein. However, it has been shown that
endomucin is expressed on LTR-HSCs in adult BM and developing HSCs in the mouse
embryo (Matsubara et al., 2005). This surprising discovery suggests a possible role of
endomucin in hematopoietic development. The presence of endomucin on human HSPCs
has not been previously reported.
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OBJECTIVES
E- and P-selectin ligands are important in the homing of HSPCs to their bone marrow
niche and therefore identification and characterization of these ligands is critical to
understanding this complex process and determining methods to more effectively deliver
therapeutic cells, HSPCs, to their home in the bone marrow in order to circumvent blood
diseases like leukemia. To this end our lab is interested in identifying these ligands on
human HSPCs. A number of steps need to be optimized and performed to 1) identify
these ligands and 2) ultimately determine their role in binding and homing. This Chapter
deals with 1) optimizing a protocol to identify all the potential P-selectin ligands
expressed on HSPCs; and 2) validating biochemically the role of one potential E-selectin
ligand, endomucin, previously identified in our lab from a mass spectrometry screen of
HSPC E-selectin ligands.
Mass spectrometry analysis done in our lab revealed endomucin as a potential E-selectin
ligand candidate, a previously uncharacterized role for this ligand. The aim of this study
was to verify, by western blotting and immunoprecipitation, if the CD34+ HSPC like cell
line, KG-1a expresses endomucin and if it is an E-selectin ligand.
Another aim of this study was to optimize Western Blotting to visualize P-selectin
ligands on KG-1a cells with minimum non-specific interaction between the PVDF
membrane and antibody.
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MATERIALS AND METHODS
Cells and Antibodies
Human cell line KG-1a (ATCC), derived from human acute myelogenous leukemia,
which serves as HSPC-like CD34+ model cell line was cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% FBS (GIBCO) and 1% penicillin-streptomycin
antibiotic solution (Thermo Scientific).
The following antibodies were purchased from R&D Systems: Human Endomucin (Goat
IgG), Recombinant mouse E-selectin/human immunoglobulin chimera (E-Ig) and
Recombinant mouse P-selectin/human immunoglobulin chimera (P-Ig). Rat anti-human
sLex (clone: HECA-452; isotype: IgM) was purchased from BD Pharmingen. AntiHuman IgG HRP antibody was purchased from southern biotech. Rabbit anti-Goat IgGHRP was purchased from Invitrogen. Goat Anti-Rat IgM was purchased from ABD
Serotec.

Cell lysis
107 KG-1a cells were washed thrice with ice-chilled phosphate buffer saline (10 mM
phosphate, 150 mM sodium chloride, pH 7.2 from Invitrogen) and centrifuged at 1500
rpm at 4oC for 5 minutes using micro centrifuge (Eppendorf) between each wash. Whole
cell lysate was prepared using 100 µl of Triton X-100 lysis buffer with 1% Triton X-100
(Fisher Scientific), 50mM-Tris base (pH 8), 150 mM NaCl, 5 mM EDTA, 1mM PMSF
(phenylmethanesulfonyl fluoride-Sigma Aldorich) and protease inhibitor cocktail tablet
(Roche Molecular Biochemicals). Cell lysis was done at 40C for 1 hour with continuous
rotation. The protein extract was separated from disrupted cell membrane, nucleic acids
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and cell debris by centrifugation at 13,200 rpm for 30 minute at 4ᵒC using a
microcentrifuge (Eppendorf).

Gel electrophoresis
4X Laemmli buffer; NuPAGE® LDS Sample Buffer (4X) (Invitrogen) and 10% βmercaptoethanol (Fisher) were added to the protein samples followed by heating at 70°C
for 10 minutes. The resultant protein samples were loaded on a 4-20% sodium dodecyl
sulfate polyacrylamide (SDS-PAGE), mini-protean TGX gel (Bio-Rad Laboratories,
Hercules, CA). After gel electrophoresis, the proteins were subsequently transferred to
PVDF (polyvinylidene diflouride) membrane (Bio-Rad Laboratories) at 250V, 0.39A for
1. 5 hours. The membrane was then blocked with Tris Buffer Saline Tween-20 (20mM
Tris, 137mM NaCl, 0.1% Tween-20, PH 7.6) having 10% non-fat milk for 2 hours at
room temperature. After blocking, the membranes were immunostained with 1µg/ml of
primary antibody diluted in TBST for 2 hours at room temperature at 20 rpm on an Ultra
Rocker rocking platform (Bio-Rad).
The membranes were washed with TBST for 40 minutes at 120 rpm speed to remove the
unbound primary antibody. Following that, the membranes were incubated with
appropriate HRP-conjugated secondary antibody for 1 hour at room temperature. The
membranes were again washed with TBST to remove the unbound antibody. For all tests,
membranes stained with secondary antibody only were used as control. Blots were
visualized with chemiluminescence using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific).
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For the optimization protocol, the concentration of NaCl and Tween 20 in TBST used for
diluting the primary and secondary antibodies and washing the unbound antibodies was
varied. Table 1 highlights the different concentrations of NaCl and Tween-20 used to
prepare the washing buffer TBST.
Table 1: Varying concentrations of NaCl and Tween used
to prepare TBST buffer.

S.No

Tris conc.

NaCl conc.

Tween conc.

1

20mM

137mM

0.01%

2

20mM

137mM

0.07%

3

20mM

137mM

0.10%

4

20mM

137mM

0.20%

5

20mM

137mM

0.30%

6

20mM

160 mM

0.10%

7

20mM

160 mM

0.20%

8

20mM

160 mM

0.30%

9

20mM

160 mM

0.35%

10

20mM

190 mM

0.20%

11

20mM

190 mM

0.30%

Immunoprecipitation (IP) Studies
107 KG-1a cells were lysed using Triton X-100 lysis buffer and lysate was collected as
described above. The collected lysate was pre-cleared by incubating with Dynabeads®
Protein G (Invitrogen) three times. 40ul of Dynabeads were used for every pre-clearing
step. Lysate was then incubated with 3 µg anti- human endomucin antibody (R&D) and
40 µl of Dynabeads® Protein G overnight at 4°C under constant rotation. The beadsantibody-antigen complex was washed three times with Triton X-100 lysis buffer
(200ul/wash) and resuspended in 24 ul ice-chilled phosphate buffer saline. 2X Laemmli
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buffer and 10% β-mercaptoethanol were added to the beads-antibody-antigen complex
while the supernatant was diluted with 1X Laemmli buffer and 5% β-mercaptoethanol.
This was followed by 10 minutes heating at 70°C. The resulting supernatant and
immunoprecipitation samples were subjected to SDS-PAGE, transferred to PVDF
membrane, and immunostained with 1µg/ml anti human endomucin and 1µg/ml of
recombinant E-Ig chimera followed by incubation with appropriate HRP -conjugated
secondary antibodies. Blots were visualized with chemiluminescence using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific).
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RESULTS
Optimization of Western Blotting to visualize P-selectin ligands in order to develop a
reliable protocol to isolate all potential ligands and identify them by mass spectrometry.
Western blotting is a commonly used technique to study the presence of proteins of
interest in cells. It is routinely used to investigate the presence of selectin ligands in KG1a cells. It provides useful information about known and novel selectin ligands in HSCs.
However, western blotting to visualize P-selectin ligands in KG-1a cells produces a lot of
non-specific interactions, which makes it difficult to view the bands. The non-specific
interactions arise as a result of interaction of the primary and secondary antibodies with
the membrane or due to incomplete blocking. After staining with the antibodies, the
membrane is washed with TBST-Tris Buffer Saline Tween-20 (20mM Tris, 137mM
NaCl, 0.1% Tween-20, pH 7.6) to remove the unbound antibodies. We investigated if
changing the concentrations of NaCl and Tween in the washing buffer could clear up the
non-specific interactions and aid in visualizing the P-selectin ligands. It was observed
that the bands for PSGL, CD44 and other known P-selectin ligands on KG-1a cells
became clearer when washed with TBST of higher concentration of salt and the detergent
Tween-20. The clearest signal was obtained with 160 mM NaCl and 0.3% Tween TBST
concentration (Figure 2A). Increasing the concentrations of NaCl and Tween above these
showed reappearance of non-specific interactions resulting in incomprehensible signals.
A salt concentration of 137 mM NaCl and 0.3% Tween also showed a clear signal
(Figure 2B).
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Figure 2. Western blot membranes of P-selectin ligands showing minimum non-specific interaction.
The membranes were probed with recombinant P-Ig chimera (1µg/ml) followed by anti-human IgG HRP
for visualization. A) Membrane washed with TBST (160mM NaCl, 0.3% Tween-20). B) Membrane
washed with TBST (137mM NaCl, 0.3% Tween-20).

Now that optimal conditions have been determined to stain membranes for P-selectin
ligands, optimization protocols using similar conditions will be used to determine the
conditions necessary for IP using P-Ig in order to help identify novel P-selectin ligands
by future mass spectrometry studies.

Biochemical validation of the role of endomucin, previously identified in our lab from a
mass spectrometry screen of HSPC E-selectin ligands, as an E-selectin ligand.
Mass spectrometry analysis performed in our lab revealed novel E selectin ligand
candidates. Among these, CD34 and endomucin, previously unknown E selectin ligands,
came up as potential E-selectin ligands. The LTQ Orbitrap Mass Spectrometer was used
to perform high-resolution identification of proteins existing in dynamic range.
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Appendix 1 highlights the results generated from the MS analysis. The whole experiment
was repeated twice and consistent protein candidates were included in the final dataset.
Further validation of these potential ligands was subsequently performed.
Western blotting was carried out on whole cell lysate prepared from KG-1a, a human
hematopoietic cell line which serves as HSPC-like CD34+ model cell line, to check for
the expression of endomucin protein. The membrane was probed with an anti-human
endomucin antibody; a control blot was also done in parallel where it was probed with
anti-goat IgG-HRP the secondary control alone (used to visualize the endomucin) in
order to determine if non-specific interactions occur. As shown in Figure 3A, a band was
detected at around 60-85 kDa which corresponds to the known molecular weight of
endomucin (MW 70-90 kDa). Since this band was not seen in the secondary control
(Figure 3B), it was inferred that the band was possibly endomucin protein and was not
due to any non-specific interaction of the primary antibody with the membrane. Another
band of 10-20 kDa was visible. Since the same band was seen in the secondary antibody
control, it was assumed to be a non-specific band.

