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ABSTRACT OF THE DISSERTATION

Functional analysis of Sall4 in modulating embryonic stem cell fate

Pei Jen A. Lee

Doctor of Philosophy in Molecular Pathology

University of California, San Diego, 2009

Professor Steven Briggs, Chair

Professor Geoff Rosenfeld, Co-chair

Cell fate decisions of embryonic stem (ES) cells are dictated by repression
and activation of lineage-specific genes. How are those regulators important in
activating a stem cell to begin differentiating into a specific cell type regulated by
the cellular and molecular signals? Understanding how these lineages arise

during development will illuminate efforts to understand the establishment and
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maintenance of the stem cell state and the mechanisms that restrict stem cell
potency. Sall4 has been reported to be part of the core transcriptional network in
embryonic stem cells; however, how Sall4 regulates ES cell fate is still unknown.
| utilized mass spectrometry to generate whole ES cell proteomes and
phosphoproteomes of human and mouse ES cells. The whole cell proteomic and
phosphoproteomic analysis provides us a large repertoire of protein lists to
unmask the regulatory elements in ES cells. Moreover, | generated a novel list of
Sall4-binding proteins by modifying a previously established enrichment protocol.
Our findings demonstrate the effectiveness of using a synthetic crosslinker, DSP,
to enrich for weak and transient Sall4 interacting protein complexes. Working
with molecular weight cut-off columns, allows us to identify new Sall4 binding
partners, leading to a better understanding of the regulatory machinery behind
the self-renewal and pluripotency of ES cells. Pathway analysis indicates that
Sall4-binding proteins are involved in Wnt signaling pathway, FGF signaling
pathway, and p53 pathway. Our data indicates that the ES cell proliferation
defect may be regulated by Integrin, TGF-beta, Cadherin, and PI3K signaling
pathways. Furthermore, the interactome has led me to explore a possible novel
function of Sall4 in microRNA biogenesis. By understanding how Sall4 regulates

cell fate determination can substantially push ESC research forward.
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Chapter 1

Introduction



Cell fate determination

The fate of a cell describes what it will become in the course of normal
development. The determinant of different cell types (cell fates) involves
progressive restrictions in their developmental potentials. Determination implies
a stable change - the fate of determined cells does not change. Differentiation
follows determination, as the cell elaborates a cell-specific developmental
program. Differentiation results in the formation of cell types such as muscle
cells, nerve cells, and skin cells. The building of an organism from a single cell to
a multicellular structure of characteristic shape and size is the result of
coordinated gene action that directs the developmental fate of individual cells.
The acquisition of different cell fates orchestrates an intricate interplay of cell
proliferation, quiescence, migration, growth, self-renewal and differentiation, and
death, elaborating and bringing together cellular ensembles in a precise manner.
How intrinsic and extrinsic factors are integrated in ontogeny to specify cell fates

defines the central question of developmental biology (4).

Why stem cells?

Embryogenesis is a complex developmental process involving
coordinated cues that direct cell behavior. It is the maturation of an inner cell
mass into tissues and then organ systems that comprise a living organism. A
stem cell is a special kind of cell that has a unique capacity to renew itself and to
give rise to specialized cell types. Although most cells of the body, such as heart

or skin cells, are committed to conduct a specific function, a stem cell is



uncommitted and remains uncommitted, until it receives a signal to develop into
a specialized cell. ES cells are derived from the inner cell mass (ICM) of the
mammalian blastocyst-stage embryos. Their importance to modern biology and
medicine derives from two unique characteristics that distinguish them from all
other organ-specific stem cells identified to date. First, they are able to undergo
cell division under specific cell culture conditions for extended periods (20).
Unlike transformed tumor cell lines, ES cells can retain normal karyotypes
following extensive passaging in culture. Second, they are pluripotent;
possessing the capacity to give rise to all of the various cell types that make up
the body, except for extra-embryonic tissues such as the amnion, chorion, and
other components of the placenta (33). Therefore, this class of ES cells holds
the promise to repairing or replacing cells or tissues damaged or destroyed by
diseases and disabilities. Three kinds of stem cells have been derived:
embryonic stem (ES) cells, trophoblast stem (TS) cells, and extra-embryonic
endoderm (XEN) cells. These stem cells appear to be derived from three distinct
tissue lineages within the blastocyst: the epiblast (EPI), the trophectoderm (TE),
and the primitive endoderm (PE), respectively. A new pluripotent cell line was
‘invented” recently. Several groups reported that somatic cells could be
reprogrammed into induced pluripotent stem cells (iPSCs), which functionally and
phenotypically resemble ESCs (52, 67-69, 88). Although iPSCs meet the
defining criteria for pluripotent stem cells, it is not known if iPSCs and embryonic

stem cells differ in clinically significant ways.



Development of the blastocyst lineages

Following fertilization of the oocyte, there are three rounds of cell division
leading to formation of the morula. During the morula stage, cells compact
against each other by the formation of intercellular junctions. Two consecutive
differentiative steps lead to blastocyst formation: TE and PE formation. The first
recognized differentiation event in mouse development occurs at the late morula
stage when the outer layer of the compacted ball of cells adopts an epithelial
structure. This structure, the nascent TE, seals off the inside of the ball, and
pump-like proteins in the TE facilitate the formation and expansion of an inner
cavity or blastocoel. The embryo is now called a blastocyst and contains two cell
types: TE and ICM. The TE will go on to produce trophoblast, the precursor to
the non-maternal components of the placenta, while the inner cell mass will

undergo a second differentiative step (85-86).

The second differentiative step occurs when the ICM differentiates into
EPI and primitive endoderm. The PE forms as an epithelium covering the ICM
and facing the blastocoel. The EPI, sometimes referred to as PE, develops
between PE and TE and will give rise to the embryo itself. By the late blastocyst
stage, three cell types, the EPI, TE, and PE, are committed to their different later
lineages and are no longer totipotent. EPI gives rise to the entire fetus as well as
extra-embryonic mesoderm. TE gives rise to all the trophoblast cell types that
make up the majority of the fetal part of the placenta, and the PE forms the XEN

layers of the visceral and parietal yolk sacs. The TE and PE extra-embryonic



lineages are required to support the growth of the mammalian fetus in the uterine
environment and are sources of signals to the EPI to initiate axial patterning (3, 6,

58).

Factors to control EPI/ PE cell fate determination

For over 20 years, scientists have attempted to understand the intrinsic
controls that keep stem cells from differentiation. A unique network of
transcription factors and signaling molecules has shown to be essential for
maintaining ES cell properties. Several key regulators identified are both
essential for formation of the ICM during mouse preimplantation development
and self-renewal of pluripotent ES cells (5, 18, 47). These core factors contribute
hallmark characteristics of ES cells by: (1) activation of target genes that encode
pluripotency and self-renewal mechanisms, and (2) repression of signaling

pathways that promote differentiation (51).

One of the hallmarks of an undifferentiated pluripotent cell is the
expression of the Pou5fl gene, which encodes the transcription factor Oct4.
During mouse preimplantation development, zygotic Pou5fl expression is
activated at the four-cell stage and is later restricted to the pluripotent cells of the
ICM and EPI (50). During PE differentiation, Oct4 expression is downregulated
in the presumptive PE, as is another gene called Nanog. Nanog encodes a
transcription factor that, like Oct4, is expressed in the ICM/ EPI lineage(18, 47).

Several observations suggest that Nanog acts as a selector of EPI fate over PE



fate. In the absence of a functional Nanog, embryos form TE and PE, but do not
form EPI. Secondly, loss of Nanog from ES cells causes them to assume XEN
character (47). Although Oct4 and Nanog are co-expressed, they appear to
participate in parallel pathways. As loss of Nanog does not affect Oct4
expression, nor does loss of Oct4 affect Nanog expression in the blastocyst(17).
Nanog has therefore been proposed to act as a selector gene during the EPI /PE

lineage decision.

Genes required within the PE lineage have also been identified.

Gata6 encodes a transcription factor expressed in the PE at the blastocyst stage
and is also expressed in XEN cells (42). Recent genetic evidence has implicated
Nanog and Gata family transcriptional factors in specifying epiblast versus PE
fate. Nanog could substitute for LIF to promote self-renewal of ES cells (18).
Disruption of this gene leads to failure to maintain pluripotency in ES cells in vitro
and peri-implantation lethality with failure of EPI formation in vivo. In a
complementary manner, overexpression of Gata6 is sufficient to transform ES
cells to PE lineages and ES cells lacking Gata6 cannot form a functional visceral

endoderm layer in in vitro embryoid body cultures (26).

Molecular mechanism of EPI/ PE formation and segregation
The EPI- and PE-specific transcription factors, Nanog and Gata6, were
expressed in the ICM in a random mutually exclusive “salt and pepper” pattern.

Lineage tracing showed predominant lineage restriction of single ICM cells at



E3.5. Chazaud et al. proposed a model in which the ICM develops as a mosaic
of EPlI and PE progenitors at E3.5, dependent on Grb2-Ras-MAP kinase
signaling, followed by later segregation of progenitors into appropriate cell layers
(19). Gata6 forced expression in ES cells causes differentiation into XEN,
suggesting Gata6 functions early in the hierarchy regulating endoderm
development. The mechanism that normally blocks these transcription factors in
ES cells is unknown, but may involve Nanog and the LIF/Stat3 signaling pathway
rather than Oct3/4 (17). However, Gata6 mutants do not exhibit XEN defects
until several days after blastocyst formation (26, 40) and may indicate other
factors initially specify PE in the blastocyst. Although no known mutation in
individual transcription factors leads to complete absence of PE formation, there
is evidence that receptor tyrosine kinase signaling is required for PE
development. Grb2 encodes an adaptor protein for receptor tyrosine kinases
such as the FGF receptor. In embryos lacking Grb2 where no PE forms, Gata6
expression was lost and all ICM cells were Nanog positive. The identity of
receptor tyrosine kinase(s) involved has not been determined (19). It is
interesting to observe that culturing ES cells in vitro seems to have similar cell

segregation.

How is Sall4 important for cell fate decision?
The Sall4 gene encodes a zinc finger protein and contains highly
conserved C2H2 zinc finger domains and a C2HC motif at the N terminal. It

belongs to SALL gene family and is human homolog of Drosophila spalt (spl) (2,



37, 41). Mutations in human SALL4 result in an autosomal-dominant syndrome
called Okihiro syndrome, characterized by limb deformity, eye movement deficits,
and less commonly, anorectal, ear, heart, and kidney anomalies(2, 35) also
known as Duane-radial ray syndrome, DRRS, Duane. A syndrome of Duane's
anomaly associated with cervical spine and radial ray abnormalities and

deafness (9-10, 36).

Sall4 is essential for embryonic development during peri-implantation
period.  Sall4-null mice did not survive beyond embryonic day (E) 6.5.
Independent of TE, Sall4 is essential for ICM outgrowth. No extra-embryonic
endodermal (XEN) cell lines could be established from Sall4-KO blastocysts
suggesting Sall4 is cell-autonomously required for the development of PE from
the ICM (23). Sall4 is also involved in forelimb and ear development in mice (39).
SALL4 is also an oncogene and constitutively expresses in human acute
leukemia (AML) (44). Sall4 also plays an important role in limb and organ
development by partnering with Tbx5 to form a transcription factor complex (38).
Disruption of Sall4 and Tbx5 causes limb mutant phenotype suggesting binding
to each other and acting synergistically to regulate FGF10 gene expression.

Tbx5 appears to activate Sall4 gene expression in these developing tissues.

