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Research into regulation of the differentiation of stem cells is critical to understanding early
developmental decisions and later development growth. The transcription factor ARID3A previously
was shown to be critical for trophectoderm and hematopoetic development. Expression of ARID3A
increases during embryonic differentiation, but the underlying reason remained unclear. Here we show
that Arid3a null embryonic stem (ES) cells maintain an undifferentiated gene expression pattern and
form teratomas in immune-compromised mice. However, Arid3a null ES cells differentiated in vitro into
embryoid bodies (EBs) significantly faster than control ES cells, and the majority forming large cystic
embryoid EBs. Analysis of gene expression during this transition indicated that Arid3a nulls differentiated
spontaneously into mesoderm and neuroectoderm lineages. While young ARID3A-deficient mice showed
no gross tissue morphology, proliferative and structural abnormalities were observed in the kidneys of
older null mice. Together these data suggest that ARID3A is not only required hematopoiesis, but is
critical for early mesoderm differentiation.

Introduction

Mouse embryonic stem (mES) cells are invaluable research tools that have allowed
researchers to unravel the early stages of cell differentiation and lineage commitment
[1].Innormal development, pluripotent ES cells quickly expand and become committed
to specific cell lineages. Cell-cell interactions and timing of differentiation are critical
to the correct formation of the embryo [2]. Understanding the initial cell fate decisions
offers insight into early development.

Pluripotent and multipotent cells are the critical reservoirs for functional, fully
differentiated cells of all organisms. Arid3a is a transcription factor that is broadly
expressed during early development. Its expression becomes restricted first to the
fetal liver, and then primarily to B lymphocytes within the adult [3,4]. In the mouse,
Arid3a is required for hematopoietic stem cell (HSC) development, which occurs in
the fetal liver at E12.5 [4,5], and is a well-established regulator of B-cell development
in the adult mouse. We have previously shown that the loss of Arid3a engenders a
defect in HSC development during embryogenesis [4], causing nearly all Arid3a null
(Arid3a-/-) animals to die by E12.5. Rare survivor mice are typically smaller than either
their wildtype (Arid3a+/+) or heterozygous (Arid3a #) littermates, but grow to full
size as they reach maturity. We have further shown that Arid3a protein levels during
differentiation of ES cells [6-8] and controls trophectoderm, and subsequent placental
development directly via repression of key pluripotency factors [7,9]. However, the
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function of Arid3a in further ES cell differentiation was unknown. These observations
lead us to investigate how Arid3a influences early embryonic developmental choices
and subsequent adult tissue development.

Results

To understand the role Arid3a plays in normal mES cells, we utilized Arid3a null
embryonic stem cells (Arid3a-/- mES) [4]. These cells maintain mES morphology
(Figure 1a) stably through many passages. They grow at equivalent rates compared
to Arid3a+/+ and Arid3a+x mES cells and showed no abnormal phenotype and
maintained expression of pluripotency factors (data not shown and Figure 2b and
3a). The presence of typical mES cell morphology is indicative of the maintenance of
pluripotency, however it is inconclusive. In order to test for pluripotency, teratoma
assays were performed [9]-a standard criterion for pluripotency. Arid3a-/- mES cells
formed teratomas with a similar latency and cellular composition as Arid3a+/+ mES
cells, indicating that they maintained pluripotency in culture (Figure 1b).

To compare the genetic expression profile of Arid3a-/- and Arid3a+/+ mES,
microarray analysis was performed on undifferentiated Arid3a-/- cells (Figure 1c).
All arrays were performed using two independently derived Arid3a-/- mES cell lines
(Arid3a-/- mES-1 and Arid3a-/- mES-2) [9]. mES cells were grown on feeder cultures,
and microarrays were performed using sorted (via flow cytometry) and unsorted
(feeder cells were removed via re-attachment to substrate) biological replicates
(Figure 1c, data not shown). We observed few differences between the two arrays. Gene
ontogeny (GO) analyses comparing Arid3a-/- to WT mESC revealed several common
downregulated pathways, including neurological system processes, regulation
of neurotransmitter levels, and cell-cell signaling. Unexpectedly, the upregulated
pathways included heart and vasculature- associated development, such as heart,
blood vessel, vasculature development and blood vessel morphogenesis (Figure 1c).

Previous differentiation analyses of mES showed that Arid3a was highly
upregulated upon differentiation of mES cells [9,10], suggesting a function for Arid3a
in both pluripotency and differentiation. Consistent with those observations [9,10],
Arid3a in undifferentiated mES was increased during serum withdrawal-mediated
differentiation (Figure 2a,b).