Figure 3.	
   Western blot analysis of a whole cell lysate from KG-1a cells revealed the presence of
endomucin protein. Western blots were prepared from KG-1a whole cell lysates and membranes were
probed with A) anti-human endomucin (1µg/ml) antibody followed by anti-goat IgG-HRP secondary
antibody for visualization or B) anti-goat IgG-HRP secondary antibody alone as a control.
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Immunoprecipitation studies revealed endomucin as a new and unique E-selectin ligand
candidate.
To confirm whether endomucin is an E-selectin ligand, immunoprecipitation (IP) coupled
with western blot was performed on lysates prepared from KG-1a cells. Whole cell lysate
was incubated with anti-human endomucin and dynabeads overnight under constant
rotation. Western blots of the IP’ed samples were probed with 1µg/ml HECA-452, a
monoclonal antibody that recognizes sLex or with 1µg/ml recombinant E-selectin-Ig
chimera (E-Ig). E-Ig is a mouse E-selectin protein fused to human IgG1. This was
followed by incubation with appropriate HRP -conjugated secondary antibodies.

Figure 4.	
   Western Blot analysis revealed endomucin binds E-selectin. Endomucin was
immunoprecipitated from lysates of KG-1a cells. Resultant proteins were run on a 4-20% SDS/PAGE
gradient gel and transferred to a PVDF membrane and blotted. A) Membrane was blotted with HECA-452
(1µg/ml) followed by HRP antibody for visualization; and B) Membrane was blotted with recombinant EIg chimera (1µg/ml) followed by anti-human IgG-HRP for visualization.

As shown in Figure 4A, a band at around 70 kDa showing HECA-452 reactivity was
detected in the immunoprecipitate. The supernatant also displayed HECA-452 reactivity,
showing the presence of additional E-selectin ligands.
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Probing the membrane with E-selectin recombinant protein (E-Ig) showed a single band
of 70kDa (Figure 4B) corresponding to the band seen on the membrane probed with
HECA-452. These preliminary results provide promising evidence that endomucin serves
as an E-selectin ligand. Follow-up experiments to confirm endomucin as an E-selectin
ligand and investigate its role in mediating the tethering and rolling of HSPCs on BM are
required to provide insight into the process of homing.
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DISCUSSION
Bone marrow transplantation is a common treatment procedure for a number of
hematological malignancies. The U.S. Department of Health and Human Services reports
that more than 18,000 people per year require bone marrow or umbilical cord blood
transplant as a treatment option for a life threatening disease. Despite this, the survival
rate of patients receiving transplants is poor since a less percentage of the transplanted
cells reach their target organ in the recipient’s body. The success of bone marrow
transplants depends on many factors. One of these factors is the understanding of the
process of homing and how the stem cells reach their niches. Homing is a complex
process involving several steps. The initial steps of tethering and rolling are mediated by
interactions between selectins expressed on the surface of endothelial cells and their
ligands present on the surface of HSCs. One of the selectins that is constitutively
expressed in the bone marrow vasculature is E-selectin (Mazo et al., 1998). Up until now,
only three potential ligands of E-selectin that are expressed on HSCs have been reported:
CLA, which is a specific glycoform of PSGL-1(Dimitroff et al., 2001a), HCELL which is
a glycoform of CD44 (Dimitroff et al., 2001a) and a glycoform of CD43 (Merzaban et
al., 2011).
Mass spectrometry analysis carried out by our lab revealed new and unique E-selectin
ligand candidates. Among these, one of the previously unknown E-selectin ligand
candidates that came up was endomucin. Endomucin has previously been reported to be a
potential L-selectin ligand (Samulowitz et al., 2002).
Endomucin is expressed on nearly all endothelial cells of the human vascular system.
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In 2005, it was reported, for the first time, that the expression of endomucin on LTRHSCs in adult BM and in HSCs in the developing mouse embryo (Matsubara et al.,
2005). The researchers observed the disappearance of endomucin expression in cells with
lineage markers. This suggests a previously unknown role of endomucin in hematopoietic
development. The group also reported the expression of endomucin in human HSCs at
the mRNA level. Our first aim was to check for the expression of endomucin protein in
human HSCs. For this, we performed western blot analysis of KG-1a cells since KG-1a
serves as an HSPC-like CD34+ cell line, and is considered a great in vitro model system
to characterize the primitive hematopoietic cells. Probing the whole cell lysate with antihuman endomucin, followed by HRP-antibody for visualization antibody showed a band
within the reported molecular weight of human endomucin. To ensure the specificity of
the band, we performed a simultaneous control experiment in which the membrane was
probed only with the HRP-antibody. The control did not show any band around the
molecular weight of endomucin. Hence, we concluded that the endomucin band was
specific and endomucin is expressed by HSCs.
Our next aim was to study whether endomucin expressed on HSCs is an E-selectin
ligand. For this, we performed endomucin immunoprecipitation followed by western
blotting. Our results from this experiment confirmed E-selectin and HECA-452 reactivity
on the endomucin IP. The supernatant also displayed HECA-452 reactivity, which was
due to the presence of known E-selectin ligands like HCELL. Another possibility for this
could be that the IP for endomucin was incomplete, so the HECA-452 signal in the
supernatant could correspond to residual endomucin. This result was consistent with the
Mass Spectrometry analysis results of our lab that listed endomucin as a potential E-

	
  

	
  
	
  

	
  

	
   	
  
29	
  

	
  

	
  

	
  

selectin ligand. Although endomucin has not been previously associated with an Eselectin ligand, it’s been shown to be involved in cell migration. Endomucin plays a role
in the homing of lymphocytes to lymph nodes (LNs) and Peyer’s Patches (PPs), and
serves as an L-selectin ligand in HEVs. Judging from its known functions, it is highly
probable that endomucin expressed on HSCs could serve as an E-selectin ligand aiding
the process of homing to the bone marrow. However, our experiments were only
preliminary and further follow-up experiments are required to elucidate the role of
endomucin in HSCs and its possibility of being an E-selectin ligand. Furthermore, the
presence of different glycoforms of endomucin on HSCs needs to be examined. This can
be done by an exhaustive E-Ig IP to pull down all E-selectin ligands, followed by a final
IP with endomucin antibody to pull out any endomucin that did not react with the E-Ig.
Also, functional binding studies, like the blot rolling assay, which measures the ability of
candidate selectin ligands like endomucin to support HSPC rolling under physiological
flow in vitro need to be carried out.
In summary, with the findings from this study, we hope to shed some light to understand
the homing process, which will ultimately aid in improving the therapeutic efficiency of
BM transplantation.
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CHAPTER II: Studying the effect of E-selectin on the full length and
truncated forms of cd34 mRNA
INTRODUCTION
CD34: significance of full-length and truncated forms
CD34 is a highly glycosylated transmembrane protein belonging to the sialomucin family
of surface proteins. It has a number of sites for phosphorylation by kinases like protein
kinase C and tyrosine kinase. Early HSPCs, small-vessel endothelial and embryonic
fibroblasts show the expression of CD34 antigen but it is not expressed by
morphologically mature hematopoietic cells (Lanza et al., 2001). Hence, CD34 is the
most widely used phenotypic surface marker to identify HSPCs. When HSPCs get
committed to differentiate into mature cells that are released into the peripheral blood,
they exhibit loss of expression of surface CD34 (Fackler et al., 1995). Therefore, CD34
might play a significant role in the normal developmental program of the earliest
lymphohematopoietic cell, including the stem cell.
Despite the importance of CD34 as a marker of early HSPCs in experimental and clinical
hematopoiesis, its function is not entirely understood. Since, it could potentially be
involved in the development of HSPCs, studies on the regulation and function of CD34
are of interest to many laboratories (Krause et al., 1996).
The human cd34 gene is located on chromosome 1q32, which also contains genes
encoding laminin B2 and E-, L- and P-selectin. This genetic co-localization of cd34 with
adhesion molecules implies that CD34 may potentially be involved in regulating the
expression of these adhesion molecules (Lanza et al., 2001). Two transcript variants
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encoding different isoforms derived by alternative splicing mechanism have been found
for this gene. The mRNA encoding the full-length protein contains exons 1 to 8 and has a
cytoplasmic tail of 73 amino acids. The mRNA encoding the truncated protein has an
exon X in between exon number 7 and 8, which introduces a stop codon (Figure 5).

Figure 5. cd34 gene. Truncated cd34 has a shorter cytoplasmic tail of just 16 amino acids due to
the presence of a stop codon in exon X.

The extracellular region of CD34 contains two minimal putative adhesion recognition
sequences (Fig 6). One of them is the VTXG sequence present in thrombospondin
proteins, which are adhesion glycoproteins to which cellular receptors may attach (Prater
et al., 1991). The extracellular region of CD34 is rich in serine and threonine residues
(Simmons et al., 1992). It also has six to nine sites for N-linked glycosylation
(Satterthwaite et al., 1992).

	
  

32	
  

Figure 6.	
   Glycosylation patterns in full length and truncated CD34. The cytoplasmic tail of the fulllength CD34 protein has a number of potential phosphorylation sites not found in the truncated CD34
protein. RNlAEllK and VTXG are conserved sties that may give adhesion properties (Krause et al., 1996).	
  

Since the extracellular and transmembrane domains of the full-length and truncated forms
of CD34 are similar, any difference in their functional properties may be due to the
differences in cytoplasmic tails. Indeed, it has been found that the cytoplasmic domain of
the full-length protein has potentially two protein kinase C target sites that are absent in
the truncated form of the protein (Figure 6). Since PKC is known to be involved in HSC
proliferation and differentiation (Heyworth et al., 1993), the presence of either full-length
or truncated form of CD34 may influence these processes. It has been found in murine
M1 leukemic cells that the over expression of full-length CD34 blocked their terminal
differentiation whereas over-expression of truncated form did not have any such effect
(Fackler et al., 1995). Also, it has been observed that there are variations in the relative
mRNA levels of cd34 FL and cd34 TF during differentiation of CD34+ bone marrow
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cells (Nakamura et al., 1993). Another observation was that CD34+ blast cells that selfrenew without differentiation from patients suffering with Acute Myeloid Leukemia
(AML) expressed only the full-length form of cd34 mRNA (Nakamura et al., 1993).
Brunet et al. observed that oxygen concentration influences the relative levels of cd 34
FL vs cd34 TF expression. They observed that hypoxic conditions maintain a higher cd34
full-length mRNA/ cd34 truncated form mRNA compared to normoxic conditions by
affecting mRNA stability (Brunet De La Grange et al., 2006). This observation is
significant since some areas in the bone marrow microenvironment have hypoxic
conditions, which maintain the primitive hematopoietic stem cells.
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OBJECTIVE
The objective of this work was to study the effect of E-selectin on the expression of surface
CD34 on HSPCs. We also aimed to study whether this effect was mediated by acting on the
full-length form of cd34 mRNA.
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MATERIALS AND METHODS
Primers
The following primers were purchased from Sigma-Aldrich:
CD34 Full length Sense-