Zhang et al. showed by overexpression and knockdown of Sall4 by RNA
interference (RNAI), Sall4 regulates transcription of Pou5fl by binding to the

highly conserved regulatory region of the distal enhancer and activates Pou5f1



expression in vivo and in vitro. They suggest a critical role of Sall4 by
maintenance of ES pluripotency through modulating Oct-4 expression (89) and
binding to Nanog, a key regulator of ES cell self-renewal. Sakaki-Yumoto et al.
successfully isolated Sall4-null ES cells from Sall4-Knockout blastocysts and
showed no decreased Pou5fl or Oct-4 expression. This result argues against
the conclusion from Zhang et al. It is possible that there was off-target effects by
RNAi knockdown of Sall4 in vitro. Sall4-null ES cells showed decreased
proliferation compared to wild-type ES cell, suggesting Sall4 is essential for ES
cell proliferation, but not pluripotency. Interestingly, Nanog was slightly
decreased in Sall4-deficient cells (60). Nanog heterozygous cells show no
reduction in proliferation, and Nanog-deficient cells differentiate into PE (47).
Nanog and Sall4 co-occupied Nanog enhancer region in living ES cells. Sall4 is
an important component of the transcription regulatory networks in ES cells by
cooperating with Nanog (83). It raises the question whether Sall4 can regulate

the PEI/PE fate determination by interfering with Nanog transcriptional regulation.

The biggest concern is whether these cells are representative of primitive
endoderm of the blastocyst. Mouse blastocyst-derived XEN cell lines have been
shown to represent extra-embryonic endoderm providing a new cell culture
model of early mammalian lineage (42). It is important to identify markers on
both mouse blastocyst- and ES cell-derived XEN cell lines. | will attempt to
profile whole cell proteome of human and mouse ES cell- derived XEN cells. By

comparison of published gene expression analysis of mouse blastocyst-derived
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XEN cell lines, unique proteins expressed in XEN cell will be identified for future

studies.

Perhaps the confounding factor to this field is due to variability in culture
conditions between different laboratories. The signaling complexity reflects self
renewal in culture; a true signaling pathway balancing act. There are several
ways of balancing the self-renewal equation, but ultimately culture conditions
must suppress differentiation and promote proliferation. In hESCs, by using
defined media with purified recombinant growth factors may circumvent the
problems. XEN cells may provide unique in vitro tools to study the interactions
between these lineages during development. Furthermore, these studies would
provide a foundation for efforts to guide differentiation of ES cells along selected

developmental pathways for potential therapeutic use (56).

Significance

Regenerative medicine attempts to manipulate the developmental
process within an engineered scaffold, but with varying degrees of success
(57). In vitro stem cells provides a tool to mimic the in vivo model; however, one
main problem that may limit medical applications is that ESCs have been
observed to display high genomic instability and non-predictable differentiation
after long-term growth (63-64). Although several genes essential for maintaining
pluripotency have been identified in ESCs, little is known about why some cells

are pluripotent, others are restricted in developmental potential, and how
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undifferentiated ESCs commit to undergo which cell fates. The goal of my
dissertation is to attempt to answer the following open questions: What are the
intrinsic factors that direct ESCs along a particular differentiation pathway? How
are those regulators regulated by the cellular and molecular signals that are
important in activating a stem cell to begin differentiating into a specific cell type?
Understanding how these lineages arise during development will illuminate
efforts to understand the establishment and maintenance of the stem cell state
and the mechanisms that restrict stem cell potency. By taking advantage of
spontaneous differentiating ES cell culture in vitro, | expect to elucidate the
functions of Sall4 in ES cell fate determination. This in vitro study may not only
provide a foundation for efforts to guide differentiation of ES cells along selected
developmental pathways but the enormous potential implications for medical
research and therapeutic uses.  Through proteomic approaches to different
experimental systems will help to address many of the interesting biological

questions that | have raised here.

http://stemcells.nih.gov/info/scireport/execSum.asp
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Materials and Methods
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1. Materials

Sall4 mutant ES cell lines

From Dr. Ryuichi Nishinakamura group

Drosha, DGCR8 expression vectors

From Nary Kim group

Human ESCs (H9)

Purchased from WiCell

Mouse ESCs (129/svev) and Mouse Embryonic Fibroblasts (CF-1)

Purchased from Millipore corp.

Mouse Embryonal Carcinomas (P19 and F9)

Purchased from ATCC

Lentiviral vectors

From Biosettia

Buffer A

20mM HEPES 200mM NaCl, pH 7.5

13
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Buffer D

200mM KCl, 0.2mM EDTA, 20mM Tris-HCI, pH 8.0

HBS washing Buffer

10mM HEPES, 150mM NaCl, pH 7.4

6x loading dye for EMSA

0.1% bromophenol blue, 0.1% xylene cyanol, and 50% glycerol

2X HBS for Calcium Phosphate Tranfection (500 mL):
8.0 g NaCl.

0.37 g KCI

106.5 mg Na2HPO4 (anhydrous, 201.1 mg if 7X H20)
1.0 g dextrose

5.0 g Hepes

Add 450 ml ddH20, adjust pH to 7.05 with NaOH and bring final volume to 500
ml. Sterile filter through 0.45 M filter, discarding first few mls through and store

in cold room.

Lysis buffer (50mL)
0.1% SDS, 1% Triton X-100, 1% Decycholate, 5mM EDTA, 1x PBS, 1 tablet of

complete (EDTA free) protease inhibitor (Roche)
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ECL Reagents

Stocks:

250mM Luminol in DMSO (keep at -20°C)
For 10ml 250mM luminol: 0.44g luminol-free acid (Sigma A8511) in
10ml DMSO

90mM p-Coumaric acid in DMSO (keep at -20°C)
For 10ml 90mM p-Coumaric acid: 0.147 g p-Coumaric acid (Sigma
C9008) in 10mlI DMSO

1M Tris-HCI, pH 8.5

30% Hydrogen Peroxide

To make working solution: mix 20mL Tris with 180mL ddH,O. Add 0.44ml of the

coumaric acid and 1ml of luminol. This can be kept for months at 4°C. This, plus

the stocks should be kept in brown bottles.

To do ECL: Mix 10ml working solution with 3pl H,O2. Incubate blot for 1 minute.

2. Methods

2.1 Cell Culture

Protocols for mouse, human ESCs, and MEFs were modified and available

from the National Stem Cell Bank website. All cells indicated in this study were

cultured and incubated in 100% humidity, 37°C incubator supplied with 5% CO..
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Every two months, mycoplasma test was performed by PCR to ensure the quality

and condition of the cells.

Splitting

Except for human ESCs, | used the same protocol for splitting the
HEK293T, MEFs, mESCs, and mECs. When the cells reached 90% confluency,
they were at the point to be split and passaged. Cells were first washed with
1xPBS twice and then incubated with 0.05% Trypsin at room temperature for one
to two minutes. 3 volumes of basal media (described at 2.1.1) were then added
to neutralize the protease. The cells were dissociated by pipetting up and down
several times. The cells were then centrifuged at 1000g for 1 minute and the
supernatant was removed. New media was then added and mixed with the cells
to ensure homogeneity. Cells were then plated out at the desired ratio

depending on the purpose (1:5 to 1:10). Media was changed every other day.

2.1.1 HEK?293T cells

HEK293T cells were culture in Basal media that contained DMEM, 10%
FBS, 100U of Penicillin, 100ug of Streptomycin, and 1x non-essential amino
acids. If cells reached over confluency (> 100%), the plates were discarded and

a new vial of cells was thawed. Media were changed every other day.

Calcium Phosphate Transfection
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One day prior to transfection, the cells were plated such that they are
exponentially growing by the day of transfection (i.e. 50-60% confluent at the
time of transfection). Immediately prior to transfection, medium was changed
with 8ml of fresh media for a 10-cm dish. DNA was added (usually 10ug of DNA
was added to ddH20 to reach a volume of 438l in total, then 62pl of 2M CaCl2
was added). Then 500pul 2X HBS pH 7.05 was added dropwise while vortexing,
or bubbling. This solution was added directly to the cells, dropwise through the
medium, scattering the drops uniformly and slowly over the surface of the plate.
The cells were returned to the incubator for 6 hours and medium was changed.
Transient assays for gene expression in transfected cells are performed 48-72hrs

post transfection.

2.1.2 Mouse Embryonic Fibroblasts

Mouse Embryonic Fibroblasts (MEFs) served as feeder cells that
supported the growth of undifferentiated mouse or human embryonic stem cells.
MEFs were freshly isolated from mouse embryos and could be used immediately.
We purchased CF-1 MEFs at passage 3 from ATCC and then expanded them for
future experiments. The culture conditions were identical to HEK293T cells as
described in 2.2.1. Before use, MEF cells were treated by mitomycin-C to stop
their proliferation. MEFs were seeded on 10-cm dishes to 95% confluency.
Mitomycin C was applied to the culture media to a final concentration of 10ug/mL

at 37°C for at least 3hrs. To ensure sufficient removal of Mitomycin C, MEFs
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were trypsinized and washed at least three times with 1x PBS before reseeding

on gelatin-coated cell culture dishes at a density of 50,000cells/cm?.

2.1.3 Mouse Embryonal Carcinomas
In this study, | cultured two different cell lines of mouse embryonal
carcinomas, P19 and F9. The culture conditions were identical to HEK293T cells

as described in 2.2.1.

2.1.4 Mouse Embryonic Stem Cells

Mouse embryonic stem cells (ESCs) were propagated in an
undifferentiated state on gelatinized flasks. Culture media consisted of
Knockout-DMEM (Gibco) supplemented with 15% ES-screened FBS (Hyclone),
1x non-essential amino acids, 100U of Penicillin, 100ug of Streptomycin, and
0.1mM beta-mercaptoethanol. Leukemia inhibitory factor (LIF) was added to
culture media at a final concentration of 0.2% during undifferentiated expansion.
The LIF was harvested from the conditioned media of CHO cell-secreting human
LIF. Cell culture media was changed daily, and the cells were passaged every

2days (approximately 90% confluency).

2.1.5 Human Embryonic Stem Cells
The initial hES cell line H9 was maintained on feeders in human ESC
medium, which contained 80% KNOCKOUT-Dulbecco's modified Eagle's

medium (KO-DMEM), 20% KNOCKOUT serum replacement, 1mM L-glutamine,
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0.1mM beta-mercaptoethanol, 1% nonessential amino acids, 100U/mL penicillin/
streptomycin, and 8ng/ml human basic fibroblast growth factor (bFGF). For
feeder-free culture, cells were passaged until 90% confluency was reached by
incubation in 4mg/mL collagenase |V, dissociated, and then seeded onto

Matrigel-coated plates in Condition Media (CM) prepared from MEFs as follows.

Condition Media from MEFs

MEFs were seeded at ~50,000 cells/cm? in MEF medium. The medium
was exchanged with hESC medium every day. CM was collected daily and
supplemented with an additional 4ng/ml of bFGF before feeding the hES cells.
MEF cells were again fed with human ESC medium daily and used for 12 days

for CM collection (84). CM could be used after filteration with 0.22um filter unit.

Splitting Human ESCs

To passage human ESCs, Collagenase type | (Millipore) was used at a
4mg/mL working solution. To prepare the working solution, 400mg of
collagenase type | powder was dissolved in 100mL Knockout-DMEM (Gibco) and
filter-sterilized with a 0.22um filter unit; the solution was then aliquoted and
stored at -20°C until needed. Cells were overlaid with 0.1mL/cm? of the
collagenase type | working solution and placed at 37°C in the incubator. After 10
minutes, the cultures were checked for signs of curling up at the edges of
colonies. If not, cells were then put back at 37 °C for another 10 minutes before

proceeding.
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2.1.6 Derive extra-embryonic endoderm (XEN) cells from human ES cells in
vitro

In order to avoid the contamination of mouse feeders, the human ESCs
(H9) were maintained in medium conditioned by mitotically inactivated mouse
embryonic fibroblast supplemented with 8 ng/ml basic Fibroblast Growth Factor
on matrigel-coated plates (Fig.2-1). Media was changed every other day and
continually cultured until the ES cells reached to about 90% confluency. Cells
were washed with 1xPBS, and then incubated with 1mg/mL Collagenase IV at
room temperature for 10 minutes. Based on the differences in adherence to the
plate, the differentiated PE-like cells detached first. The loosen cells could be
washed away by 1xPBS (Fig.2-2). Supernatant containing the cells was
centrifuged at 1000g for 5 minutes and the cell pellet was re-suspended in 10%
FBS media and transferred to fresh gelatin or matrigel-coated wells. The cells
were always passed before they reached 80% confluency (Fig.2-3). We termed

this primitive endoderm like cells as ES cell-derived XEN cells.