Additional in vitro differentiation experiments were performed to explore this issue
further. When retained in suspension cultures, mES differentiate to embryoid bodies
(EBs).-a round mass of differentiated cells composed of three germ lineages [11,12].
Arid3aefly, cells were removed from feeders and plated in hanging drop cultures for 2
days. On the third day, EBs were collected and grown under suspension conditions for
up to 20 days (Figure 2c). The Arid3a-/- CEBs were almost always much larger than
any Arid3a+/+ EBs. We observed that Arid3a-/- EBs grew much faster than Arid3a+/+
controls, and the majority formed very large structures termed cystic embryoid bodies
(CEBs) [13]. CEBs are models for early extraembryonic tissues development, as they
contain yolk-sac-like structures [14,15] and early vasculature [13,16].

To determine if formation of CEBs were progenitors of cardiac differentiation,
Arid3a-/- and Arid3a+/+ EBs were plated on gelatin coated plates and cultured
according to previous protocols (Figure 2d) [12,17]. Arid3a+/+ EBs plated down
and formed regular, round colonies with differentiated cells radiating out from the
center of less differentiated cells and were able to form beating cardiomyocytes (data
not shown). Although Arid3a-/- EBs formed beating cardiomyocytes, they did not
spread out on the plate nor form regular differentiating colonies (Figure 2d). These
morphological differences further indicated that Arid3a-/- mES cells were incapable
of differentiating efficiently to cardiomyocyte progenitor lineages.

Published: September 07,2017

7:;



=

Arid3a regulates mesoderm differentiation in mouse embryonic stem cells h
.

A
> | M
Arid3a -/-mES cells | ‘ Arid3a +/+mES cells |
Bri-/- Bri-/-
B ES1  ES2
Bright (Arid3a)

S|
—

Fold
Count %  P-Value Enrichment Bonferroni FDR

Neurological System Process 70 10.3 1.70E-06 1.8 240803 2.80E-D3)

Regulation of
Neurotransmitter Levels 10 15 130E05 69 180E02 2.10E02)

cellcell I 19 2.9 1.70E04 2.8 2 10E01 2 80E0Y]

Fold
Count % P-Value Enrichment Banferroni FDR

3.8 1.80E-07

3.20E04  3.10E-04

Blood Vessel Development 2

3.6 3.20E06 2.4 5J0EDZ  5.50E03

Vasculsture Development 2

3.6 4.70E-06 3.4 8.20E03  7.90E-03

Blood 1
Embryonic Orzan
s

3.3 2.30E06 2.2 410ED2  4.00E03

3.3 3.50E05 2.2 6.00ED2  6.00E03

Placents Development 1

1.9 6.00E-05 5.1 9.90EDZ  1.00E-01f

PR =rey
g g = g =t

Figure 1: Arid3a knockout embryonic stem cells are pluripotent. (A) Arid3a-/- ES morphologically resemble mES.
Arid3a-/- ES cells grown on a feeder cell layer, in the presence of LIF, maintain their ES morphology. (B) Arid3a
knockout embryonic stem cells form teratomas. ~350,000 Arid3a-/-ES cells were injected into the flanks of immune
compromised mice. Tumors were harvested when ~1cm across. Sections were stain by H&E, and cells representing
all three germ layers were found to be present. Abbreviations: Arid3a-/- ES: Arid3a knockout embryonic stem cells;
mES: mouse embryonic stem cells. (C) Global gene expression analysis was performed on biological replicates
(replicate 1 and replicate 2) of two independently derived Arid3a knockout embryonic stem cell lines (Arid3a-/- ES-1
&-2). Arid3a-/- ES were compared to Arid3a+/+ ES cells. Heatmaps represent the differentially expressed genes
between Arid3a-/- ES lines and Arid3a+/+ ES greater than 1-fold difference. Gene ontogeny analyses of differentially
expressed genes are displayed to the right of the heatmap. Abbreviations: Arid3a-/- ES: Arid3a knockout embryonic
stem cells; Arid3a+/+ ES: wildtype mouse embryonic stem cells.