5ʹ′-TGAAAAGCTGGGGATCCTAGA-3’

CD34 Full length anti sense 5ʹ′-TCCCAGGTCCTGAGCTATAGCC-3ʹ′
CD34 Truncated form sense 5ʹ′-TGAAAAGCTGGGGATCCTAGA-3ʹ′
CD34 Truncated form anti Sense 5ʹ′- TGCAGCTGATGTGCAGACT-3ʹ′
GAPDH Sense

5ʹ′-TCGACAGTCAGCCGCATCTTCTTT-3ʹ′

GAPDH anti sense

5ʹ′-ACCAAATCCGTTGACTCCGACCTT-3ʹ′

Incubation of cells with E-selectin
Human cell line KG-1a (ATCC), derived from human acute myelogenous leukemia,
which serves as HSPC-like CD34+ model cell line was cultured in RPMI 1640 culture
medium completed with 10% of fetal bovine serum (FBS, Life Technologies) and 1%
penicillin-streptomycin antibiotic solution (Thermo Scientific). 5*106 KG-1a cells were
centrifuged at 1500 rpm at 4°C for 5 minutes. The resulting pellets were resuspended in 1
mL complete RPMI media with 10 µL recombinant E-Ig chimera and incubated at 37 °C
for varying time points. For each sample, a control with no E-Ig in the RPMI media was
also prepared and incubated.
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RNA extraction and cDNA synthesis
Following

culture, total

RNA was extracted

from

the control and treated

cells

following the instructions of TRIzol Reagent with the PureLink RNA Mini Kit (Ambion,
Life Technologies, California, USA) to isolate total RNA from cells in suspension. Oncolumn PureLink® DNase Treatment (Ambion, Life Technologies, California, USA) was
done using DNase and DNAse I Reaction Buffer from New England Biolabs, UK to
remove DNA while the RNA was bound to the spin cartridge. The RNA yield was
measured using Nanodrop 2000 spectrophotometer (Thermo Scientific).
The mRNAs were reverse transcribed using the High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems, California, USA) on the Thermo Cycler from
Bio-Rad.
Calculating the amplification efficiency of primers
The amplification efficiency of each primer set (full-length CD34, truncated CD34 and
GAPDH) was calculated as follows. Serial dilutions of the sample were prepared and
PCR was performed. The thermal cycler generated the Ct for each dilution. A graph of
the threshold cycle (Ct) versus the logarithm of the concentration of the template in each
dilution was plotted to calculate the efficiency of each primer.

Real-time q-PCR
Quantitative PCR was performed using the iQ5 Multicolor Real-Time PCR Detection
System (Bio-Rad). Each well contained 1X IQ SYBR Green Supermix (Bio-Rad), 100ng
of cDNA sample; 0.5 µM forward primer and 0.5 µM reverse primer. Wells with no
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template control and negative control (with RNA instead of cDNA) were also prepared.
Triplicates for each sample were prepared and the threshold cycle Ct for each sample was
calculated as the average of the threshold cycles of the triplicates.
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RESULTS
Amplification efficiency of primer sets
In order to determine the relative abundances of full-length and truncated cd34 expressed
by cells, we designed a number of primer sets that are able to distinguish the differences
between full-length and truncated cd34 mRNA. Before using these primer sets, the
amplification efficiency of each primer set needed to be determined. To calculate this
efficiency, we determined the slope of the threshold cycle (Ct) versus the logarithm of the
concentration of the template in each dilution using the following equation:
E=10(-1/slope) -1 ……………….. (1)

(Pfaffl, 2001)

where E is the efficiency of the reaction.
As shown in Figure 7 and 8 below, the slope of the threshold cycle versus the log of
DNA concentration for cd34 full-length and truncated primers respectively, were
calculated from the graphs and were used to calculate the amplification efficiencies. The
amplification efficiencies of each set (cd34 full-length, cd34 truncated and GAPDH
house keeping genes) were found to be optimal for the studies proposed.
CD34 Full-length primer set
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Figure 7. Threshold cycle vs. log DNA concentration for CD34 full-length primer set

The amplification efficiency for the CD34 full-length primer set was calculated to be
93.8%.
CD34 truncated primer set

Figure 8. Threshold cycle vs. log DNA concentration for CD34 truncated primer set

The amplification efficiency for the CD34 truncated primer set was calculated to be
89.5%.
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GAPDH primer set

Figure 9. Threshold cycle vs. log DNA concentration for GAPDH primer set

The amplification efficiency for the GAPDH primer set was calculated to be 97.5%

Relative levels of cd34 full-length and truncated mRNA expression after incubation with
E-selectin
Quantitative PCR was performed on the cDNA from KG-1a cell samples at 10 hours, 24
hours and 36 hours after incubation with E-selectin. Q-PCR was also performed on the
control (untreated) samples at the same time points. The experiment was repeated thrice.
In order to measures the changes in cd34 FL and TF expression between E-selectin
treated and control samples, a suitable internal standard was required to control for
variability between samples. This served as an internal reference between different
samples and helped normalize for experimental error For this purpose, we used the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The fold change between samples was calculated as follows
Fold change between control and treated sample = E

	
  

ΔCt

……….. (2) (Pfaffl, 2001)
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where E is the efficiency of primer and ΔCt =(Ct for control sample- Ct for treated
sample)
ΔCt

Fold change between samples for full-length primer

= 1.94

Fold change between samples for truncated primer

= 1.90

Fold change between samples for GAPDH primer

= 1.90

ΔCt

ΔCt

To normalize the two samples using the housekeeping gene, the fold change for the target
sequence was divided by the fold change for the housekeeping gene.
Fold change normalized for full-length primer= 1.94
Fold change normalized for truncated primer = 1.90

ΔCt

ΔCt

/1.98
/1.90

ΔCt

ΔCt

The normalized values for the full-length and truncated forms of cd34 transcripts at 10
hours, 24 hours and 36 hours are summarized in Table 2. These values represent the ratio
of the transcript between the E-selectin treated sample and the control sample.

Table 2: Ratio of cd34 FL and cd34 TF transcript in E-selectin treated vs. control samples.

	
  

Time

Experiment #1

Experiment #2

Experiment #3

(hours)

(E selectin
treated/control)

(E –selectin
treated/control)

(E –selectin
treated/control)

FL

TF

FL

TF

FL

TF

10

1.7032

1.2356

1.4642

1.0768

0.378

0.2287

24

1.0759

0.8137

0.816

0.6191

0.4663

0.4007

36

1.0488

0.7324

0.9079

0.76417

0.9972

0.8131
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As seen from the Table 2, at time 10 hours, two experiments showed increase in the cd34
FL and cd34 TF transcript levels in samples treated with E-selectin compared to the
control sample. In one experiment, there was a decrease in the transcript levels in Eselectin treated samples compared to the untreated samples.
For 24 hour and 36 hours, two experiments showed a decrease in the cd34 FL and cd34
TF transcript levels in samples treated with E-selectin compared to the control sample. In
one experiment, there was an increase in the transcript levels in E-selectin treated
samples compared to the untreated samples.

Decrease in surface CD34 expression on incubating with E-selectin
We investigated the expression of CD34 surface protein on cells treated with E-selectin
compared to untreated cells by FACS analysis. The results showed that there was a
decrease in the CD34 surface protein expression after incubating KG-1a cells with Eselectin.
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Figure 10. FACS analysis of surface CD34 expression on E-selectin treated and untreated KG-1a
cells. The expression of surface CD34 was analyzed after 24, 48, 72 and 96 hours. There was no change in
CD34 expression on E-selectin treated and untreated cells after 24 hours. There was a decrease in treated
samples after 48, 72 and 96 hours.

Overall, our results provide evidence that E-selectin influences the expression of cd34
full-length and truncated mRNA. It can be seen that, on average, there is a decrease in the
level of full-length and truncated mRNAs after 24 hours and 36 hours.
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DISCUSSION
HSCs reside in the bone marrow where they can differentiate to produce all the blood
lineages. These stem cells respond to cues from the bone marrow microenvironment to
either maintain their quiescent state or to proliferate and differentiate. Two HSC niches in
the bone marrow have been identified based on their location: an osteoblastic niche and a
vascular niche. The osteoblastic niche is populated by HSCs in their quiescent state
whereas the vascular niche mainly contains HSCs that are committed to differentiate. As
mentioned earlier, E-selectin is constitutively expressed in the bone marrow vasculature
(Mazo et al., 1998). Recently, it was shown that expression of E-selectin was found to be
16-fold higher in the mouse vascular niche region compared to the central sinusoidal
region. It was also shown that E-selectin present in the vascular niche induces the HSCs
to differentiate and proliferate. However, the ligand through which the E-selectin has this
effect on HSCs is unknown. None of the canonical E-selectin ligands have been shown to
be involved in this (Winkler et al., 2012).
CD34 is the most widely used phenotypic surface marker to identify HSPCs. When
HSPCs get committed to differentiate into mature cells that are released into the
peripheral blood, they exhibit loss of expression of surface CD34 (Fackler et al., 1995).
The loss of expression of CD34 denotes the commitment of the HSPC to differentiate
into mature cells.
Mass spectrometry analysis done in our lab revealed CD34 as a potential E-selectin
ligand candidate, a previously uncharacterized role for this molecule. Western blotting
and immunoprecipitation studies confirmed this role of CD34. Our aim was to investigate
whether E-selectin binding causes changes in CD34 expression in HSCs, which triggers
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downstream signaling pathways that lead the cell to proliferate and/or differentiate. We
hypothesized that CD34 expression on vascular niche HSPCs coincides with its entry into
proliferation and subsequently to differentiate which is regulated by its interaction with
E-selectin expressed on vascular niche endothelial cells. FACS analysis done in our lab
showed that there was a decrease in the CD34 surface protein expression 24 hours after
incubating KG-1a cells with E-selectin. We also saw a decrease in both the FL and TF of
cd34 mRNA 24 and 36 hours after incubating the cells with E-selectin. This preliminary
work suggests that E-selectin may play a role in the loss of expression of surface CD34
from HSPCs that get committed to differentiate into mature cells that are eventually
released into the peripheral blood. However, a number of follow up experiments are
required to confirm our hypothesis. The signaling pathway through which E-selectin
might affect CD34 expression needs to be determined. Phosphoproteomic techniques will
be used to visualize the changes in the phosphorylation state of HSPCs in response to
recombinant E-selectin binding. Also, knocking down CD34 gene expression with
shRNA will be used to study the effect of the loss of CD34 on the proliferative state of
the cell.
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CONCLUSION
Selectin ligands are important in the homing of HSPCs to their bone marrow niche and
therefore identification and characterization of these ligands is critical to understanding
this complex process and determining methods to more effectively deliver therapeutic
cells, HSPCs, to their home in the bone marrow in order to circumvent blood diseases
like leukemia. To this end our lab is interested in identifying these ligands on human
HSPCs.
Mass spectrometry analysis done in our lab revealed endomucin and CD34, two members
of the CD34 family of glycoproteins, as potential E-selectin ligand candidates, previously
uncharacterized roles for these ligands. In this study we aimed to confirm, by western
blotting and immunoprecipitation, if the CD34+ HSPC like cell line, KG-1a expressed
endomucin and if it is an E-selectin ligand. Our results confirmed the binding of
endomucin to E-selectin. Our lab also confirmed the binding of CD34 expressed on the
surface of HSPCs to E-selectin.
CD34 is the most widely used phenotypic surface marker to identify HSPCs. The loss of
expression of CD34 denotes the commitment of the HSPC to differentiate into mature
cells. We hypothesized that CD34 expression on vascular niche HSPCs coincides with its
entry into proliferation and subsequently to differentiate which is regulated by its
interaction with E-selectin expressed on vascular niche endothelial cells. Our results
showed a decrease in the CD34 surface protein on incubating KG-1a cells with Eselectin. We also showed a decrease in the cd34 full-length and truncated form mRNA
transcripts on incubation with E-selectin.
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Our work suggests new roles for endomucin and CD34. Interaction of these molecules
with E-selectin may affect the homing of transplanted cells to their bone marrow
microenvironments. Also, E-selectin may play a role in the loss of expression of surface
CD34 from HSPCs that get committed to differentiate into mature cells that are
eventually released into the peripheral blood. A number of follow up experiments are
required to further validate our results. This will provide us insight into novel roles for
endomucin and CD34 and help us to understand the factors influencing HSPC migration
to BM endothelium as well as HSPC maintenance and hemotopoeisis.
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APPENDICES
Complete dataset of mass spectrometry analysis on E-selectin IP products
Type of search : MS/MS Ion Search
Enzyme : Trypsin
Variable modifications : Carbamidomethyl (C), Oxidation (M)
Mass values : Monoisotopic
Protein mass : Unrestricted
Peptide mass tolerance : ± 10 ppm
Fragment mass tolerance : ± 0.6 Da
Max missed cleavages : 1
Instrument type : LTQ Orbitrap
Significance threshold p<0.01 (unless otherwise noted)
*Note:
•
IP_RS_Eig refers to proteins from the E-selectin IP samples from the KG-1a cell
line. Likewise, IP_BM_Eig refers to samples from the bone marrow CD34+ cells.
The following class of proteins (potential contaminants) were filtered away:

•

o

keratin

o

hornerin

o

cytoskeletal proteins (actin, tubulin)

o

mitochondrial proteins

o

ribosomal proteins

o

histones

The known E-selectin ligands were highlighted.

•

	
  

52	
  
IP_RS_Eig
Erythrocyte band 7 integral membrane protein OS=Homo sapiens GN=STOM
1
PE=1 SV=3
Calnexin OS=Homo sapiens GN=CANX PE=1 SV=2,Calnexin OS=Pongo abelii
2
GN=CANX PE=2 SV=2
Ras-related protein Rab-1A OS=Homo sapiens GN=RAB1A PE=1 SV=3,Rasrelated protein Rab-1A OS=Mus musculus GN=Rab1A PE=1 SV=3,Ras-related
3
protein Rab-1A OS=Canis familiaris GN=RAB1A PE=1 SV=3,Ras-related
protein Rab-1A OS=Sus scrofa GN=RAB1A PE=2 SV=3,Ras-related protein
Rab-1A OS=Rattus norvegicus GN=Rab1A PE=1 SV=3
Prohibitin OS=Homo sapiens GN=PHB PE=1 SV=1,Prohibitin OS=Bos taurus
4
GN=PHB PE=2 SV=1
Prohibitin-2 OS=Mus musculus GN=Phb2 PE=1 SV=1,Prohibitin-2 OS=Pongo
5
abelii GN=PHB2 PE=2 SV=1,Prohibitin-2 OS=Rattus norvegicus GN=Phb2
PE=1 SV=1,Prohibitin-2 OS=Homo sapiens GN=PHB2 PE=1 SV=2
Ras-related protein Rab-5C OS=Homo sapiens GN=RAB5C PE=1 SV=2,Ras6
related protein Rab-5C OS=Pongo abelii GN=RAB5C PE=2 SV=1
Galectin-1 OS=Homo sapiens GN=LGALS1 PE=1 SV=2,Galectin-1 OS=Rattus
norvegicus GN=Lgals1 PE=1 SV=2,Galectin-1 OS=Cricetulus griseus
7
GN=LGALS1 PE=1 SV=2,Galectin-1 OS=Pongo abelii GN=LGALS1 PE=2
SV=3
ADP/ATP translocase 2 OS=Homo sapiens GN=SLC25A5 PE=1
SV=6,ADP/ATP translocase 3 OS=Bos taurus GN=SLC25A6 PE=2
SV=3,ADP/ATP translocase 2 OS=Mus musculus GN=Slc25a5 PE=1
8
SV=3,ADP/ATP translocase 2 OS=Tachyglossus aculeatus aculeatus
GN=SLC25A5 PE=2 SV=1,ADP/ATP translocase 2 OS=Rattus norvegicus
GN=Slc25a5 PE=1 SV=3,ADP/ATP translocase 2 OS=Bos taurus GN=SLC25A5
PE=2 SV=3
9
CD44 antigen OS=Homo sapiens GN=CD44 PE=1 SV=2
Heterogeneous nuclear ribonucleoprotein A1 OS=Pan troglodytes
GN=HNRNPA1 PE=2 SV=1,Heterogeneous nuclear ribonucleoprotein A1
OS=Rattus norvegicus GN=Hnrnpa1 PE=1 SV=3,Heterogeneous nuclear
ribonucleoprotein A1 OS=Homo sapiens GN=HNRNPA1 PE=1
SV=5,Heterogeneous nuclear ribonucleoprotein A1 OS=Bos taurus
10
GN=HNRNPA1 PE=1 SV=2,Putative heterogeneous nuclear ribonucleoprotein
A1-like 3 OS=Homo sapiens GN=HNRPA1L3 PE=5 SV=1,Heterogeneous
nuclear ribonucleoprotein A1 OS=Mus musculus GN=Hnrnpa1 PE=1
SV=2,Heterogeneous nuclear ribonucleoprotein A1 OS=Macaca mulatta
GN=HNRNPA1 PE=2 SV=3,Heterogeneous nuclear ribonucleoprotein A1-like 2
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OS=Homo sapiens GN=HNRNPA1L2 PE=2 SV=2
11
12
13
14
15
16
17

18

19
20
21
22
23
24

25

	
  

Dermcidin OS=Homo sapiens GN=DCD PE=1 SV=2
Intercellular adhesion molecule 3 OS=Homo sapiens GN=ICAM3 PE=1 SV=2
Hematopoietic progenitor cell antigen CD34 OS=Homo sapiens GN=CD34 PE=1
SV=2
Sideroflexin-1 OS=Homo sapiens GN=SFXN1 PE=1 SV=4
UPF0498 protein KIAA1191 homolog OS=Pongo abelii PE=2 SV=1
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
OS=Homo sapiens GN=RPN1 PE=1 SV=1,Dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 1 OS=Pongo abelii GN=RPN1 PE=2 SV=1
4F2 cell-surface antigen heavy chain OS=Homo sapiens GN=SLC3A2 PE=1
SV=3
Voltage-dependent anion-selective channel protein 3 OS=Sus scrofa
GN=VDAC3 PE=2 SV=2,Voltage-dependent anion-selective channel protein 3
OS=Pongo abelii GN=VDAC3 PE=2 SV=1,Voltage-dependent anion-selective
channel protein 3 OS=Mus musculus GN=Vdac3 PE=1 SV=1,Voltage-dependent
anion-selective channel protein 3 OS=Bos taurus GN=VDAC3 PE=2
SV=1,Voltage-dependent anion-selective channel protein 3 OS=Oryctolagus
cuniculus GN=VDAC3 PE=2 SV=1,Voltage-dependent anion-selective channel
protein 3 OS=Homo sapiens GN=VDAC3 PE=1 SV=1
Putative uncharacterized protein LOC100130201 OS=Homo sapiens PE=5 SV=1
HLA class I histocompatibility antigen, alpha chain G OS=Homo sapiens
GN=HLA-G PE=1 SV=1
Olfactory receptor 6C65 OS=Homo sapiens GN=OR6C65 PE=2 SV=1
Endoglin OS=Homo sapiens GN=ENG PE=1 SV=2
Receptor-type tyrosine-protein phosphatase C OS=Homo sapiens GN=PTPRC
PE=1 SV=2
Serine/threonine-protein kinase 11 OS=Gallus gallus GN=STK11 PE=2
SV=1,Serine/threonine-protein kinase 11 OS=Homo sapiens GN=STK11 PE=1
SV=1
Endoplasmin (Fragment) OS=Oryctolagus cuniculus GN=HSP90B1 PE=2
SV=1,Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1,Endoplasmin
OS=Macaca fascicularis GN=HSP90B1 PE=2 SV=1,Endoplasmin OS=Pongo
abelii GN=HSP90B1 PE=2 SV=1