SIXENE

Fig. 2-1 Human ES cell-differentiated XEN cells under phase contrast. The
higher magnification shows the fibroblast-like morphology of XEN cells.
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Fig. 2-2 Method for isolating XEN cells from hESC culture by Collagenase.
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Cultured on gelatin-coated plate Cultured on matrigel-plates

Fig. 2-3 Morphology change of XEN showed when they have been cultured on
different martrix.

2.1.7 Cross-Linking

Synthetic cross linker DSP (Pierce # 22586) was non-sulfonated; it was
first dissolved in an organic solvent (such as DMSO) and added to the aqueous
reaction mixture. Before addition of the crosslinker solution, ESCs were washed
by 1x PBS twice and changed with new media in order to remove dead cells.
The samples were incubated on a shaker at gentle speed at room temperature
for 30mins. The final concentration of the cross linkers was 2mM. Stop solution
(1M Tris, pH 7.5 ) was added to a final concentration of 20mM and incubated at
room temperature for 15mins, The samples were then washed twice with HBS

buffer (10mM HEPES, 150mM NaCl, pH 7.4) for co-IP.

2.1.8 Cellular fractionation
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Separation of Embryonic Stem Cell nucleus and cytoplasm was performed
with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific
Cat#78833) according to the manufacturer’s instruction. Appropriate volume of
protease inhibitor was added (Roche cOmplet, EDTA-free Protease Inhibitor
Cocktail Tablets Cat # 1187358001). After centrifuging, the cell pellets were
freshly harvested and separation was performed immediately at 4°C. The
nuclear and cytoplasm fractions were directly used in co-immunoprecipitation or

Western blotting analyses.

2.2 Proteomic Analysis

2.2.1 Protein extraction and digestion

50uL cell pellets were lysed in 100uL lysis buffer (2% (w/v) RapiGest
(Waters, 186002122), TmM EDTA, and 50mM Hepes buffer (pH 7.2)). Cysteines
were reduced and alkylated using 1mM Tris(2-carboxyethyl) phosphine (TCEP,
Fisher, AC36383)) at 95°C for 5 minutes followed by 2.5mM iodoacetamide
(Fisher, AC12227) at 37°C in the dark for 15 minutes. Protein concentrations
were measured using Bradford assay (Pierce). Proteins were digested with
trypsin (Roche, 03 708 969 001) at the enzyme-to-substrate ratio (w:w) = 1:50

overnight.

Our standard cell lysis buffer contains 2% RapiGest (Waters) in 10mM

HEPES buffer. Benzonase is added to degrade DNA and RNA to obtain a clear
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solution.  The extracted proteins are treated with 0.5M TCEP (Tris(2-
carboxyethyl)phosphine) to a final concentration of 2mM TCEP at 37°C for 30
minutes to reduce all of the disulfide bonds. Then 0.5M iodoacetamide (I1AA) is
added to a final concentration of 5mM IAA and the sample is incubated in the
dark at 37°C for 30 minutes to alkylate all of the sulfhydryl groups. We then
dilute 5-fold and measure pH (should be ~8) and protein concentration (should
be 1-2.5 mg/ml) with the Bradford assay. The proteins are digested by addition
of trypsin (1:50) and shaken at 37°C overnight. The completion of digestion is
validated by silver staining. The digested peptides are acidified by adding
Trifluoroacetic acid (TFA) to a final concentration of 0.5% (v/v, pH=1.5) to break
down RapiGest. Samples are incubated at 4°C overnight and then centrifuged at

16,100g for 15 minutes. Supernatant is taken for iTRAQ labeling.

2.2.2iTRAQ labeling

For iTRAQ (Applied Biosystems, Foster City, CA) derivatization, an aliquot
of each digested sample (100 g of total protein) was treated with one tube of
each of the iTRAQ reagents in 70% isopropanol at pH 7.2 for 2 hours at room
temp. Labeled samples were dried down in a vacuum concentrator. 100uL of
water was added to each tube to dissolve the peptides. Samples tagged with 4
different iTRAQ reagents were pooled together. 1% trifluoroacetic acid (TFA),
pH 1.4 was added to precipitate RapiGest. Samples were incubated at 4°C
overnight and then centrifuged at 16,100g for 15 minutes. Supernatant was

collected and centrifuged through a 0.22 micrometer filter and used for LC-
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MS/MS analysis. iTRAQ labeling efficiency was calculated by searching through
the MS/MS data for samples that contain the 4 specific iTRAQ modifications: 1)
fully labeled; 2) n-terminus-labeled only; 3) lysine-labeled only; and 4) non-
labeled. Using the above protocol we obtained higher than 90% iTRAQ labeling

efficiency for all datasets (Fig. 2-4)

Fig.2-4. iTRAQ labeling efficiency. MS/MS spectra analyzed for the 4 possible
iTRAQ modifications: 1) fully labeled; 2) n-terminus-labeled only; 3) lysine-
labeled only; and 4) non-labeled. Only 1.5% identified MS/MS spectra were non-

labeled, while 93.9% identified spectra were fully labeled.
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2.2.3 Chromatography

We used automated 2D nanoflow LC-MS/MS to produce the data
described in Preliminary Results. An Agilent 1100 HPLC system (Agilent
Technologies, Santa Clara, CA) delivered a flow rate of 300nL per minute to a 3-
phase capillary chromatography column through a splitter. Using a custom
pressure cell, 5um Zorbax SB-C18 (Agilent) was packed into fused silica capillary
tubing (200um ID, 360um OD, 20cm long) to form the first reverse phase column
(RP1). A 5cm long strong cation exchange (SCX) column packed with S5um
PolySulfoethyl (PolyLC, Inc.,) was connected to RP1 using a zero dead volume
1um filter (Upchurch, M548) attached to the exit of the RP1 column. A fused
silica capillary (100um ID, 360um OD, 20cm long) packed with Sum Zorbax SB-
C18 (Agilent) was connected to SCX as the analytical column (the second
reverse phase column). The electro-spray tip of the fused silica tubing was pulled
to a sharp tip with the inner diameter smaller than 1 uym using a laser puller
(Sutter P-2000). The peptide mixtures were loaded onto the RP1 using the
custom pressure cell. Columns were not re-used. Peptides were first eluted from
the RP1 to the SCX column using a 0 to 80% acetonitrile gradient for 150
minutes. The peptides were fractionated by the SCX column using a series of
salt gradients (from 10mM to 1M ammonium acetate for 20 minutes), followed by
high resolution reverse phase separation using an acetonitrile gradient of 0 to
80% for 120 minutes. Typically it takes 4 days (38 salt fractions) for each full

proteome analysis.
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2.2.4 Mass spectrometry

All of our analyses were performed using LTQ linear ion trap tandem
mass spectrometers (Thermo Electron Corporation, San Jose, CA) employing
automated, data-dependent acquisition. The mass spectrometer was operated in
positive ion mode with a source temperature of 150°C. As a final fractionation
step, gas phase separation in the ion trap was employed to separate the
peptides into 3 mass classes prior to scanning; the full MS scan range of 400-
2000m/z was divided into 3 smaller scan ranges (400-800, 800-1050, and 1050-
2000Da) to improve the dynamic range. Each MS scan was followed by 4
MS/MS scans of the most intense ions from the parent MS scan. A dynamic
exclusion of 1 minute was used to improve the duty cycle of MS/MS scans. We
will test other parameters for gas phase separation, including eliminating it, to
optimize the trade off between dynamic range and observation of rapidly eluting
peptides. We will use an empirical approach to determine the best length of time
for dynamic exclusion, which in theory should equal the median elution time for

all peptides.

PQD (Pulsed-Q Dissociation) is a new fragmentation method offered on
the Thermo Finnigan LTQ 2.2 control software. PQD eliminates the "1/3 Rule" or
‘Low Mass Cut-Off” for MS/MS data by decoupling the ion activation and the
fragmentation processes, providing the ability to scan product ions down to
50m/z. PQD enables the detection of MS/MS reporter ions (m/z=114, 115, 116,

and 117) from iTRAQ, which are normally not detectable on ion trap mass
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spectrometers. For our iTRAQ labeled samples, an extra PQD scan is added
after each CID (Collision Induced Dissociation) MS/MS scan of the same
precursor ion. The iTRAQ reporter ion (114-117) intensities are used for relative
quantitation while both CID and PQD fragmentation peaks are used for peptide

identification (7, 16, 70).

2.2.5 Protein Identification

Raw data was extracted and analyzed using SpectrumMill (Agilent, version
A.03.03). MS/MS spectra with a sequence tag length of 1 or less were
considered to be poor spectra and discarded. The rest of the MS/MS spectra
were compared against the IPI (International Protein Index) database for human
or mouse proteins. The enzyme parameter was limited to full tryptic peptides
with a maximum miscleavage of 1. All other search parameters were set to
SpectrumMill’s default settings (carbamidomethylation of cysteines, +/- 2.5Da for
precursor ions, +/- 0.7Da for fragment ions, and a minimum matched peak

intensity of 50%).

Search results for individual spectra were automatically validated using
filtering criteria from in-situ FDR (False Discovery Rate) calculation. The
empirical FDR for such criteria was calculated by searching the data against a
concatenated forward-reverse database. The FDR of our filtering criteria is
<0.1% spectra, and <1% protein. Most of the matches from the reverse

database are 1 or 2 peptide hits. Therefore, only proteins with at least 3 or more
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unique peptides are generally selected for quantitative analysis between different

samples.

2.2.6 Protein Quantitation

iTRAQ utilizes the MS/MS intensities of the reporter ions for the relative
quantitation of up to 4 samples in a run. Spectrum Mill has built-in support of
iTRAQ quantitation. The reporter ion intensities are extracted and exported in
both spectrum and protein levels. Protein iTRAQ intensities were calculated by
summing the peptide iTRAQ intensities from each protein group. Peptides
shared among different protein groups were removed before quantitation. A
minimal total iTRAQ intensity of 100 was used to filter out low intensity spectra.
Isotope impurities of iTRAQ reagents were corrected using correction factors
provided by the manufacturer (Applied Biosystems). Median normalization was
performed to normalize the protein iTRAQ reporter intensities in which the log
ratios between different iTRAQ tags (115/114, 116/114, 117/114) are adjusted

globally such that the median log ratio is zero.

Quantitative analysis was performed on the normalized protein iTRAQ
intensities. Protein ratios between undifferentiated and differentiated cells were
calculated by taking the ratios of the total iITRAQ intensities from the
corresponding iTRAQ reporters. T-test (two tailed, paired) was used to calculate
the p-values. Proteins with more than 50% change and p-values less than 0.05

were considered significantly changed after differentiation.
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2.2.7 Protein function analysis

IDs for identified proteins were converted to gene symbols and Unigene
IDs using the IPlI gene cross reference table. Protein function analysis is
executed through the NCI DAVID (Database for Annotation Visualization and
Integrated Discovery) bioinformatics resources. Proteins were categorized
according to their cellular distribution, with p-values less than 0.05. Various
annotation outputs from DAVID including gene ontology, pathway, protein
domain, protein interaction, and disease can be used to cluster and simplify the

up- and down-regulated protein lists.

To compare protein profiles to mRNA profiles, we measure mRNA using
the Affymetrix GeneChip® Human Exon 1.0 ST Array from the Affymetrix Human
Exon 1.0 chip. For comparison, the IPl human protein database v3.16 April 4,
2006 contains 20,227 unique Unigene IDs; 62,322 entries; compiled from a total
of 217,390 entries coming from UniProtKB, RefSeq, Ensembl, H-InvDE, and
Vega. The Affymetrix GeneChip® Human Exon 1.0 ST Array contains 23,167
unique Unigene IDs; 1.4 million probe sets based on exon clusters, FLmRNA,
Ensembl transcripts, ESTs, mouse and rat mRNA, and gene predictions. We
have matched these databases and found that there are 18,324 genes shared

between the two sets, which will be sufficient for our purposes.