To determine the cellular processes that might underlie these Arid3a-/- mES
differentiation defects, we performed gene expression analysis on undifferentiated
Arid3a-/- and Arid3a+/+ mES controls as well as on EBs harvested at day 6 and 15.
Employing two biological replicates for each time-point, a heat map was generated
by averaging all Arid3a-/- replicates for each time-point and normalizing each to the
Arid3a+/+ controls. Genes that were >2-fold up- or down-regulated for each time-
point were plotted and clustered according to expression patterns over the full time
course. There were surprisingly few differences between Arid3a+/+ and -/- mES cells
observed at day 0 (Figure 3a). But differences increased at day 6, with the largest gene
expression variation observed at day 15 (Figure 3a). GO analysis of select clusters
(numbered in red) showed a range of deregulated pathways (Figure 3b). For example,
Cluster 6 included downregulation of genes involved in pluripotency for stem cell
maintenance, stem cell development, and gastrulation. Also downregulated in Cluster 6
were related differentiation pathways, including stem cell differentiation, formation of
the primary germ layer, pattern specification process, and anterior/posterior pattern
formation. We also noted that the same pathways deregulated in undifferentiated mES
cell microarrays (Figure 1b) were also upregulated in Clusters 2, 5, 8,and 10 (Figure 3b-
f). These could roughly be segregated into two groups: Vasculature (heart, blood vessel,
vasculature development, and blood vessel morphogenesis) and Adhesion/motility
(cell motion, cell adhesion, biological adhesion, cell-cell adhesion, and regulation of
cell migration). The upregulation of vasculature-related pathways correlated with
the increased formation of CEBs in Arid3a-/- mES cells. We noted previously that
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Figure 2: Arid3a increases expression and influences differentiation. (A) mES cells show an increase in Arid3a
protein levels upon differentiation. mES cells were grown in chamber slides in the presence (undifferentiated)
or absence (differentiated) of LIF for 3 days. Cells were stained for Arid3a expression (green), and nuclei were
counterstained with DAPI (blue). (B) Arid3a +/+ mESC show an increase in Arid3a expression during differentiation
induced through removal of stem cell factors compared to GAPDH expression. (C) Arid3a -/- mESC differentiate
into embryoid bodies more rapidly compared to wildtype. Two different Arid3a-/- ES cell lines (Arid3a-/- ES-1 and
Arid3a-/- ES-2) and Arid3a+/+ ES cells were grown in suspension culture without LIF to promote differentiation.
Arid3a-/- ES formed CEBs more quickly, more often, and much larger then Arid3a+/+ ES. Images are at day 10
differentiation. 2.5x magnification. (C) Arid3a-/- mES do not differentiate correctly in adherent cultures. Two
different Arid3a-/- cell lines and Arid3a+/+ mES cells were grown in suspension culture without LIF to promote
formation of EBs for eight days. EBs were allowed to adhere to gelatin coated cell culture plates. Arid3a-/- mES cells
did not appropriately adhere to the cell culture plate and appeared to incompletely differentiate. Images are at day
13 differentiation (2.5x magnification).

Arid3a-/- EBs did not properly adhere to the cell culture plate nor spread-out when
plated in hanging drops The increase in adhesion pathways seen from the GO analyses
may explain this observation.

We next analyzed gene expression data comparing deregulation of lineage-specific
genes. Arid3a-/- mES cells differentiated more rapidly down certain lineage pathways
(Figure 3c-f). This increased differentiation rate may account for the greater change in
gene expression observed at D15 compared to DO. Yet Arid3a-/- mES cells appeared to
differentiate at the same pace as controls toward the endoderm lineage (Figure 3c) and
followed a similar (but not identical) timing pattern in differentiating to the ectoderm
lineage (Figure 3e). However, Arid3a-/- mES differentiated into neuroectoderm and
mesoderm lineages more efficiently than wildtype controls (Figure 3d,f). Correlation
analysis indicated that neuroectoderm and mesoderm patterns of Arid3a-/- EBs at day
6 EBs more closely resembled the patterns of Arid3a+/+ controls at E15 (Figure 3d,f).

While most Arid3a-/- mice die by E12.5, there are rare survivors [4]. To study the
effect of Arid3a loss on organ differentiation, histological analysis was performed on
multiple tissue types of young (6 week-old) and aged (>1 year old) Arid3a-/-, Arid3a#,
and Arid3a+/+ littermates. Paraffin embedded sections from various organs were
stained with H&E and gross anatomical analysis was performed. As shown in Figure
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Figure 3a,b: Gene expression of differentiated Arid3a knockout embryonic stem cells is dissimilar to wildtype
embryonic stem cells. (A) Global gene expression analysis was performed on biological replicates of two
independently derived Arid3a knockout embryonic stem cell lines (Arid3a-/- ES-1 & 2) and Arid3a+/+ ES. Cells
were cultured in hanging drops to allow differentiation into embryoid bodies and harvested at days 0, 6, and 15
(DO, D6, and D15, respectively). All Arid3a-/- ES replicates were compared together to Arid3a+/+ ES cells. The
heatmap represents the differentially expressed genes (greater the 1.5-fold difference and a P value less than
0.05) clustered based on expressed patterns over time. Data are a compilation between replicates of both Arid3a-/-
ES lines and Arid3a+/+ ES at each timepoint. Abbreviations: Arid3a-/- ES: Arid3a knockout embryonic stem cells;
Arid3a+/+ ES: wildtype mouse embryonic stem cells. (B) Gene ontogeny analyses of differentially expressed genes
in differentiated Arid3a knockout embryonic stem cells. Clusters were analyzed using Gene ontogeny and show a
wide range of misregulated gene pathways. Generally, differentiation associated pathways are more commonly
upregulated while stem cell related programs are more downregulated.
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Figure 3c-f: Gene expression of differentiated Arid3a knockout embryonic stem cells is dissimilar to wildtype
embryonic stem cells. Arid3a-/- ES differentiate into endoderm and ectoderm lineages in a similar manner to
Arid3a+/+ ES. Arid3a-/- ES cells express mesoderm and neuroectoderm markers sooner than the Arid3a+/+ ES
cells. Fold expression of all genes relative to Arid3a+/+ ES undifferentiated control (D0).
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43, there were no identifiable differences between KOs and controls in formation, size,
or cellular composition of the Arid3a-/- organs at 6-weeks. However, in aged mice,
while most tissue types were normal, a distinct loss of structure was observed in their
kidneys (Figure 4a).