26

27

28

29
30
31
32

33

34
35
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Voltage-dependent anion-selective channel protein 2 OS=Homo sapiens
GN=VDAC2 PE=1 SV=2,Voltage-dependent anion-selective channel protein 2
OS=Bos taurus GN=VDAC2 PE=2 SV=2,Voltage-dependent anion-selective
channel protein 2 OS=Oryctolagus cuniculus GN=VDAC2 PE=2 SV=1,Voltagedependent anion-selective channel protein 2 OS=Rattus norvegicus GN=Vdac2
PE=1 SV=2,Voltage-dependent anion-selective channel protein 2 OS=Mus
musculus GN=Vdac2 PE=1 SV=2,Voltage-dependent anion-selective channel
protein 2 OS=Sus scrofa GN=VDAC2 PE=2 SV=1
Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH
PE=1 SV=3,Glyceraldehyde-3-phosphate dehydrogenase OS=Pongo abelii
GN=GAPDH PE=2 SV=3
Translocon-associated protein subunit delta OS=Homo sapiens GN=SSR4 PE=1
SV=1,Translocon-associated protein subunit delta OS=Rattus norvegicus
GN=Ssr4 PE=2 SV=1,Translocon-associated protein subunit delta OS=Bos
taurus GN=SSR4 PE=2 SV=1,Translocon-associated protein subunit delta
OS=Pongo abelii GN=SSR4 PE=2 SV=2,Translocon-associated protein subunit
delta OS=Mus musculus GN=Ssr4 PE=2 SV=1
Putative UPF0607 protein ENSP00000383783 OS=Homo sapiens PE=3 SV=2
Endomucin OS=Pongo abelii GN=EMCN PE=2 SV=1,Endomucin OS=Rattus
norvegicus GN=Emcn PE=2 SV=1,Endomucin OS=Mus musculus GN=Emcn
PE=1 SV=1,Endomucin OS=Homo sapiens GN=EMCN PE=1 SV=2
Partitioning defective 6 homolog alpha OS=Homo sapiens GN=PARD6A PE=1
SV=1
Exostosin-like 2 OS=Homo sapiens GN=EXTL2 PE=1 SV=1
UDP-glucuronosyltransferase 1-9 OS=Homo sapiens GN=UGT1A9 PE=1
SV=1,UDP-glucuronosyltransferase 1-6 OS=Homo sapiens GN=UGT1A6 PE=1
SV=2,UDP-glucuronosyltransferase 1-1 OS=Homo sapiens GN=UGT1A1 PE=1
SV=1,UDP-glucuronosyltransferase 1-4 OS=Homo sapiens GN=UGT1A4 PE=1
SV=1,UDP-glucuronosyltransferase 1-3 OS=Homo sapiens GN=UGT1A3 PE=1
SV=1,UDP-glucuronosyltransferase 1-5 OS=Homo sapiens GN=UGT1A5 PE=1
SV=1,UDP-glucuronosyltransferase 1-7 OS=Homo sapiens GN=UGT1A7 PE=1
SV=2,UDP-glucuronosyltransferase 1-10 OS=Homo sapiens GN=UGT1A10
PE=1 SV=1,UDP-glucuronosyltransferase 1-8 OS=Homo sapiens GN=UGT1A8
PE=1 SV=1
Uncharacterized protein C17orf39 OS=Homo sapiens GN=C17orf39 PE=2
SV=1,Uncharacterized protein C17orf39 homolog OS=Mus musculus PE=2
SV=1
Leukosialin OS=Homo sapiens GN=SPN PE=1 SV=1
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Transmembrane emp24 domain-containing protein OS=Nematostella vectensis
GN=v1g194562 PE=3 SV=1,Suppressor/enhancer of lin-12 protein 9
OS=Caenorhabditis elegans GN=sel-9 PE=1 SV=1,Transmembrane emp24
domain-containing protein 2 (Fragment) OS=Cricetulus griseus GN=TMED2
PE=1 SV=1,Transmembrane emp24 domain-containing protein 2 OS=Homo
sapiens GN=TMED2 PE=1 SV=1,Transmembrane emp24 domain-containing
protein 2 OS=Rattus norvegicus GN=Tmed2 PE=1 SV=1,Transmembrane emp24
domain-containing protein 2 OS=Mus musculus GN=Tmed2 PE=1 SV=1
Nucleophosmin OS=Homo sapiens GN=NPM1 PE=1 SV=2,Nucleophosmin
OS=Rattus norvegicus GN=Npm1 PE=1 SV=1,Nucleophosmin OS=Bos taurus
GN=NPM1 PE=2 SV=1,Nucleophosmin OS=Mus musculus GN=Npm1 PE=1
SV=1
Lipid phosphate phosphohydrolase 3 OS=Homo sapiens GN=PPAP2B PE=1
SV=1,Lipid phosphate phosphohydrolase 3 OS=Rattus norvegicus GN=Ppap2b
PE=1 SV=1,Lipid phosphate phosphohydrolase 3 OS=Mus musculus
GN=Ppap2b PE=1 SV=1
WD repeat-containing protein 31 OS=Homo sapiens GN=WDR31 PE=2 SV=1
Cytochrome c oxidase subunit 2 OS=Homo sapiens GN=MT-CO2 PE=1 SV=1
Neutral amino acid transporter B(0) OS=Homo sapiens GN=SLC1A5 PE=1
SV=2,Neutral amino acid transporter B(0) OS=Macaca fascicularis GN=SLC1A5
PE=2 SV=1
Protein FAM83D OS=Bos taurus GN=FAM83D PE=2 SV=1,Protein FAM83D
OS=Homo sapiens GN=FAM83D PE=1 SV=3
Kynurenine 3-monooxygenase OS=Homo sapiens GN=KMO PE=1 SV=2
Putative nuclease HARBI1 OS=Bos taurus GN=HARBI1 PE=2 SV=1,Putative
nuclease HARBI1 OS=Homo sapiens GN=HARBI1 PE=1 SV=1
60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1
SV=2,60 kDa heat shock protein, mitochondrial OS=Cricetulus griseus
GN=HSPD1 PE=2 SV=1,60 kDa heat shock protein, mitochondrial OS=Bos
taurus GN=HSPD1 PE=1 SV=2,60 kDa heat shock protein, mitochondrial
OS=Mus musculus GN=Hspd1 PE=1 SV=1,60 kDa heat shock protein,
mitochondrial OS=Rattus norvegicus GN=Hspd1 PE=1 SV=1,60 kDa heat shock
protein, mitochondrial OS=Pongo abelii GN=HSPD1 PE=2 SV=1,60 kDa heat
shock protein, mitochondrial OS=Gallus gallus GN=HSPD1 PE=1 SV=1
Septin-5 OS=Macaca fascicularis GN=Sept5 PE=2 SV=1
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14-3-3 protein beta/alpha OS=Pongo abelii GN=YWHAB PE=3 SV=1,14-3-3
protein theta OS=Homo sapiens GN=YWHAQ PE=1 SV=1,14-3-3 protein
zeta/delta OS=Ovis aries GN=YWHAZ PE=1 SV=1,14-3-3 protein beta/alpha
OS=Homo sapiens GN=YWHAB PE=1 SV=3,14-3-3 protein beta/alpha
OS=Rattus norvegicus GN=Ywhab PE=1 SV=3,14-3-3 protein zeta/delta
OS=Mus musculus GN=Ywhaz PE=1 SV=1,14-3-3 protein zeta/delta OS=Rattus
norvegicus GN=Ywhaz PE=1 SV=1,14-3-3 protein zeta/delta OS=Bos taurus
GN=YWHAZ PE=1 SV=1,14-3-3 protein zeta/delta OS=Homo sapiens
GN=YWHAZ PE=1 SV=1,14-3-3 protein beta/alpha OS=Bos taurus
GN=YWHAB PE=1 SV=2,14-3-3 protein beta/alpha (Fragments) OS=Ovis aries
GN=YWHAB PE=1 SV=2,14-3-3 protein theta OS=Mus musculus GN=Ywhaq
PE=1 SV=1,14-3-3 protein theta OS=Rattus norvegicus GN=Ywhaq PE=1
SV=1,14-3-3 protein theta OS=Bos taurus GN=YWHAQ PE=2 SV=1,14-3-3
protein beta/alpha OS=Macaca fascicularis GN=YWHAB PE=2 SV=3,14-3-3
protein theta OS=Xenopus laevis GN=ywhaq PE=2 SV=2,14-3-3 protein
beta/alpha-1 OS=Danio rerio GN=ywhab1 PE=2 SV=2,14-3-3 protein zeta/delta
OS=Pongo abelii GN=YWHAZ PE=2 SV=1,14-3-3 protein theta OS=Pongo
abelii GN=YWHAQ PE=2 SV=2,14-3-3 protein zeta OS=Gallus gallus
GN=YWHAZ PE=2 SV=1,14-3-3 protein beta/alpha OS=Gallus gallus
GN=YWHAB PE=2 SV=1,14-3-3 protein theta OS=Gallus gallus GN=YWHAQ
PE=2 SV=1,14-3-3 protein theta OS=Oryctolagus cuniculus GN=YWHAQ PE=2
SV=1,14-3-3 protein beta/alpha-2 OS=Oncorhynchus mykiss PE=2 SV=1,14-3-3
protein beta/alpha OS=Mus musculus GN=Ywhab PE=1 SV=3
Transferrin receptor protein 1 OS=Homo sapiens GN=TFRC PE=1
SV=2,Transferrin receptor protein 1 OS=Pongo abelii GN=TFRC PE=2 SV=1
GRIP1-associated protein 1 OS=Homo sapiens GN=GRIPAP1 PE=1
SV=1,GRIP1-associated protein 1 OS=Mus musculus GN=Gripap1 PE=1
SV=1,GRIP1-associated protein 1 OS=Rattus norvegicus GN=Gripap1 PE=1
SV=1
Protein Wnt-4 OS=Mus musculus GN=Wnt4 PE=1 SV=1,Protein Wnt-8
OS=Xenopus laevis GN=wnt8 PE=1 SV=2,Protein Wnt-4a OS=Danio rerio
GN=wnt4a PE=2 SV=1,Protein Wnt-4 OS=Gallus gallus GN=WNT4 PE=1
SV=1,Protein Wnt-4 OS=Xenopus laevis GN=wnt4 PE=2 SV=1,Protein Wnt-4
OS=Homo sapiens GN=WNT4 PE=1 SV=4,Protein Wnt-4 OS=Rattus
norvegicus GN=Wnt4 PE=2 SV=1
E-selectin OS=Homo sapiens GN=SELE PE=1 SV=1
Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1
SV=2,Stress-70 protein, mitochondrial OS=Bos taurus GN=HSPA9 PE=2
SV=1,Stress-70 protein, mitochondrial OS=Pongo abelii GN=HSPA9 PE=2
SV=1
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Ankyrin repeat and LEM domain-containing protein 1 OS=Homo sapiens
GN=ANKLE1 PE=2 SV=1
Phytanoyl-CoA hydroxylase-interacting protein OS=Bos taurus GN=PHYHIP
PE=2 SV=1,Phytanoyl-CoA hydroxylase-interacting protein OS=Rattus
norvegicus GN=Phyhip PE=2 SV=1,Phytanoyl-CoA hydroxylase-interacting
protein OS=Pongo abelii GN=PHYHIP PE=2 SV=1,Phytanoyl-CoA
hydroxylase-interacting protein OS=Mus musculus GN=Phyhip PE=1
SV=1,Phytanoyl-CoA hydroxylase-interacting protein OS=Homo sapiens
GN=PHYHIP PE=1 SV=1
CREB-regulated transcription coactivator 2 OS=Bos taurus GN=CRTC2 PE=2
SV=1,CREB-regulated transcription coactivator 2 OS=Rattus norvegicus
GN=Crtc2 PE=1 SV=1,CREB-regulated transcription coactivator 2 OS=Mus
musculus GN=Crtc2 PE=1 SV=2,CREB-regulated transcription coactivator 2
OS=Homo sapiens GN=CRTC2 PE=1 SV=2
Zinc finger protein 395 OS=Homo sapiens GN=ZNF395 PE=1 SV=2
Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate
dehydrogenase complex, mitochondrial OS=Homo sapiens GN=DLST PE=1
SV=3,Dihydrolipoyllysine-residue succinyltransferase component of 2oxoglutarate dehydrogenase complex, mitochondrial OS=Sus scrofa GN=DLST
PE=1 SV=1
Alpha-actinin-4 OS=Bos taurus GN=ACTN4 PE=2 SV=1,Alpha-actinin-4
OS=Homo sapiens GN=ACTN4 PE=1 SV=2,Alpha-actinin-1 OS=Gallus gallus
GN=ACTN1 PE=1 SV=3,Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 PE=1
SV=2,Alpha-actinin-2 OS=Gallus gallus GN=ACTN2 PE=2 SV=1,Alphaactinin-2 OS=Homo sapiens GN=ACTN2 PE=1 SV=1,Alpha-actinin-4 OS=Mus
musculus GN=Actn4 PE=1 SV=1,Alpha-actinin-1 OS=Macaca fascicularis
GN=ACTN1 PE=2 SV=1,Alpha-actinin-1 OS=Bos taurus GN=ACTN1 PE=2
SV=1,Alpha-actinin-2 OS=Bos taurus GN=ACTN2 PE=2 SV=1,Alpha-actinin-4
OS=Pongo abelii GN=ACTN4 PE=2 SV=1,Alpha-actinin-4 OS=Gallus gallus
GN=ACTN4 PE=1 SV=1,Alpha-actinin-2 OS=Mus musculus GN=Actn2 PE=1
SV=1,Alpha-actinin-1 OS=Rattus norvegicus GN=Actn1 PE=1 SV=1
Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1
SV=4,Heat shock protein HSP 90-beta OS=Mus musculus GN=Hsp90ab1 PE=1
SV=2,Heat shock protein HSP 90-beta OS=Rattus norvegicus GN=Hsp90ab1
PE=1 SV=4,Heat shock cognate protein HSP 90-beta OS=Gallus gallus
GN=HSP90AB1 PE=2 SV=1,Heat shock protein HSP 90-beta OS=Macaca
fascicularis GN=Hsp90ab1 PE=2 SV=1,Heat shock protein HSP 90-beta
OS=Pongo abelii GN=HSP90AB1 PE=2 SV=1,Heat shock protein HSP 90-beta
OS=Bos taurus GN=HSP90AB1 PE=2 SV=3,Heat shock protein HSP 90-beta
OS=Equus caballus GN=HSP90AB1 PE=2 SV=3
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Proliferation-associated protein 2G4 OS=Mus musculus GN=Pa2g4 PE=1
SV=3,Proliferation-associated protein 2G4 OS=Homo sapiens GN=PA2G4 PE=1
SV=3
Heat shock protein HSP 90-alpha OS=Pan troglodytes GN=HSP90AA1 PE=2
SV=1,Heat shock protein HSP 90-alpha OS=Sus scrofa GN=HSP90AA1 PE=2
SV=3,Heat shock protein HSP 90-alpha OS=Homo sapiens GN=HSP90AA1
PE=1 SV=5,Heat shock protein HSP 90-alpha OS=Mus musculus GN=Hsp90aa1
PE=1 SV=4,Heat shock protein HSP 90-alpha OS=Gallus gallus GN=HSP90AA1
PE=3 SV=3,Heat shock protein HSP 90-alpha OS=Rattus norvegicus
GN=Hsp90aa1 PE=1 SV=3,Heat shock protein HSP 90-alpha OS=Macaca
fascicularis GN=HSP90AA1 PE=2 SV=3,Heat shock protein HSP 90-alpha
OS=Bos taurus GN=HSP90AA1 PE=2 SV=3,Heat shock protein HSP 90-alpha
(Fragment) OS=Equus caballus GN=HSP90AA1 PE=2 SV=1
Myomesin-1 OS=Homo sapiens GN=MYOM1 PE=1 SV=2
Uronyl 2-sulfotransferase OS=Mus musculus GN=Ust PE=2 SV=2,Uronyl 2sulfotransferase OS=Homo sapiens GN=UST PE=2 SV=1
Integrin beta-2 OS=Homo sapiens GN=ITGB2 PE=1 SV=2
Sodium/glucose cotransporter 1 OS=Homo sapiens GN=SLC5A1 PE=1 SV=1
SH3 domain-binding protein 1 OS=Homo sapiens GN=SH3BP1 PE=1 SV=3
Cell surface glycoprotein MUC18 OS=Homo sapiens GN=MCAM PE=1 SV=2
KH domain-containing, RNA-binding, signal transduction-associated protein 2
OS=Danio rerio GN=khdrbs2 PE=2 SV=1,KH domain-containing, RNA-binding,
signal transduction-associated protein 2 OS=Homo sapiens GN=KHDRBS2
PE=1 SV=1,KH domain-containing, RNA-binding, signal transduction-associated
protein 2 OS=Rattus norvegicus GN=Khdrbs2 PE=1 SV=1,KH domaincontaining, RNA-binding, signal transduction-associated protein 2 OS=Mus
musculus GN=Khdrbs2 PE=1 SV=1
Semenogelin-2 OS=Hylobates lar GN=SEMG2 PE=2 SV=1,Semenogelin-2
OS=Hylobates klossii GN=SEMG2 PE=3 SV=1
Zinc finger protein 74 OS=Homo sapiens GN=ZNF74 PE=2 SV=2
Cytochrome P450 26B1 OS=Homo sapiens GN=CYP26B1 PE=2 SV=1
Alpha-1,6-mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase A
OS=Cricetulus griseus GN=MGAT5 PE=2 SV=1,Alpha-1,6mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase A OS=Rattus
norvegicus GN=Mgat5 PE=1 SV=1,Alpha-1,6-mannosylglycoprotein 6-beta-Nacetylglucosaminyltransferase A OS=Homo sapiens GN=MGAT5 PE=1
SV=1,Alpha-1,6-mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase
A OS=Mus musculus GN=Mgat5 PE=2 SV=1
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Fatty acid desaturase 1 OS=Homo sapiens GN=FADS1 PE=1 SV=1,Fatty acid
desaturase 1 OS=Mus musculus GN=Fads1 PE=2 SV=1,Fatty acid desaturase 1
OS=Rattus norvegicus GN=Fads1 PE=2 SV=1
P-selectin glycoprotein ligand 1 OS=Homo sapiens GN=SELPLG PE=1 SV=1
Moesin OS=Rattus norvegicus GN=Msn PE=1 SV=3,Ezrin OS=Homo sapiens
GN=EZR PE=1 SV=4,Moesin OS=Homo sapiens GN=MSN PE=1 SV=3,Ezrin
OS=Mus musculus GN=Ezr PE=1 SV=3,Moesin OS=Mus musculus GN=Msn
PE=1 SV=3,Moesin OS=Sus scrofa GN=MSN PE=2 SV=3,Radixin OS=Mus
musculus GN=Rdx PE=1 SV=2,Radixin OS=Sus scrofa GN=RDX PE=2
SV=1,Ezrin OS=Bos taurus GN=EZR PE=1 SV=2,Ezrin OS=Rattus norvegicus
GN=Ezr PE=1 SV=3,Radixin OS=Homo sapiens GN=RDX PE=1 SV=1,Moesin
OS=Lytechinus variegatus PE=3 SV=1,Moesin OS=Bos taurus GN=MSN PE=2
SV=3,Radixin OS=Bos taurus GN=RDX PE=2 SV=1,Ezrin OS=Oryctolagus
cuniculus GN=EZR PE=1 SV=3,Radixin OS=Gallus gallus GN=RDX PE=2
SV=1
E3 ubiquitin-protein ligase Praja-2 OS=Homo sapiens GN=PJA2 PE=1 SV=4,E3
ubiquitin-protein ligase Praja-2 OS=Pongo abelii GN=PJA2 PE=2 SV=1,E3
ubiquitin-protein ligase Praja-2 OS=Mus musculus GN=Pja2 PE=1 SV=2
Bardet-Biedl syndrome 12 protein homolog OS=Pongo abelii GN=BBS12 PE=2
SV=2,Bardet-Biedl syndrome 12 protein OS=Homo sapiens GN=BBS12 PE=1
SV=1
HERV-K_19q12 provirus ancestral Env polyprotein OS=Homo sapiens PE=1
SV=2,HERV-K_5q33.3 provirus ancestral Env polyprotein OS=Homo sapiens
PE=1 SV=2,HERV-K_22q11.21 provirus ancestral Env polyprotein OS=Homo
sapiens PE=2 SV=1,HERV-K_1q22 provirus ancestral Env polyprotein
OS=Homo sapiens PE=2 SV=1,HERV-K_1q22 provirus ancestral Pol protein
OS=Homo sapiens PE=3 SV=1,HERV-K_7p22.1 provirus ancestral Env
polyprotein OS=Homo sapiens GN=ERVK6 PE=1 SV=1,HERV-K_8p23.1
provirus ancestral Env polyprotein OS=Homo sapiens PE=1 SV=1,HERVK_6q14.1 provirus ancestral Env polyprotein OS=Homo sapiens PE=1 SV=1
MAP7 domain-containing protein 2 OS=Pongo abelii GN=MAP7D2 PE=2 SV=1
T-complex protein 1 subunit epsilon OS=Homo sapiens GN=CCT5 PE=1
SV=1,T-complex protein 1 subunit epsilon OS=Macaca fascicularis GN=CCT5
PE=2 SV=1,T-complex protein 1 subunit epsilon OS=Pongo abelii GN=CCT5
PE=2 SV=1,T-complex protein 1 subunit epsilon OS=Rattus norvegicus
GN=Cct5 PE=1 SV=1
Motile sperm domain-containing protein 2 OS=Homo sapiens GN=MOSPD2
PE=1 SV=1,Motile sperm domain-containing protein 2 OS=Mus musculus
GN=Mospd2 PE=1 SV=2
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Nuclear factor erythroid 2-related factor 3 OS=Homo sapiens GN=NFE2L3 PE=1
SV=1
Putative phospholipase B-like 1 OS=Homo sapiens GN=PLBD1 PE=1 SV=2
Prolyl 3-hydroxylase 2 OS=Homo sapiens GN=LEPREL1 PE=2 SV=1
Actin-related protein 2 OS=Bos taurus GN=ACTR2 PE=1 SV=1,Actin-related
protein 2 OS=Drosophila melanogaster GN=Arp14D PE=2 SV=2,Actin-related
protein 2 OS=Gallus gallus GN=ACTR2 PE=2 SV=1,Actin-related protein 2
OS=Caenorhabditis elegans GN=arx-2 PE=3 SV=1,Actin-related protein 2
OS=Homo sapiens GN=ACTR2 PE=1 SV=1,Actin-related protein 2 OS=Mus
musculus GN=Actr2 PE=1 SV=1,Actin-related protein 2-B OS=Danio rerio
GN=actr2b PE=2 SV=1,Actin-related protein 2 OS=Xenopus tropicalis GN=actr2
PE=2 SV=1,Actin-related protein 2 OS=Rattus norvegicus GN=Actr2 PE=2
SV=1,Actin-related protein 2 OS=Pongo abelii GN=ACTR2 PE=2 SV=1,Actinrelated protein 2 OS=Caenorhabditis briggsae GN=arx-2 PE=3 SV=1,Actinrelated protein 2-A OS=Danio rerio GN=actr2a PE=2 SV=1,Actin-related protein
2-A OS=Xenopus laevis GN=actr2-A PE=2 SV=1,Actin-related protein 2-B
OS=Xenopus laevis GN=actr2-B PE=2 SV=1
Uncharacterized protein C7orf63 OS=Callithrix jacchus PE=4 SV=1
Mismatch repair endonuclease PMS2 OS=Homo sapiens GN=PMS2 PE=1 SV=1
Sodium/potassium-transporting ATPase subunit alpha-3 OS=Rattus norvegicus
GN=Atp1a3 PE=1 SV=2,Sodium/potassium-transporting ATPase subunit alpha-3
OS=Homo sapiens GN=ATP1A3 PE=1 SV=3,Sodium/potassium-transporting
ATPase subunit alpha-3 OS=Mus musculus GN=Atp1a3 PE=1 SV=1