2.2.8 Phosphopeptide enrichment
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Phosphopeptide enrichment was performed using home-made TiO>
columns. 0.2g TiO, powder (Sigma# 224227) was weighted and added to an
empty 0.22uM filter (Fisher# 07-200-386). Beads were washed with 500uL water
twice by centrifuging at 5,000g for 5 minutes followed by 0.5% TFA. Digested
peptides (pH 1.4) or iTRAQ labeled peptide mixtures are added to the column
and incubated at room temperature for 15 minutes. Samples were centrifuged at
1,000g for 30 minutes until the column was dry. Flow through was discarded.
Metal oxide column was washed by 500uL 1% TFA solution (pH 1.5) twice by
centrifuging at 5,000g for 5 minutes. Enriched phosphopeptides were eluted by
200uL 100mM (NH4)2HPO4 by centrifuging at 1,000g for 30 minutes until the
column was dry. Eluted peptides were acidified by adding 3% (v/v) formic acid to

a final pH of 3 and concentration of 2%.

Anti-phosphotyrosine antibody is used to enrich the phosphotyrosine
peptides due to their low abundance compared to serine and threonine
phosphopeptides. Digested peptides are incubated with anti-phosphotyrosine
antibody coupled to agarose beads (Sigma) at 4°C overnight. Beads are washed
3 times by Tris buffer (10mM). Phosphotyrosine peptides are eluted by

phosphotyrosine solution (1mg/ml, pH 3) and analyzed by 2D-LC-MS/MS.

2.3 Flow cytometry
Cells were harvested with 0.25% trypsin at 37°C for 5-10 minutes to collect

single cell suspension and then washed with PBS in the presence of 1% FBS.
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The cells were fixed with 70% ethanol at -20°C for 2 hours and stained with
propidium iodide solution containing 1mM Tris/HCI pH 8.0, 0.1mM EDTA, 0.1%
Triton X-100, 0.1% Na-Citrate, 50mg/ml propidium iodide, 50 mg/ml RNAse A on
ice for 1 hour. The apoptotic cells were determined by FACScan and analyzed

by FlowdJo software.

2.4 Cell Viability Assay

The assay was performed with CellTiter-Glo Luminescent Cell Viability
Assay according to the manufacturer’s protocol (Promega Cat# G7572). The
rationale of this kit is to determine the number of viable cells in a culture by
quantification of ATP. There is a direct relationship between the number of viable
cells and the amount of ATP present. Cells were seeded in a 96-well plate with
5000 cells per well. Each sample was prepared with three replicates on the
same plate, and one plate was analyzed each day. 100ul of reagent was added
to 100yl of cell culture media in each well and the plate was mixed rigorously
followed by 10 minutes incubation at room temperature. Fluorescent values
were normalized with the negative control which contained media only, and the

values from three or four consecutive days were plotted with Standard Errors.

2.5 Lentiviral shRNA and miRNA Expression

Molecular Cloning
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The mouse and human Sall4 shRNAs were designed and cloned into the
lentiviral vector pLV-H1-EF1a-puro using the single oligonucleotide RNAI
technology developed by Biosettia (San Diego, CA). The shRNA targeting an
irrelevant gene B—galactosidase was used as a negative control. The miRNA
(has-let-7a and has-let-7g) precursors and approximately 100-bp upstream and
downstream flanking genomic sequences were PCR amplified and cloned into
the Xhol site of the human EF1a intron on the lenti-miRNA expression vector
pLV-miRNA (Biosettia). The pLV-miRNA vector without insertion was employed

as negative control in this study.

Lenti-viral infection

The lentiviral sh-Sall4 and has-let-7 constructs were confirmed by DNA
sequencing and co-transfected with packaging mix into 293T cells according to
the manufacturer’s protocol to generate lentiviral stock. Forty-eight hours post
transfection, the supernatant was collected and filtered through a 0.45um filter.
One day before transduction, mouse embryonic carcinoma cell lines p19 and F9
were seeded on 6-well plates. The cells were transduced with lentivirus-
containing supernatant supplemented with 8ug/ml polybrene and centrifuged at
1,000g for 60 minutes, the medium was replaced immediately after spin
transduction. 24 hours post-infection, different antibiotics were added to select
for infected cells. 48 hours post-selection, cells were harvested. Target
message RNA levels were detected by real-time PCR. Actin mRNA was used as

an internal control.
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2.6 Protein expression and purification

GST-lin28 and HA-Sall4-His were produced with E. coli strain BL21 (DE3).
Cells were grown until OD600 was about 0.6, then expression was induced with
0.2mM IPTG at 15°C. 20 hours after induction, cells were harvested and stored
at -20°C. For GST-lin28 purification, the cell pellets were suspended in PBS and
sonicated on ice for 4 minutes of total stroke time. Cell debris was then spun
down at 40,000 x g for 45 minutes. Supernatant was collected and added to 2ml
of GST sepharose pre-equlibrated with PBS. GST sepharose beads were then
washed with 50ml of PBS. GST-lin28 was then eluted by 5ml of PBS with 20mM
glutathione. More PBS was added to the eluted protein to dilute the
concentration of glutathione. GST-lin28 was then concentrated with a 10kDa
cut-off Centricon device to ~5 mg/ml. For HA-Sall4-His purification, the cell
pellets were suspended in Buffer A and sonicated on ice for 4 minutes of total
stroke time. Cell debris was then spun down at 40,000 x g for 45 minutes.
Supernatant was collected and added to 2ml of NiINTA sepharose pre-eqlibrated
with buffer A. NiNTA beads were then washed with 20ml of buffer A plus 25mM
imidazole followed by 20ml of buffer A plus 25mM imidazole and 500mM NaCl.
Next, NINTA beads were equilibrated with 20ml of buffer A plus 25mM imidazole.
HA-Sall4-His was then eluted by 5ml of buffer A plus 250mM imidazole. The
protein was then concentrated and further purified by gel (flitration

chromatography with a Superdex 200 column, which was pre-equlibrated with
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PBS. Fractions containing HA-Sall4-His were collected and then concentrated

with a 50kDa cut-off Centricon device to ~5mg/ml.

2.7 In vitro binding assay

1ug of GST or GST-lin28, and 2ug of HA-Sall4-His were mixed. PBS was
added to keep the total volume of the mixture at 50ul. After 10 minutes at room
temperature, 10ul of GST sepharose was added to the mixture and incubated for
another 10 minutes. GST beads were then spun down and the supernatant was

discarded. The beads were washed with 500ul of PBS with 0.1% Triton X-100
and 20mM imidazole three times. GST beads were then mixed with SDS-PAGE

loading buffer and subjected to SDS-PAGE/immunoblot analysis.

2.8 Western Blot

Samples with SDS loading dye were heated at 94°C for 10 mins. 20ug of
total proteins were loaded into 8% SDS-PAGE electrophoresis (100V for 20
minutes, followed by 160V for 80 minutes). Proteins were transferred to 0.2um
PDVF membrane by semidry blotting (Bio-Rad) with Transfer buffer (25mM Tris-
Base, 200mM Glycine, 20% Methanol) for 1 hour per membrane. Blocking was
performed with 5% milk in 0.1% PBS-Tween20 for 1 hour and the membrane
was incubated overnight 4°C with appropriate primary antibodies (1:1500 in 5%
BSA). The membrane was rinsed with 0.1% PBST three times (15 minutes each,

room temperature) and incubated with second antibodies that were raised
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against mouse or rabbit (1:10000 in 5% milk w/ 0.1% PBST) for 30 minutes at RT.
The membrane was rinsed again with 0.1% PBST three times (10 minutes each,

room temperature) and visualized with ECL detection reagent.

2.9 Immunoprecipitation (IP)

Co-IP with Molecular Weight Cut-Off column (MWCO)

Cells were lysed with Lysis buffer. After resuspension, the samples were
sonicated for 10 minutes until solutions were clear. Each sample was separated
into two tubes at equal volumes. Protein G beads (Santa Cruz Biotechnology
#SC2002) were washed 3 times with Lysis buffer. Lysis buffer of the same
volume was added to beads to create a 1:1 Protein G solution; and 40pul of
Protein G solution was added to each tube in conjunction with 5ug of Rabbit
control IgG (Santa Cruz Biotechnology # SC2027) in order to preclear the
samples. After two hours of incubation at 4°C, one tube from each sample was
taken out and beads were removed through centrifuging at 3000 x g for 1
minute. Another 40ul of 1:1 Protein G solution was then added together with 5ug
of Rabbit Sall4 Antibody (Abcam ab31968) into the tubes and incubated
overnight at 4°C. The samples were then spun down at 3000 x g for 1 minute
and the supernatant was removed. The samples were then washed two times
with 400pl lysis buffer and HBS buffer. 2% RapiGest in HEPES was added
enough to completely cover the beads and 5M NaCl to a final concentration of

500mM NaCl. Samples were mixed well and incubate at 65°C for 30 minutes
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and 94°C for 15 minutes. The mixture was spun through a filter at maximum
speed at 4°C, then the volume of the eluent was adjusted to a final volume of
250ul with HBS buffer. Following the manufacturer's recommendation, samples
were passed through a 200kDa MWCO column (Advantec Ultra filter USY-20
70517U12). The flow-through was discarded and the filter was washed with
100ul 2% RapiGest in HEPES. The samples were collected and analyzed

through LC MS/MS mass spectrometry and Western blotting (Fig.2-5).

Crosslinker -

Fig. 2-5 Experimental scheme for enrichment of Sall4 interacting proteins in mES
cells.
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Flag IP

Transfected HEK293 cells were lysed with four times cell pellet volume of
Buffer D. The samples were sonicated for 15 minutes at 4°C and spun down for
20 minutes (16100g, 4°C, Eppendorf 5415R). The pellets were discarded and
protein concentration was measured. V5-Beads or Flag-Beads were washed
with Buffer D three times and 30ul (1:1, Buffer D: Beads) were added to samples
accordingly. The samples were incubated on rotor at 4°C for 1 hour and
supernatants were removed through centrifugation (3000g, 4°C, and 1 minute).
The beads were washed three times with Buffer D and 20ul of 2x SDS Loading

dye (w/b-mercaptoethanol) for Western blot analysis.

2.10 Reverse Transcription

RNA isolation

RNA was extracted with Trizol Reagent (Invitrogen Cat# 15596-018)
following the manufacturer's recommendation. 500ul of Trizol Reagent was
added to 100ul of cell pellets. The pellets were resuspended with no washing
and incubated at room temperature (22°C) for 5 minutes. 100l of chloroform
was added and mixed rigorously for 15 seconds and incubated at room
temperature for 3 minutes. The samples were centrifuged at 12000g for 15
minutes at 4°C and upper aqueous layers were saved. 5ul of 2mg/ml glycogen
were added as a carrier along with 250ul of isopropanol, and the samples were

mixed and incubated at room temperature for 10 minutes. The tubes were
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centrifuged at 12000g for 10 minutes at 4°C and the pellets were washed with
600yl of 75% ethanol in DEPC water. The samples were centrifuged at 7500g
for 5 minutes at 4°C. Supernatant was removed and the pellets were air-dried for

15 minutes. RNA pellets were resuspended with DEPC water.

DNase treatment
10pug of extracted RNA was taken for DNase Treatment. DNase
Treatment was performed with Ambion TURBO DNase Treatment and Removal

Reagents (Cat# AM1907) according to the manufacturer’'s recommendation.

Reverse Transcription

2.5ug of DNase treated RNA was used for cDNA synthesis. cDNA
synthesis was performed using Invitrogen SuperScript Il First Strand method.
100ng of Pd(N)6 Random Hexamer and 10nM of dNTP were added to 2.5ug of
RNA and incubated for 5 minutes at 70°C followed by 1 minute at 4°C. 4l of 5x
First Strand Buffer, 2ul of 0.1M DTT, 1ul of SuperScript Il Reverse Transcriptase
(Invitrogen Cat# 18064-014), and 1ul of RNase OUT (Invitrogen Cat#10777-019)
were added to the mixture and incubated at 25°C for 10 minutes, 42°C for 50
minutes, followed by 70°C for 15 minutes and 4°C for 1 minute. 1ul of RNase H
were added (Invitrogen Cat#18021-014) and the samples were incubated at

37°C for 20 minutes.

2.11 Quantitative PCR (qPCR)
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gPCR was performed using Stratagene Mx3000P QPCR System
(Stratagene Cat#401403). 200-600ng of cDNA was mixed with Stratagene
Brilliant SYBR Green QPCR Master Mix (Stratagene Cat#600548) according to
the manufacturer's recommendation. Each data set contains three biological and
individual replicates. Data Analysis was performed using the comparative Ct
method, with the assumption that primer efficiency is 100%. Ct values were

converted to fold differences in expression according to the equation 2[cteference) -

Ct(reference B-Actin)] — [Ct(targeted) — Ct(targeted B-Actin)]

2.12 PAGE Northern Blot for Small RNAs

Polyacrylamide gel electrophoresis (PAGE) Northern methods were used
to detect small RNAs (<200 nt)(53). The 5'-radiolabeled DNA oligo probes were
hybridized at 50°C. The control 5S probe was generated by Prime-It | Random
Primer Labeling Kit (Stratagene).  Storage phosphor screens exposed to
Northern blots were scanned on a Typhoon Trio Phosphorimager (GE
Healthcare) and band signals were quantified using ImageQuant software. The
mean and SEM were calculated from three or more independent experiments
where the control sample was set to 1. A two-tailed Student's t-test was used to
determine if relative mMRNA levels were significantly different between conditions

(29).

2.13 In-vitro Transcription
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In-Vitro Transcription was performed with Riboprobe in vitro Transcription
Systems (Promega Cat#P1440) following the manufacturer's protocol. 1ul of
template DNA was mixed with 4pl of 5x Transcription Optimized Buffer, 2ul of
100mM DTT, 0.6pl of 40U Recombinant RNasin Ribonuclease Inhibitor, 6ul of
rNTP (2.5mM each) mix, and 1pl of 20U T7 RNA Polymerase in a 20yl reaction.
The mixture was incubated at 37°C for 1hr, and 1ul of RQ1 RNase-Free DNase
was added. The sample was incubated at 37°C for 15 minutes, and Phenol-

Chloroform extraction was performed to purify the RNA.

2.14 EMSA (Electrophoretic Mobility Shift Assay)

The 5' end 32P-labeled synthetic pre-miRNA (10fmol, 0.5 pL) of 1x10* -
1x10° cpm is mixed with 2uL H,O and 2.5uL 6x loading dye. It is mixed with
another mixture composed of 1uL 10x EMSA buffer, 0.5uL 100mM DTT, 0.2uL
RNase inhibitor (40U/uL, Takara), 1uL rSall4, and 2.8uL H20. After 10 minutes
of incubation at room temperature, the 11uL solution is loaded into native gel.
The gel is run at 150V for 3 hours at 4°C. The gel is directly exposed to
Phosphor Imaging Plate (Fujifilm) and is read with the BAS-2500 system (Fujifilm)
for quantification. The 10x EMSA buffer is composed of 150mM Hepes (pH 7.4),
1M KOAc, 20mM Mg(OAc)2, and 2% BSA. The native gel is composed of 5%
polyacrylamide (40:1), 40% glycerol, and 1x TBE. The pre-miRNAs were labeled

at the 5' end with T4 polynucleotide kinase (Takara) and [y-32P] ATP (28).
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3.1 Abstract

Sall4 has been reported to be part of the core transcriptional network in
embryonic stem cells; however, how Sall4 regulates ES cell fate is still unknown.
In this chapter, | took advantage of mass spectrometry to generate whole ESC
proteome and phosphoproteome of human and mouse ESCs. Moreover, |
generated a novel list of Sall4-binding proteins by modifying a previously
established enrichment protocol. Our findings demonstrate the effectiveness of
using a synthetic crosslinker, DSP, to enrich for weak and transient Sall4
interacting protein complexes. Working with MWCO, allows us to identify new
Sall4 binding partners, leading to a better understanding of the regulatory
machinery behind the self-renewal and pluripotency in ESCs. Pathway analysis
indicates that Sall4-binding proteins are involved in Wnt signaling pathway, FGF
signaling pathway, and p53 pathway. Our data indicates that the Sall4 mutant
ES cell proliferation defect may be regulated by Integrin, TGF-beta, Cadherin,
and PI3K signaling pathways. Furthermore, the interactome has led me to
explore a possible novel function of Sall4 in microRNA biogenesis. By
understanding how Sall4 regulates cell fate determination can substantially push

ESC research forward.
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3.2 Introduction

Signal transduction processes are of key importance for the biological
function of eukaryotic cells. Protein phosphorylation, an important kind of post-
translational modifications, plays a central role in signal transduction. Many
biological events involved in cellular response are mediated by the dynamics of
phosphorylation and dephosphorylation, such as regulation of protein
conformational change, enzymatic activity, subcellular localization, protein-
protein interaction, and protein ubiquitination. Protein phosphorylation can
control various biological functions such as cell proliferation, differentiation,
metabolism, survival, and gene transcription (12-13, 61). In the past decade,
quantitative proteomics has emerged as a powerful tool to study signaling on a

genome-wide scale (21, 54).

Mass spectrometry-based large-scale proteomics is currently one of the
most powerful tools used to dissect the molecular mechanisms underlying
embryonic stem cell properties. Many groups have successfully established and
improved protocols that enable them to use this tool to answer very important
biological questions. Nagano et al discovered 1790 proteins, including 365
nuclear, and 260 membrane proteins in mouse ES cells with the help of
multidimensional-LC Tandem Mass Spectrometry (MS/MS) (48). With nano-LC
FT-ICR MS/MS, Van Hoof et al identified 1775 proteins in human ES cells, 1532
in differentiated human ES cells, 1871 in mouse ES cells and 1552 in

differentiated mouse ES cells. Furthermore, they also suggested new candidates
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for ES cell markers from the many uncharacterized proteins that were identified
(76). Swaney et al studied the hES cell phosphoproteome using electron transfer
dissociation (ETD) MS/MS and discovered 10844 phosphorylation sites (66).
Some researchers combine conventional proteomic methods with mass
spectrometry to analyze the protein-protein interactome. MS/MS was employed
to analyze the Nanog co-immunoprecipitated samples in an attempt to reveal the
Nanog interactome in ES cells (78). A more advanced work was performed to
obtain a large-scale hES cell protein-protein interactome generated by using LC-
ESI-MS/MS analysis. More than 6400 protein-protein interactions between 2235

distinct proteins were identified (24).

The whole cell proteomic and phosphoproteomic analysis provides us
large repertoire of protein lists that can potentially unmask the regulatory
elements in ESCs. What do these protein lists tell us? How do these proteins
work together in a complex biological system? How do they communicate within
a cell and signal among different cells? In order to answer these questions and
further study the biological meanings, the raw data has to be analyzed and
displayed systematically by using both theoretical and computational approaches.
By taking advantages of the system biological tools available online, such as
PANTHER and DAVID, proteins can be sub-grouped according to their functions.
| will briefly introduce these two tools and present the graphs and figures in the

Results section.
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PANTHER (Protein Analysis Through Evolutionary Relationships) Pathway
PANTHER is a free online software system that organizes genes and
proteins by evolution, specific functions, and biological roles (45-46). It was
designed to model evolutionary sequence-function relationships on a large scale.
Input protein list could be divided into groups based on PANTHER classification

(either molecular functions or biological process pathway) (72-73).

DAVID (Database for Annotation, Visualization and Integration Discovery)

DAVID is a high-throughput functional annotation that systematically maps
a large number of interesting genes in a list to associated Gene Ontology (GO)
terms, and then statistically highlights the enriched GO terms (22, 30). This tool
utilizes a novel algorithm to measure relationships among the annotation terms
based upon the degrees of co-association of the genes in effort to group
annotation contents from the same or different resources into additional
annotation groups.

http://david.abcc.ncifcrf.gov/content.jsp?file=functional annotation.htmI#DATA |
NPUT

Sall4-enriched mass spectroscopic analysis

The Sall4-null ESCs lacks exon 2 and 3. In order to make these mutant
cells a better control for our co-IP experiments, | compared and tested several
commercially available antibodies. Eventually, | decided to use the rabbit Sall4

polyclonal antibody (abcam# 29112), which recognizes the epitope within


http://david.abcc.ncifcrf.gov/content.jsp?file=functional_annotation.html#DATA_INPUT
http://david.abcc.ncifcrf.gov/content.jsp?file=functional_annotation.html#DATA_INPUT
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residues 1000 to the C-terminus of mouse Sall4 to pull-down Sall4 binding
partners. There are always non-specific binding proteins when we perform co-
immunoprecipitation (co-IP). The non-specifically binding proteins are usually
abundant in the cells and causes difficulty in detection of low abundant proteins
by mass spectrometry (LC ESI MS/MS). In order to reduce this problem, | have
developed an enriched co-IP technique to identify new Sall4 binding partners.
While the interpretation of this large data set is ongoing, | have found that these
enriched proteins are tightly associated with post-translational modification and

cell growth.

Choosing a Suitable Cross-Linker

In our quantitative proteomic data, it showed that Sall4 is highly expressed
in undifferentiated ESCs. It has been reported that Sall4 is a zinc finger protein,
and it binds to DNA (83, 89). | decided not to use formaldehyde, a cross-linker
commonly used in chromatin immunoprecipitation, for the following reasons: 1) |
was not solely interested in transcriptional regulation of Sall4. Moreover, | would
like to decipher the mystery of Sall4 and study how it regulates ES cell fate
determination. For this reason, | tried to avoid the protein-protein interaction
through the conjugation of chromatin by formaldehyde. 2) It has been shown that
by using formaldehyde, the Oct4-Nanog protein complex could not be preserved

(90).
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In this study, | chose Dithiobis (succinimidyl propionate) (DSP) to crosslink
Sall4 interacting proteins. DSP is a homobifunctional, thiol-cleavable cross-linker.
It contains an amine-reactiveN-hydroxysuccinimide (NHS) ester at both ends of a
cleavable, 8-atom (12A) spacer arm. NHS esters react with primary amines at
pH 7-9 to form stable amide bonds, along with release of the N-hydroxy-
succinimide leaving group. Proteins, including antibodies, generally have several
primary amines in the side chain of lysine (K) residues and the N-terminus of
each polypeptide that are available as targets for NHS-ester cross linking
reagents. Because DSP does not possess a charged group, it is lipophilic and
membrane-permeable and is useful for intracellular and intramembrane
conjugation.

(http://www.piercenet.com/Objects/View.cim?type=File&ID=0544)

Molecular Weight Cut-Off column (MWCO)

In our quantitative proteomic data, it shows that Sall4 is highly expressed
in undifferentiated ESCs. After crosslinking the proteins, there were still many
free Sall4 proteins in the cell lysates. This interfered with the results from the LC-
MS/MS. In addition to the cross-linker, | also applied a Molecular Weight Cut-Off
column (MWCO) to enrich Sall4-binding proteins. MWCO is a column with ultra
filtration membranes with different size designations. Usually the membrane
retains 90% of the protein elution after filtration based on their molecular weight

cut off values. The molecular weight of mouse Sall4 is about 140KDa. |


http://www.piercenet.com/Objects/View.cfm?type=File&ID=0544
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assumed the size of Sall4-binding complexes would be greater than 140KDa.

Since the 150KDa MWCO is not commercially available, | chose 200KDa instead.