Protein disulfide-isomerase-like protein of the testis OS=Homo sapiens
GN=PDILT PE=1 SV=2
cGMP-specific 3',5'-cyclic phosphodiesterase OS=Homo sapiens GN=PDE5A
PE=1 SV=1,cGMP-specific 3',5'-cyclic phosphodiesterase OS=Canis familiaris
GN=PDE5A PE=2 SV=1,cGMP-specific 3',5'-cyclic phosphodiesterase OS=Bos
taurus GN=PDE5A PE=1 SV=1
FL cytokine receptor OS=Homo sapiens GN=FLT3 PE=1 SV=2
Myosin-XIX OS=Homo sapiens GN=MYO19 PE=2 SV=2
Mediator of RNA polymerase II transcription subunit 24 OS=Homo sapiens
GN=MED24 PE=1 SV=1,Mediator of RNA polymerase II transcription subunit
24 OS=Rattus norvegicus GN=Med24 PE=2 SV=1,Mediator of RNA polymerase
II transcription subunit 24 OS=Gallus gallus GN=MED24 PE=2 SV=1,Mediator
of RNA polymerase II transcription subunit 24 OS=Mus musculus GN=Med24
PE=1 SV=1
Disco-interacting protein 2 homolog A OS=Homo sapiens GN=DIP2A PE=2
SV=2
Complement receptor type 1 OS=Homo sapiens GN=CR1 PE=1 SV=3
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Copper-transporting ATPase 1 OS=Homo sapiens GN=ATP7A PE=1 SV=3
Ubiquitin carboxyl-terminal hydrolase 37 OS=Homo sapiens GN=USP37 PE=1
SV=1,Ubiquitin carboxyl-terminal hydrolase 37 OS=Mus musculus GN=Usp37
PE=1 SV=1
Glutamate [NMDA] receptor subunit zeta-1 OS=Mus musculus GN=Grin1 PE=1
SV=1,Glutamate [NMDA] receptor subunit zeta-1 OS=Rattus norvegicus
GN=Grin1 PE=1 SV=1,Glutamate [NMDA] receptor subunit zeta-1 OS=Homo
sapiens GN=GRIN1 PE=1 SV=1,Glutamate [NMDA] receptor subunit zeta-1
OS=Canis familiaris GN=GRIN1 PE=2 SV=2
SWI/SNF complex subunit SMARCC2 OS=Homo sapiens GN=SMARCC2
PE=1 SV=1
Integrin alpha-L OS=Homo sapiens GN=ITGAL PE=1 SV=3
Exportin-2 OS=Bos taurus GN=CSE1L PE=2 SV=1,Exportin-2 OS=Homo
sapiens GN=CSE1L PE=1 SV=3,Exportin-2 OS=Pongo abelii GN=CSE1L PE=2
SV=1,Exportin-2 OS=Xenopus laevis GN=cse1l PE=2 SV=1,Exportin-2
OS=Mus musculus GN=Cse1l PE=2 SV=1
Chromodomain-helicase-DNA-binding protein 5 OS=Homo sapiens GN=CHD5
PE=1 SV=1
Neurogenic locus notch homolog protein 3 OS=Homo sapiens GN=NOTCH3
PE=1 SV=1
A disintegrin and metalloproteinase with thrombospondin motifs 20 OS=Homo
sapiens GN=ADAMTS20 PE=2 SV=2
Sodium channel protein type 3 subunit alpha OS=Homo sapiens GN=SCN3A
PE=1 SV=2
Nipped-B-like protein OS=Homo sapiens GN=NIPBL PE=1 SV=2,Nipped-Blike protein OS=Mus musculus GN=Nipbl PE=1 SV=1
Nephrin OS=Homo sapiens GN=NPHS1 PE=1 SV=1
Serine/threonine-protein kinase LMTK1 OS=Homo sapiens GN=AATK PE=1
SV=2
Tyrosine-protein kinase BAZ1B OS=Homo sapiens GN=BAZ1B PE=1 SV=2
Protein piccolo OS=Rattus norvegicus GN=Pclo PE=1 SV=1,Protein piccolo
OS=Mus musculus GN=Pclo PE=1 SV=3
Golgin subfamily B member 1 OS=Homo sapiens GN=GOLGB1 PE=1 SV=2
PDZ domain-containing protein 2 OS=Homo sapiens GN=PDZD2 PE=1 SV=4
Sodium channel protein type 1 subunit alpha OS=Rattus norvegicus GN=Scn1a
PE=2 SV=1,Sodium channel protein type 1 subunit alpha OS=Homo sapiens
GN=SCN1A PE=1 SV=2
Serine/threonine-protein kinase ATR OS=Homo sapiens GN=ATR PE=1
SV=3,Serine/threonine-protein kinase ATR OS=Mus musculus GN=Atr PE=1
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SV=2
115
Zinc finger protein 804B OS=Homo sapiens GN=ZNF804B PE=1 SV=2
IP_BM_Eig
Small proline-rich protein 2B OS=Mus musculus GN=Sprr2b PE=2 SV=1,Small
proline-rich protein 2D OS=Mus musculus GN=Sprr2d PE=2 SV=1,Small
proline-rich protein 2G OS=Mus musculus GN=Sprr2g PE=2 SV=1,Small
proline-rich protein 2H OS=Mus musculus GN=Sprr2h PE=2 SV=1,Small
proline-rich protein 2K OS=Mus musculus GN=Sprr2k PE=2 SV=1,Small
1
proline-rich protein 2E OS=Homo sapiens GN=SPRR2E PE=2 SV=2,Small
proline-rich protein 2D OS=Homo sapiens GN=SPRR2D PE=2 SV=2,Small
proline-rich protein 2B OS=Homo sapiens GN=SPRR2B PE=2 SV=1,Small
proline-rich protein 2A OS=Homo sapiens GN=SPRR2A PE=2 SV=1,Small
proline-rich protein 2F OS=Homo sapiens GN=SPRR2F PE=2 SV=1,Small
proline-rich protein 2G OS=Homo sapiens GN=SPRR2G PE=2 SV=1
2
Ig lambda chain C regions OS=Homo sapiens GN=IGLC1 PE=1 SV=1
3
Apolipoprotein D OS=Homo sapiens GN=APOD PE=1 SV=1
4
Annexin A6 OS=Homo sapiens GN=ANXA6 PE=1 SV=3
5
Dermcidin OS=Homo sapiens GN=DCD PE=1 SV=2
Galectin-9B OS=Homo sapiens GN=LGALS9B PE=2 SV=3,Galectin-9C
6
OS=Homo sapiens GN=LGALS9C PE=2 SV=1
7
Galectin-9 OS=Homo sapiens GN=LGALS9 PE=1 SV=2
HLA class I histocompatibility antigen, A-3 alpha chain OS=Homo sapiens
GN=HLA-A PE=1 SV=2,HLA class I histocompatibility antigen, A-24 alpha
chain OS=Homo sapiens GN=HLA-A PE=1 SV=2,HLA class I
histocompatibility antigen, A-11 alpha chain OS=Homo sapiens GN=HLA-A
PE=1 SV=1,CHLA class I histocompatibility antigen, A-108 alpha chain OS=Pan
8
troglodytes GN=Patr-A PE=2 SV=2,HLA class I histocompatibility antigen, A30 alpha chain OS=Homo sapiens GN=HLA-A PE=1 SV=2,CHLA class I
histocompatibility antigen, A-2 alpha chain OS=Pan troglodytes PE=2
SV=1,HLA class I histocompatibility antigen, A-23 alpha chain OS=Homo
sapiens GN=HLA-A PE=1 SV=1
9
Active regulator of SIRT1 OS=Homo sapiens GN=RPS19BP1 PE=1 SV=1
10
Phospholipase D4 OS=Homo sapiens GN=PLD4 PE=1 SV=2
11
CD44 antigen OS=Homo sapiens GN=CD44 PE=1 SV=2
12
Galectin-3-binding protein OS=Homo sapiens GN=LGALS3BP PE=1 SV=1
13
Leukosialin OS=Homo sapiens GN=SPN PE=1 SV=1
Erythrocyte band 7 integral membrane protein OS=Homo sapiens GN=STOM
14
PE=1 SV=3,Erythrocyte band 7 integral membrane protein OS=Mus musculus
GN=Stom PE=1 SV=3
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Integrin beta-2 OS=Homo sapiens GN=ITGB2 PE=1 SV=2
HCLS1-associated protein X-1 OS=Homo sapiens GN=HAX1 PE=1 SV=2
E-selectin OS=Homo sapiens GN=SELE PE=1 SV=1
Kinesin heavy chain isoform 5C OS=Homo sapiens GN=KIF5C PE=1
SV=1,Kinesin heavy chain isoform 5C OS=Mus musculus GN=Kif5c PE=1
SV=2
Golgi integral membrane protein 4 OS=Homo sapiens GN=GOLIM4 PE=1
SV=1,Golgi integral membrane protein 4 OS=Rattus norvegicus GN=Golim4
PE=1 SV=2,Golgi integral membrane protein 4 OS=Mus musculus GN=Golim4
PE=1 SV=1
Protein THEMIS OS=Homo sapiens GN=THEMIS PE=1 SV=3
Elongation factor 1-alpha 1 OS=Equus caballus GN=EEF1A1 PE=2
SV=1,Elongation factor 1-alpha OS=Pichia guilliermondii GN=TEF1 PE=3
SV=2,Elongation factor 1-alpha OS=Vicia faba PE=2 SV=1,Elongation factor 1alpha OS=Cryptococcus neoformans GN=TEF1 PE=2 SV=2,Elongation factor 1alpha OS=Schizophyllum commune GN=TEF1 PE=3 SV=1,Elongation factor 1alpha OS=Manihot esculenta GN=EF1 PE=3 SV=1,Elongation factor 1-alpha
OS=Yarrowia lipolytica GN=TEF PE=2 SV=2,Elongation factor 1-alpha
OS=Oryza sativa subsp. japonica GN=REFA1 PE=2 SV=2,Elongation factor 1alpha OS=Artemia salina PE=1 SV=2,Elongation factor 1-alpha
OS=Saccharomyces cerevisiae GN=TEF1 PE=1 SV=1,Elongation factor 1-alpha
2 OS=Drosophila melanogaster GN=Ef1alpha100E PE=1 SV=2,Elongation
factor 1-alpha OS=Rhizomucor racemosus GN=TEF-1 PE=3 SV=1,Elongation
factor 1-alpha 1 OS=Drosophila melanogaster GN=Ef1alpha48D PE=1
SV=2,Elongation factor 1-alpha 1 OS=Mus musculus GN=Eef1a1 PE=1
SV=3,Elongation factor 1-alpha, somatic form OS=Xenopus laevis GN=eef1as
PE=2 SV=1,Elongation factor 1-alpha OS=Arabidopsis thaliana GN=A1 PE=1
SV=1,Elongation factor 1-alpha OS=Rhizomucor racemosus GN=TEF-2 PE=3
SV=1,Elongation factor 1-alpha OS=Rhizomucor racemosus GN=TEF-3 PE=3
SV=1,Elongation factor 1-alpha OS=Euglena gracilis GN=TEF PE=2
SV=1,Elongation factor 1-alpha OS=Candida albicans GN=TEF1 PE=1
SV=1,Elongation factor 1-alpha OS=Xenopus laevis PE=1 SV=2,Elongation
factor 1-alpha, oocyte form OS=Xenopus laevis GN=eef1ao PE=1
SV=1,Elongation factor 1-alpha, oocyte form OS=Xenopus laevis PE=1
SV=2,Elongation factor 1-alpha OS=Solanum lycopersicum PE=2
SV=1,Elongation factor 1-alpha OS=Dictyostelium discoideum GN=eef1a1 PE=1
SV=2,Elongation factor 1-alpha OS=Apis mellifera PE=3 SV=1,Elongation
factor 1-alpha OS=Glycine max GN=TEFS1 PE=3 SV=2,Elongation factor 1alpha OS=Onchocerca volvulus PE=2 SV=1,Elongation factor 1-alpha
OS=Absidia glauca GN=TEF-1 PE=3 SV=1,Elongation factor 1-alpha