3.3 Results
Derive extra-embryonic endoderm (XEN) cells from human ESCs

Human and mouse ES cells can spontaneously differentiate extra-
embryonic endoderm cells when cultured on cell culture dishes (Fig3.1 and Fig.
3.2). In order to study how ES cells decide their fate to differentiation, I
developed a special method to harvest and maintain these cells for future

proteomic analysis. The method was detailed in chapter 2.

Fig.3-1 H9 hESCs grow on mouse feeder (MEFs). (A) The undifferentiated
hESCs usually grow as compact colonies and are difficult to distinguish individual
cells. The colonies have defined edges and with high nuclear to cytoplasmic
ratio. Under phase contrast microscopy, mouse feeders have distinguishing
spindle-shape morphology. (B) H9 cells can spontaneously differentiate to XEN
cells under the same culture conditions. H9, XEN cells, and MEFs can be easily
discriminated by their morphologies.
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Fig. 3-2 Mouse ESCs (mESCs) grow on feeder-free condition. (A) Two
undifferentiated colonies of mMESCs under phase contrast. (B) Mouse XEN cells
can also be observed under the culture conditions.

Proteomic and Phosphoproteomic analysis of hESCs

We have previously established the quantitative phosphoproteomic
profiling of mouse embryonal carcinoma (mMECs) and the p19 cell line by using
liquid chromatography electrospray ionization tandem mass spectrometry (LC-
ESI-MS-MS).  Undifferentiated mEC cells and retinoic acid (RA)-treated
differentiated mEC cells were harvested and the proteins were extracted and
digested. Phosphopeptides were enriched by using TiO affinity chromatography.
We identified 1270 phosphoproteins in undifferentiated mECs; however, the
phosphorylations are not present at detectable levels in RA-treated mECs. We

repeated the experiment on undifferentiated mESCs (129/svev) and hESCs (H9)
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and differentiated embryoid bodies (EB) up to day 8. We not only confirmed that
phosphorylations are conserved in many stemness proteins in undifferentiated
hESCs, but also observed more phosphoproteins in ESCs than in differentiated

ESCs (Table 3-1).

A total of 4182 proteins in H9/EBs were identified, 2038 were
phosphorylated with 1.9% False Discovery Rate (FDR). All proteins identified
were also classified by subcellular localization, biological process and molecular
function by DAVID (Fig. 3-3 and 3-4). The experiments were repeated on
HI9/XEN cells (Fig. 3-5 and 3-6) in order to profile differences between the
biological processes of XEN cells versus heterogeneously differentiating ESCs in
EBs. As expected, more proteins were involved in diverse biological processes
in the differentiating ESCs, presumably reflecting the “cell fate switches” involved

in differentiation.

Table 3-1 Total proteins and phosphoproteins that were detected by our
proteome and phosphoproteome.

Species Cell types Proteins Phospho-proteins
Human H9/ XEN 4092 (1.6% FDR) 2038 (1.9 % FDR)
Human H9/ EB 4182 (4.1% FDR) 2038 (1.9 % FDR)
Mouse 129 ESC/ EB 4672 (1.4% FDR) 1957 (1.1 % FDR)

Mouse  pl9EC/EB 4036 (2.3% FDR) 1470 (2.7 % FDR)
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Fig. 3-3 Subcellular localization distribution of whole H9/Embroid body proteome.
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Fig. 3-6 Biological process distribution of whole H9/XEN cell proteome.

Dissecting the functions of Sall4 in cell fate determination

Phosphorylation of Sall4 has not yet been reported. We observed that
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amino acids T93, T789, T791, S785 are phosphorylated in mES cells, but not in

EC cells differentiated into neurons following RA treatment (Table 3-2).

Interestingly, all of the phosphorylation sites are located in exon 2. These results

raise the question whether phosphorylation of Sall4 is responsible for the ES cell

pluripotency.



57

Table 3-2 Phosphorylation sites of Sall4 that have been detected from our
phosphoproteome from different cell lines.

Cell types Phosphorylation sites
Human ESCs S112, S116, S776, S789
Mouse ESCs T93, 5122, 5785, T791
Mouse ECs T93, 5122,

| next characterized the phenotype of mouse Sall4-mutant ESCs that were
obtained from the Nishinakamura group. They removed exon 2 and 3 that
contains all zinc finger domains (60) (Fig. 3-7). We observed that the compact
colony phase of ES cell growth was significantly delayed in Sall4-KO ESCs and a
reduced proliferation rate of 50% compared to Sall4-het ESCs (Fig. 3-8). Our
discovery suggests that Sall4 is required for ES cell to cell interaction including
compact colony morphology, and for proliferative or apoptotic signals that are
generated within compact colonies. In order to answer the question whether
exon 2 and 3 of Sall4 are essential for maintenance of this morphology, |
overexpress Sall4 in Sall4-KO ESCs. The compact morphology could be
recovered by Sall4 (Fig. 3-9). What does exon 1 or 4 do to Sall4-KO ESCs?
Since we detected two unique peptides of exon 4 in the Sall4-KO ESCS from our

mass spectrometry, | designed shRNA to target 3' UTR of Sall4 to knockdown
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exon 1 and 4. The result showed that exon 1 and 4 were not essential for the

compact morphology (Fig. 3-10)

| next ask what causes proliferation defect in Sall4-KO ESCs. |
hypothesized that the reduced cell proliferation of Sall4-KO ESCs is due to
apoptosis. In order to detect apoptosis, the ESCs were stained with Annexin V-
FITC conjugate and Propidium lodide. The cells were sorted by FACS. Flow
cytometry revealed that 4.84% of Sall4-KO ESCs are apoptotic (Fig. 3-11). The
rate is close to the WT ES cells (4.63%). My data suggests that the reduced

proliferation rate may not be due to apoptosis.

o TIEE— (-

------
-------------------
______________________
----------------
___________
™

Fig. 3-7 The Sall4-mutant ESCs that have been used in this study. The exon 2
and 3 has been removed, but exon 1 and 4 are still present in the cells. | also
called them Sall4-KO ESCs.



Relative Luminescent Unit (x 1.0E4)

50

45

40

35

30

25

20

15

10

/

/

/S

S S

"

e

Dayl Day2 Day3 Day4

59

= Sall4 het
= Sall4 KO

Fig. 3-8 Sall4-KO ESCs show proliferation defect compared to Sall4-het ESCs by
cell viability assay. Cell number correlates with luminescent output. Values are
normalized by background signal resulting from serum-supplemented medium
without cells and represent the mean + S.D. of 3 replicates for each cell number.
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Sall4-KO ESCs + pcDNA Sall4-KO ESCs + Sall4-pcDNA

Fig. 3-9 Overexpression of Sall4 can rescue the Sall4-KO ESCs to form
compact colonies.
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Sall4-KO ESC + shlLac

: - } iy gl 3 ..':-..."
Sall4-KO ESCs + shSall4

Fig. 3-10 Knockdown of exon1 and 4 of Sall4 does not change the phenotype of
Sall4-KO ESCs



61

Death cells

g

Sall4- het ESCs Sall4- null ESCs
(Sall4 flox/- ESCs) (Sall4-KO ESCs)

Fig. 3-11 Flow cytometry revealed 4.63% of Sall4 het ESCs and 4.84% of Sall-
KO ESCs are apoptotic cells. The ESCs were stained with Annexin V-FITC
conjugate and Propidium lodide.

Sall4 whole cell proteomic profiling

In order to study the mechanism of Sall4 in regulating ES cell proliferation,
| obtained the Sall4 het ESCs and Sall4-KO ECSs proteome and tried to identify
the possible pathways that may control the phenotype. | have identified 4000
proteins by iTRAQ, and | am interested in studying those proteins that undergo at
least 3-fold change (increase or decrease) between Sall4 het and KO ESCs.
Taking advantage of the online bioinfomatics resource DAVID, the list of proteins
was inputted into the database for pathway analysis and gene ontology (Fig. 3-12
and 3-13). The functional categories of the Sall4 binding proteins in mouse ES

cells revealed a wide variety of cellular processes. | summarized the highlighted
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pathways and listed detected proteins on Table 3-3. Surprisingly, | observed
several interesting pathways that maybe regulated or influenced by Sall4
downregulation, such as Integrin signaling, TGF-beta signaling, Cadherin
signaling, PI3K signaling, Wnt signaling, FGF signaling, and p53 signaling

pathways.

We developeda method for identifying differentially expressed
proteins using the relative abundance of iTRAQ reporter ions acquired in
mass spectra. This process involves several scoring steps for both within and
between MS/MS experiments. For a given MS/MS experiment, we first calibrate
the intensity ratio of two reporter ions of interest by their intensity dependent
variation. The intensity ratio of a specific peptide is then defined as the averaged
reporter ratio among the spectra, which have been recognized as from this
peptide. Similar to the peptide ratios, the fold change of a protein between the
two conditions of interest is the averaged ratio of all mapped peptides.
The protein ratios from individual experiments are then integrated into a single
score to assess the significance and robustness of the observed changes. To
estimate the p-values of the observed changes, the protein scores are compared
to the random scores sampled froma permutation testof 300 random
trials across multiple MS/MS experiments. For each MS/MS experimentin a
random trial, we randomly assign the intensity ratios of two reporter ions to
the spectra and then perform the same scoring procedure as that of real data.

Such permutation disrupts the correlation between spectra, which are generated
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from the same peptide. The score of each protein is indexed on the null
distribution of all random scores. The protein names were listed on Table 3-4

and 3-5 according to their expression changes.

Biological Processes

Cell cyde

Cellular protein metabolic

Protein translation

Nudeobase, nudeoside and

DNA metabolic process
nudeotide metabolic process L

Fig. 3-12 Biological process distribution of whole Sall4 mutant ES cell proteome.
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Fig. 3-13 Selected signaling pathways represented from whole Sall4 mutant ES
cell proteome. The Panther Pathway Mapping system was used to map 845
proteins into a total of 75 pathways. Interesting ES cell regulatory pathways with
relative high coverage are highlighted as red.

Table 3-3 Proteins detected from selected Signaling Pathways.

Pathway Protein detected

FGF signaling vaeht;r:' Pik3c3, Ppp2rib, Ppp2r&d, Rac1, Rras, Rras2, Sin, Ywhab,

p53 pathwa Cdc2a, Grsel, Pdk1, Pik3c3, Sin, Ubtf, Ywhab, Ywhae, Zmat2, Ihbp1,
patvay Ctnnb1, Rras, Rras2, Taldo1

Actn1, Arf6, Arfgap1, Arl1, Arpc5l, Cdc42, Fina, Finb, Finc, Fn1, Itgav,

Integrin signaling Lama1, Lama5, Lamb1-1, Pik3c3, Rac1, Rras, Rras2, Vel

TGF-beta signaling Cdc42, Fkbp1a, Rab10, Rras, Rras2

Cadherin signaling Cinnb1, Cinnd1, Gsk3b, Pipn2, Taldo1

P13K signaling Gnai2, Gsk3b, Pdk1, Rras, Rras2, S, Ywhab, Ywhae

Adss, Arid1a, Csnk1a1, Cinnb1, Gsk3b, Ppp2rbd, Smarca4, Smarcb1,

Wht signaling Smarcel, Taldo1
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Table 3-4 Selected proteins that decreased in expression in Sall4-KO ESCs

compared to Sall4-het ESCs.