64	
  
OS=Bombyx mori PE=2 SV=1,Elongation factor 1-alpha OS=Daucus carota
PE=3 SV=1,Elongation factor 1-alpha OS=Entamoeba histolytica PE=2
SV=1,Elongation factor 1-alpha OS=Puccinia graminis GN=TEF PE=3
SV=2,Elongation factor 1-alpha OS=Daucus carota PE=2 SV=1,Elongation
factor 1-alpha OS=Hordeum vulgare PE=1 SV=1,Elongation factor 1-alpha
OS=Ajellomyces capsulata (strain ATCC 26029 / G186AR / H82 / RMSCC
2432) GN=TEF PE=2 SV=1,Elongation factor 1-alpha OS=Arxula adeninivorans
GN=TEF PE=3 SV=1,Elongation factor 1-alpha OS=Ashbya gossypii GN=TEF
PE=3 SV=1,Elongation factor 1-alpha OS=Nicotiana tabacum PE=2
SV=1,Elongation factor 1-alpha C OS=Porphyra purpurea GN=TEF-C PE=2
SV=1,Elongation factor 1-alpha S OS=Porphyra purpurea GN=TEF-S PE=2
SV=1,Elongation factor 1-alpha-A OS=Schizosaccharomyces pombe GN=tef1a
PE=1 SV=2,Elongation factor 1-alpha OS=Caenorhabditis elegans GN=eft-3
PE=2 SV=1,Elongation factor 1-alpha 1 OS=Cricetulus griseus GN=EEF1A1
PE=2 SV=1,Elongation factor 1-alpha 1 OS=Rattus norvegicus GN=Eef1a1
PE=2 SV=1,Elongation factor 1-alpha 2 OS=Mus musculus GN=Eef1a2 PE=1
SV=1,Elongation factor 1-alpha 2 OS=Rattus norvegicus GN=Eef1a2 PE=2
SV=1,Elongation factor 1-alpha 1 OS=Bos taurus GN=EEF1A1 PE=2
SV=1,Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1
SV=1,Elongation factor 1-alpha 1 OS=Oryctolagus cuniculus GN=EEF1A1
PE=1 SV=1,Elongation factor 1-alpha (Fragment) OS=Heliothis virescens PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Heliothis zea PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Helicoverpa armigera PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Helicoverpa gelotopoeon PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Heliocheilus albipunctella PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Heliocheilus discalis PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Adisura bella PE=3
SV=1,Elongation factor 1-alpha (Fragment) OS=Anicla infecta PE=3
SV=1,Elongation factor 1-alpha OS=Cryptosporidium parvum PE=2
SV=1,Elongation factor 1-alpha OS=Aureobasidium pullulans GN=TEF1 PE=3
SV=1,Elongation factor 1-alpha OS=Neurospora crassa GN=tef-1 PE=3
SV=2,Elongation factor 1-alpha OS=Podospora anserina GN=TEF PE=3
SV=1,Elongation factor 1-alpha OS=Podospora curvicolla GN=TEF PE=3
SV=1,Elongation factor 1-alpha OS=Triticum aestivum GN=TEF1 PE=2
SV=1,Elongation factor 1-alpha OS=Tetrahymena pyriformis PE=2
SV=1,Elongation factor 1-alpha 2 OS=Homo sapiens GN=EEF1A2 PE=1
SV=1,Elongation factor 1-alpha OS=Sordaria macrospora GN=TEF PE=3
SV=1,Elongation factor 1-alpha-B/C OS=Schizosaccharomyces pombe
GN=tef1b PE=1 SV=1,Elongation factor 1-alpha (Fragment) OS=Spodoptera
frugiperda PE=1 SV=1,Elongation factor 1-alpha 1 OS=Euplotes crassus
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GN=EFA1 PE=3 SV=1,Elongation factor 1-alpha 2 OS=Euplotes crassus
GN=EFA2 PE=3 SV=1,Elongation factor 1-alpha 1 OS=Oscheius tipulae
GN=eft-1 PE=3 SV=1,Elongation factor 1-alpha 3 OS=Oscheius tipulae GN=eft3 PE=3 SV=1,Elongation factor 1-alpha 2 OS=Oscheius tipulae GN=eft-2 PE=3
SV=1,Elongation factor 1-alpha 4 OS=Oscheius tipulae GN=eft-4 PE=3
SV=1,Elongation factor 1-alpha 2 OS=Bos taurus GN=EEF1A2 PE=2
SV=1,Elongation factor 1-alpha OS=Hordeum vulgare GN=BLT63 PE=1
SV=1,Elongation factor 1-alpha OS=Zea mays GN=EF1A PE=3
SV=1,Elongation factor 1-alpha 1 OS=Pan troglodytes GN=EEF1A1 PE=2
SV=1,Elongation factor 1-alpha 1 OS=Pongo abelii GN=EEF1A1 PE=2
SV=2,Putative elongation factor 1-alpha-like 3 OS=Homo sapiens
GN=EEF1AL3 PE=5 SV=1,Elongation factor 1-alpha 1 OS=Felis catus
GN=EEF1A1 PE=2 SV=1,Elongation factor 1-alpha 2 OS=Oryctolagus
cuniculus GN=EEF1A2 PE=1 SV=1,Elongation factor 1-alpha OS=Porphyra
yezoensis PE=2 SV=1,Elongation factor 1-alpha 1 OS=Gallus gallus GN=EEF1A
PE=2 SV=1,Elongation factor 1-alpha OS=Danio rerio GN=eef1a PE=2
SV=1,Elongation factor 1-alpha OS=Coccidioides immitis GN=TEF PE=2
SV=2,Elongation factor 1-alpha OS=Piriformospora indica GN=TEF1 PE=2
SV=1,Elongation factor 1-alpha OS=Aspergillus oryzae GN=tef1 PE=3 SV=1
4F2 cell-surface antigen heavy chain OS=Homo sapiens GN=SLC3A2 PE=1
22
SV=3
Cleavage and polyadenylation specificity factor subunit 2 OS=Mus musculus
GN=Cpsf2 PE=1 SV=1,Cleavage and polyadenylation specificity factor subunit 2
23
OS=Bos taurus GN=CPSF2 PE=1 SV=1,Cleavage and polyadenylation
specificity factor subunit 2 OS=Homo sapiens GN=CPSF2 PE=1 SV=2
24
FL cytokine receptor OS=Homo sapiens GN=FLT3 PE=1 SV=2
25
Filaggrin-2 OS=Homo sapiens GN=FLG2 PE=1 SV=1
26
Integrin alpha-L OS=Homo sapiens GN=ITGAL PE=1 SV=3
Neurogenic locus notch homolog protein 3 OS=Homo sapiens GN=NOTCH3
27
PE=1 SV=1
28
Ninein OS=Homo sapiens GN=NIN PE=1 SV=3
29Protein Shroom3 OS=Homo sapiens GN=SHROOM3 PE=1 SV=130Midasin
OS=Homo sapiens GN=MDN1 PE=1 SV=2

	
  