Gene Het/null Consistent between
Symbol Entrez ID Fold Change protein and gene Protein Name
Blvrb 233016 2.04 N/A Flavin reductase
Ckb 12709 1.67 Yes Creatine kinase B-type
eukaryotic translation elongation factor 1
Eefld 66656 1.07 Yes delta isoform a
Eukaryotic translation initiation factor 2
Eif2s1 13665 113 No subunit 1
Ftsj3 56095 1.57 No Putative rRNA methyltransferase 3
Glucosamine--fructose-6-phosphate
Gfpt2 14584 1.74 Yes aminotransferase [isomerizing] 2
Gstm1 14862 1.73 Yes Glutathione S-transferase Mu 1
60 kDa heat shock protein, mitochondrial
Hspd1 15510 1.29 Yes precursor
similar to Midasin (MIDAS-containing
Mdnl 100019 1.15 Yes protein) isoform 1
Mtap 66902 1.96 No S-methyl-5-thioadenosine phosphorylase
Rad23b 19359 1.24 N/A RAD23 homolog B
Rps4x 20102 1.39 N/A 40S ribosomal protein S4, X isoform
Ruvbl2 20174 1.15 No RuvB-like 2
Sall4 99377 6.50 Yes Isoform 1 of Sal-like protein 4
Sfxnl 14057 1.65 Yes Sideroflexin-1
Srm 20810 1.14 Yes Spermidine synthase
Tubb6 67951 1.84 No Tubulin beta-6 chain
Ubap2 68926 1.42 No Ubiquitin-associated protein 2
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Table 3-5 Selected proteins that increased in expression in Sall4-KO ESCs
compared to Sall4-het ESCs.

Gene Het/null Consistent between
Symbol Entrez ID Fold Change protein and gene Protein Name
Asns 27053 0.68 No Asparagine synthetase
Atp5fl 11950 0.79 N/A ATP synthase B chain, mitochondrial precursor
Canx 12330 0.72 No Calnexin precursor
Cdc42 12540 0.42 Yes Cell division control protein 42 homolog precursor
Ckap4 216197 0.47 Yes Cytoskeleton-associated protein 4
Dpysl3 22240 0.42 Yes Dihydropyrimidinase-related protein 3
Electron transfer flavoprotein subunit alpha,
Etfa 110842 0.64 Yes mitochondrial precursor
Hydroxyacyl-coenzyme A dehydrogenase,
Hadh 15107 0.45 No mitochondrial precursor
Histlhlb 56702 0.57 Yes Histone H1.5
Hmga2 15364 0.44 Yes High mobility group protein HMGI-C
Hmgb2 97165 0.62 Yes High mobility group protein B2
Hnrnpa0 77134 0.81 No heterogeneous nuclear ribonucleoprotein A0
Igf2bp3 140488 0.47 Yes insulin-like growth factor 2, binding protein 3
Nuclear ubiquitous casein and cyclin-dependent
Nucks1 98415 0.60 Yes kinases substrate
P4hb 18453 0.73 Yes Protein disulfide-isomerase precursor
Pdia3 14827 0.89 Yes protein disulfide isomerase associated 3
Pgkl 18655 0.73 N/A phosphoglycerate kinase 1
Psmc3 19182 0.74 Yes 26S protease regulatory subunit 6A
Raverl 71766 0.56 No ribonucleoprotein, PTB-binding 1
Solute carrier family 2, facilitated glucose
Slc2al 20525 0.73 Yes transporter member 1
Syncrip 56403 0.67 No Heterogeneous nuclear ribonucleoprotein Q
Tfrc 22042 0.72 Yes Transferrin receptor protein 1
Tpil 21991 0.71 No Triosephosphate isomerase
Tyms 22171 0.64 No Thymidylate synthase
Vim 22352 0.67 Yes Vimentin

Ywhae 22627 0.79 Yes 14-3-3 protein epsilon
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Sall4 protein-protein interactome

Our Sall4-enriched mass spectroscopic analysis was detailed in the
Chapter 2. Six individual biological replicates of WT and Sall4 het ESCs treated
with crosslinker and MWCO for LC-MS/MS. For negative controls, | used Sall4-
KO ESCs and normal rabbit IgG. As a result, a total of 621 proteins were
detected in our six runs of the samples. 334 proteins remained after removal of
proteins overlapping with Sall4-KO ESCs and normal rabbit IgG crosslinker +
MWCO treated samples (Fig. 3-14). For Sall4 binding confirmation, co-IP and
Western blotting was performed. 334 proteins were from different biological
processes as annotated by DAVID and PANTHER. Interesting biological
pathways are shown on (Fig. 3-17). Several interesting mechanisms are
highlighted such as cell cycle, FGF signaling, p53 signaling, and Wnt signaling.
Entire protein lists are shown on Table 3-6. It has been shown that
overexpression of the novel oncogene SALL4 and activation of the Wnt/beta-
catenin pathway in myelodysplastic syndrome (62). SALL4 is also directly
activated by TCF/LEF in the canonical Wnt signaling pathway (8). Our data
supports these findings. It would be promising to hypothesize that Sall4 maybe

also involved in p53 and FGF signaling in regulating of proliferation.

The interaction network generated from DAVID indicates the function of
Sall4 in DNA methylation, cell cycle, RNA binding, and embryonic development
(Fig. 3-18). Interestingly, when | looked into the individual proteins and searched

each protein from GeneCards, | could draw a totally different interacting network
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(Fig. 3-19). This interactome implied several possible mechanisms such as
microRNA biogenesis and reprogramming that Sall4 maybe involved with and

allows us to look at Sall4 not just only as a transcription factor.

Crosslink + Molecular cutoff
Traditional co-IP method:

remove IgG control

Sall4 mutant cell control

Fig. 3-14 Sall4 co-IP with and without enrichment. Venn diagram comparing the
number of proteins detected in samples with and without enrichment is shown.
205 proteins were overlapping. Removal of proteins detected in Sall4-null
sample revealed 73 proteins that were in both enriched and unenriched samples.

Confirmation of Sall4 Interacting Proteins
Lin28, Dnmt3Il, and Ranbp1 were selected for reciprocal co-IP verification.

They were involved in mMRNA metabolic processes, embryonic development/DNA
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metabolism, and nuclear transport respectively. Reciprocal co-IP was performed
with either Sall4 het or WT mES cells with a-Lin28 (Abcam ab46020), a-Dnmt3|
(Santa Cruz sc20705), a-Ranbp1 (Bethyl A300-512A), and rabbit a-Sall4 (Abcam
ab29112) was used for Western blotting. The binding between Sall4 and the
three proteins was confirmed (Fig. 3-15). Sall4-KO reciprocal co-IP for these
proteins was performed in parallel, and no Sall4 was detected. Based on the
result from the Western blot, | summarized the possible interacting domains of

Sall4 (Fig. 3-16).

Sall4 het Sall4 het Sall4 KO Sall4 het Salld KO

ESCs ESCs ESCs ESCs ESCs
IgG IP lys 1gGIP lys IgG IP lys 1gG lys IP 1gG lys IP
e T e I - -

m—'?':. it B
SaII4341. Ii- M

Ranbpl Lin28 Dnmt3L

Fig. 3-15 Confirmed interactions of selected Sall4 interacting proteins. Ranbp1,
Lin28, and Dnmt3L antibodies were used for co-immunoprecipitation in mESCs.
Sall4-KO cells are the negative controls. Each experiment was repeated 3 times.
The input represents cell lysates.
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P'::::;n Is:tlff::;;z::: Possible binding domain
Ranbpl AandB 15t half of exon 2 or exon 3
Lin28 A and B 15t half of exon 2 or exon 3
Dnmt3L A 2" half of exon 2
Exon 1 Exon 2 Exon 3 Exon 4

Exon 1 Exon 2 Exon 3 Exon 4

H>|0 | _ Sall4 Isoform B

Fig. 3-16 Interacting domain mapping. Based on the Western blot result, the
possible domains of Sall4 that may interact with the three tested proteins are
shown. This figure was generated by Darwin Yee.
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Fig. 3-17 Selected signaling pathways represented by Sall4-interacting proteins.
The Panther Pathway Mapping system was used to map 621 Sall4-interacting
proteins into total 42 pathways. Interesting ES cell regulatory pathways with
relative high coverage are highlighted as yellow.

Table 3-6 Proteins detected from selected signaling pathways.

Pathway Protein detected

Cell cycle Psmd3, Psmd11, Psmd12, Psmd13

FGF signaling Plcg2, Ppp2ria, Ppp2rib, Prkci, Ptpn6

p53 pathway Aifm2, Cdc2a, Gise1, Hdac1, Mta2, Sin3a

Wt signaling Csnk2a1, Ctbp2, Cinna1, Fat3, Hdac1, Hells, Prkci, Smad2, Smarcad,
Smarcab, Smarcb1, Smarcd1
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Fig. 3-18 Sall4-Interacting network generated by DAVID.
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Fig. 3-19 A new Sall4 interacting network. The light and dark blue colored circles
represent the proteins that are detected from my Sall4 interactome. Red circles
means not. The solid line indicates that the interactions have been confirmed by
me or the other published results. The dash line indicates the interactions still
remain to be confirmed. Here | highlight 3 possible novel functions of Sall4
including nuclear transport, microRNA processing, and reprogramming.
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3.4 Discussion

Stem cell scientists including myself have provided a rich resource of
information for future investigation on the function of new proteins that may
influence human ES cell fate determination. Recently, two groups have also
profiled phosphoproteome of hESCs by using different approaches to stimulate
differentiation (14, 31, 75). Linking whole genomic, transcriptomic, proteomic,
and phosphoproteomic approaches will facilitate our understanding of the
mystery of stem cell and developmental biology. There are two very important
issues that we should keep in mind: 1) It has been proven difficult to directly
differentiate either mouse or human ESCs to any pure population of cells. The
most cheap and common way to differentiate ESCs is to use Retinoic Acid (RA)
to derive cells into a neural ectodermal lineage. However, when | repeated these
experiments in my laboratory, | observed more than 5 groups of cells distinct by
morphology. The RA-treated cells also expressed the other lineage markers
such as CD105, a mesodermal precursor marker. We should pay attention to the
implications of multiple signaling cascades that direct differentiation along these
diverse paths. 2) Phosphorylation can occur in seconds. In our protocol, we
cultured cells for days and obtained the undifferentiated and differentiated cell
lysates afterward. We were not able to observe the dynamics of the
phosphorylation at any particular time point. It is possible that we have already
missed the peak of the phosphorylation, so we did not detect other
phosphopeptides. Therefore, we have to further evaluate this data to more

carefully make hypotheses.
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Dnmt3l (DNA (cytosine-5-)-methyltransferase 3-like; ecat7)

CpG methylation is an epigenetic modification that is important for
embryogenesis (87). DNA methylation has been demonstrated to be required for
mouse development (80-81). In our database, novel phosphorylation of both
Dnmt3b and Dnmt3l has been observed. Dnmt3l encodes a nuclear protein but
not function as a DNA methyltransferase because it does not contain the amino
acid residues necessary for the activity. It directly activates the de novo DNA
methylase activity of both Dnmt3a and Dnmt3b (65). There is a requirement for
Dnmt3l in the de novo methylation of dispersed repeated sequences in male
germ cells prior to meiosis, and a lack of Dnmt3l causes male sterility (11, 79).
Dnmt3l has also been reported that mediates transcriptional repression by
binding HDAC1 (1). Given the broad impact that Dnmt3l activity can have, it is
difficult to predict the phenotype that will be caused by reduction of Dnmt3I
activity in ESCs. We observed that amino acids S61, S63, S64 of Dnmt3| are
phosphorylated in mESCs cells, but not in EC cells differentiated into neurons
following RA treatment. We also confirmed that Dnmt3| and Sall4 formed a
protein complex. Phosphorylation of Dnmt3l may determine its level of activity
either directly or by affecting its interactions with Dnmt3a, Dnmt3b, HDAC1, or
Sall4. It would also be interesting to study whether these phosphorylations can
secondarily mediate the epigenetic modification through binding affinity of

Dnmt3a and Dnmt3b upon ES cell differentiation.
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Chapter 4

A novel function of Sall4 in modulation of microRNA processing
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4.1 Abstract

MicroRNAs (miRNAs) play important roles in development, cell
proliferation, and have been implied in human cancer. The biogenesis of mature
miRNA is a multi-step process and each of these steps provides opportunities for
the regulation of miRNA expression; however, the mechanism is still unclear.
Here we report Sall4, a zinc finger protein that has been reported to be required
for early embryonic development and embryonic stem cell pluripotency, as a
member in the miRNA-processing pathway. Sall4 directly interacts with Lin28
and binds to pri-let-7 miRNAs. Co-immunoprecipitation showed Sall4 serves as
a component of Drosha. Knockdown of Sall4 results in a decrease of pri-let-7
transcript in mouse ES cells. Our study reveals an unexpected function that links
Sall4 to the machinery of miRNAs maturation; this may underlie key aspects of

stem cell research and cancer biology.

4.2 Introduction

Embryonic stem cells are pluripotent cells that can self-renew or
differentiate into specific lineages. In order to undergo self-renewal, ESCs
require mircoRNA silencing of certain genes (32, 71). MicroRNAs (miRNAs) are
small single-stranded noncoding RNA molecules that repress target mRNAs
through an antisense mechanism (25). In mammalian system, miRNA
biogenesis starts when transcription is initiated by RNA polymerase |l to form
long primary transcripts (pri-miRNAs). The nuclear RNase Ill Drosha digests the

pri-miRNAs into hairpin-shaped precursor miRNAs (pre-miRNAs) (43). The pre-
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miRNAs are then exported out to the cytoplasm and turned into ~22nt miRNA
duplexes by Dicer, another RNase lll ribonuclease (34). These small RNAs are
incorporated into the RNAI effector complex RISC and direct gene silencing of
targeted mRNAs. However, the regulatory mechanism of miRNA biogenesis

remains largely unknown.

It has been shown that the pluripotency promoting factor Lin28 can
regulate let-7 accumulation and processing in a negatively regulated manner (15).
From the previously generated Sall4 interactome, we first reported Lin28 forms a
protein complex with Sall4 in ES cells. This information initiated us to address
the question whether Sall4 is also involved in the microRNA biogenesis. In this
chapter, | report that Sall4 regulates let-7 miRNA processing in a Lin28-
independent manner. Sall4 not only interacts with Lin28, but also forms a
complex with Drosha, leading us to hypothesize that Sall4 may be also involved

in the post-transcriptional regulation of miRNA.

4.3 Results
Sall4 directly interacts with Lin28 and binds to pri- let-7 miRNA

We further analyzed the immunopurified Sall4-binding complex from
mouse ESCs by mass spectrometry and identified a set of proteins that have
been reported to be involved in regulating miRNA mechanism. Surprisingly,
Lin28 stood out on the list because Sall4 is a nuclear protein; however Lin28 is

mainly localized in the cytoplasm of ESCs. We launched this project from
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confirmation of the interactions by co-immunoprecipitation in mouse ESCs (data
shown in chapter 4). Overexpression experiments were further performed with
Lin28 and Sall4. HA-tagged Sall4 and myc-tagged Lin28 vectors were
transfected into HEK293T cells for in vivo binding analysis. Transfected
HEK293T cells were subjected to anti-HA antibody (Sigma H6908) co-IP and
Western blotting with anti-myc antibody (Santa Cruz sc-40). By co-IP RNase A
treated HEK293T, we further confirmed that the interaction was not caused by
RNA bridging in ESCs (Fig. 4-1A). Recombinant Lin28 and Sall4 proteins
purified from E. coli were applied to in vitro binding assays to show the direct
interaction (Fig. 4-1B). It has been shown that Lin-28 interaction with the Let-7
precursor loop mediates regulated microRNA processing (49, 55). Using
electrophoretic mobility shift assay (EMSA), we demonstrated that recombinant
Sall4 (rSall4) directly interacted with pri-let-7a-1 (Fig. 4-2). The interaction
between them in vitro was disrupted by pri- let-7 miRNAs, but not pri-mir-16

miRNAs (Fig. 4-3).
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IgG IP: anti-HA Input
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WB: anti-GST Abs

Fig.4-1 Confirmation of the interaction between Sall4 and Lin28 in vitro and in
vivo. (A) Co-IP of HA-Sall4 and Myc-Lin28 in HEK293T. (B) In vitro binding
assay was carried out to confirm the direct interaction of recombinant Lin28 and

Sall4.
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Fig.4-2 Sall4 directly interacts with Lin28 and binds to pri-let-7 microRNA.
Electrophoretic Mobility Shift Assay (EMSA) was carried out with 5’ end-labeled
synthetic pre-let-7a-1. “Free” represents RNA free of proteins and “bound”
represents RNA bound to proteins. The concentrations of rLin28b used are
300nM. The concentrations of rSall4 used are 100nM, 1uM, and 10uM. Co-IP
was carried out with HA-Sall4-overexpressed HEK293T cell extracts.

in vitro binding assay
I

[

GS5T-Lin28 + + +
His-Sall4 + + +
pri-let-7a-1 - + -
pri-mir-16 - - +
WB: anti-His Abs
- - —

Fig. 4-3 pri-let-7 specifically interferes with the Sall4-Lin28 binding affinity. In vitro
binding assays were performed as described in methods. Cold RNA was mixed
with recombinant proteins and Western blotting was performed.
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Sall4 regulates miRNA biogenesis in embryonic cells

We sought to gain insight into the molecular mechanism of Sall4-mediated
miRNA biogenesis. Since Sall4 and Lin28 form a protein complex and the
majority of Sall4 proteins localizes in the nucleus, we started to examine the
mechanism before nuclear export of miRNA. We observed that the endogenous
pri-let-7g transcript is downregulated in undifferentiated Sall4-null ESCs
compared to Sall4 flox/- ESCs (Fig. 4-4). To test whether Sall4 regulates miRNA
processing in a Lin28-dependent manner, we introduced lentiviral shRNA to
knockdown Lin28 and Sall4 in mouse ECs. The level of pri-let-7g upon
knockdown of Lin28 in P19 cells remained unaltered (Fig. 4-5). This result is
consistent with the previous report (77). When we knockdown Sall4, we
observed an increased level of pri-let-7g by 30% in P19 cells and 70% in another
mouse EC cell line, F9 cells (Fig. 4-6). We observed no decrease in levels of the
pluripotency markers Nanog and Oct-4 upon knockdown of Sall4 over the time
course (Fig. 4-7). Interestingly, the level of pri-let-7 decreased up to 40% in
mESCs (Fig. 4-8). The discrepancy observed here could be due to cell line
differences. This could imply that Sall4 may also play different roles in ESCs and
carcinomas. Our data suggests that Sall4 may regulate miRNA processing
independent from Lin28 and play multiple roles of miRNA biogenesis in different

tissues.
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Fig. 4-4 Dynamics of endogenous pri-let miRNAs in Sall4 mutant ES cells upon
differentiation. The level of pri-let-7g is downregulated in Sall4-KO ESCs
compared to Sall4 het ESCs, while the protein level of Lin28 remained
unchanged. When ESCs grew in suspension and differentiated to Embryoid
Bodies (EBs) for 8 days, pri-let-7g levels dropped more than 50% in Sall4-KO
EBs. Upon differentiation, the pri-let-7g transcript slightly decreased in Sall4 het
EBs. The pri-let-7g transcripts were measured by Reserve Transcription qPCR.
Actin served as a control.
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Fig. 4-5 Quantitative PCR showing changes in levels of endogenous pri-let-7
upon sh-Lin28 induction in mouse EC cell line (P19). Error bars represent SEM
with N=3.
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Fig. 4-6 Quantitative PCR showing changes in levels of endogenous pri-let-7 and
Lin28 upon sh-Sall4 induction in two lines of mouse ECs. Error bars represent
SEM with N=3.
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Fig. 4-8 Quantitative PCR showing changes in levels of endogenous pri-let-7 and
Lin28 upon sh-Sall4 induction in mouse ESCs. Error bars represent SEM with

N=3.
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To investigate whether Sall4 is also involved in post-transcriptional
regulation of miRNA, we quantified the endogenous pre-let-7 and mature let-7
miRNAs in Sall4 mutant cells. The levels of pre-let-7a-1 miRNAs were
unchanged when ESCs were differentiated into embryoid bodies for 8 days. We
observed an induced expression of mature let-7 in undifferentiated Sall4-null
ESCs. The accumulation of mature let-7 dramatically increased upon
differentiation (Fig. 4-9). We then ectopically cotransfected Sall4 and pri-let-7a-1
into HEK293T cells, which contains very low levels of endogenous Sall4 protein
and let-7 RNA. Northern blot analysis showed increased mature let-7g (Fig. 4-
10). Since knockdown of Sall4 causes increased pri-let-7, but not accumulation
of precursor or mature let-7 miRNAs in p19 cells, it indicates a loss of function of
microprocessor in the nucleus. Co-immunoprecipitation reveals that Sall4 is an
integral component of the Drosha protein complex (Fig. 4-11). The detail of
mechanism of how Sall4 regulates Drosha processing still remains to be studied.
In summary, Sall4 binds specifically to let-7 miRNA precursors and promotes

their processing by favoring the association of Drosha.
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Fig. 4-9 Sall4 is involved in let-7 microRNA biogenesis.
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Northern blot (NB)

showing posttranscriptional induction of mature let-7a-1 during embryoid body
(EB) differentiation; mouse ESCs were differentiated to EB for 8 days. Storage
phosphor screens exposed to Northern blots were scanned and quantified using
ImageQuant software. The endogenous pre- and mature let-7 in undifferentiated
ESCs and differentiated EBs were normalized to the level of 5S RNA. The level
of pre-let-7 and mature let-7 was quantified based on the signal intensity from NB.

Error bars represent SEM with N=3.
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Fig. 4-10 NB analysis of the ectopically expressed pri-let-7g, Lin28, and Sall4 in
HEK293T cells. Lane 2 and 3 represent different clones of Lin28. Lane 5 and 6

represent different clones of Sall4.
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Fig. 4-11 Co-immunoprecipitation showed that Sall4 is an integral component of
the Drosha protein complex. (A) Co-IP of endogenous Sall4 and Drosha in F9
cell extracts. (B) Co-overexpression of HA-Sall4 and Flag-Drosha in HEK293T.



90

4.4 Discussion

Recently, it has been reported that a combination of Lin-28, Oct-3/4, Sox2,
and Nanog are sufficient to reprogram human somatic cells into pluripotent stem
cells (iPSCs) (88). Two groups have reported that Lin28 interferes with Drosha
processing of pri-let-7 in embryonic cells (49, 77). The other two groups showed
maturation of let-7 is blocked and indicated Lin28 is involved in Dicer processing
(27, 59). It suggests that the restoration of the let-7 processing block is an
essential step for iPSCs. Here we introduce Sall4 as a new regulator of let-7
miRNA biogenesis. Sall4 has also been used as part of an enhancer for somatic
cell and nuclear reprogramming (68, 82). It would be interesting to study if
depletion of let-7 through antisense knockdown can substitute for the
requirement for Lin28. While the mechanism is still unclear, by demonstration
that KSRP interacts with Drosha and Dicer complexes, indicates KSRP is
essential for the efficient recruitment of miRNA precursors to these proteins (74).
It implies that protein-protein interactions with other components of the

biogenesis machinery may be required.

The exact mechanism of how Lin-28 inhibits Drosha processing is
unknown. In this study, we also showed Sall4 is associated with Drosha complex.
We also have shown that Sall4 regulates let-7 miRNAs and directly interacts with
Lin28; however, how Sall4 coordinates with Lin28 or Drosha to mediate miRNA
biogenesis remains to be further studied. One possible mechanism is that Sall4

sequesters Lin28 from the cytoplasm to the nucleus. The high binding affinity to
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let-7 may simply block access of Drosha complex to the pri-miRNAs. Lin28/let-7
complex is then exported out of the nucleus and shuttled to P-bodies for
degradation. However, we cannot rule out the possibility that Sall4, alone or in
concert with the other factors, such as KRPS or p53, may block other pri-miRNAs
in different physiological contexts. Altogether, our findings uncovered a novel
regulator, Sall4, in miRNA processing. Future investigations of Sall4 may show
promise to reveal how a great portion of pri-miRNAs are regulated and how
mMiRNA expression patterns are important determinants of stem cell fate and

oncogenesis.
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