As a first step to determine whether early embryonic defects in Arid3a expression
influence kidney development, we analyzed gross cellular proliferation in the kidneys
and spleens of Arid3a-/- and control littermates (Figure 4b). Histological sections
from Arid3a+/+ and Arid3a-/- spleens and kidneys were stained with the proliferative
marker Ki67. The analysis of Figure 4c indicated that there is a significant increase in
proliferation within the kidney, but not the spleen, of Arid3a-/- young mice, but not in
the spleen (Figure 4d). These data indicate that Arid3a influences early differentiation
of neuroectoderm and mesoderm germ layers and plays a heretofore unrecognized
role in the adult kidney.

H Kidney H Thymus H Spleen ‘

Liver

Mammary
Gland

Skeletal
muscle

Arid3a f+ Arid3a +/- -. Arid3a-/-

6 week old mouse sections

Figure 4a: Arid3 -/- mice show no structural abnormalities in most major organs until aging. (A) H&E staining of
Arid3a wildtype (Arid3a+/+), heterozygous () and knockout (Arid3a-/-) littermates was performed on the spleen,
thymus, kidney, liver, skin, lung, mammary gland, and skeletal muscle. No structural abnormalities were observed.
Black box indicates no data available.
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Figure 4b-d: (B) Spleen and kidney of 6 week-old Arid3a wildtype (Arid3a+/+) and knockout (Arid3a-/-) littermates
were stained for the proliferative marker Ki67 (brown) and the nuclei counterstained with eosin (blue). (C) The
number of proliferating cells in Arid3a wildtype (Arid3a +/+) and knockout (Arid3a-/-) spleens were averaged by
randomly counting ten equally sized squares from each stain. The average number of positive cells for each section
was averaged from each square counted; variance was determined by F-test and found to be equal. Student’s
T-test was performed to determine the P-value. All calculations were performed in Microsoft Excel. (D) The number
of proliferating cells in Arid3a wildtype (Arid3a+/+) and knockout (Arid3a -/-) kidney were counted for the entire
section. The numbers of positive cells were averaged; the variances were determined by F-test and found to be
equal. Student’s T-test was performed to determine P-value. (E) H&E staining of Arid3a wildtype (Arid3a+/+),
heterozygous (z) and knockout (Arid3a-/-) age matched mice (> 6 months) was performed on the kidney. Structural
abnormalities were observed only the older Arid3a -/- kidneys.

Discussion

Arid3a has multiple cellular functions in addition to as a transcription factor. For
instance, Arid3a shuttles between the nucleus and the cytoplasm as well as localizes
to lipid rafts to affect B cell receptor signaling [18,19]. Arid3a was shown to interact
with cell signaling factors, including p53, to regulate senescence [20-22]. Arid3a
transactivation activity is maximal when localized to the nuclear matrix [23] to enhance
chromatin accessibility [24]. Previous evidence has shown that Arid3a is essential for
embryonic hematopoiesis in the fetal liver as well as normal kidney development in
the adult [4,9]. Arid3a is required for maintaining the differentiation state of various
somatic cell types, as its sole deficiency leads to cellular reprogramming [9]. Use of
Arid3a null mES lines in an in vitro differentiation system, coupled with mouse tissue
histology has provided here an insight into Arid3a function in early development and
later in organ growth. We have compared the transcriptional profiles of Arid3a-/-
and Arid3a+/+ mESC under conditions that retain pluripotency as well as following
differentiation. While loss of Arid3a has been shown to induce reprogramming [8,9],
Arid3a-deficient mESC retain the ability to differentiate and form all three germ layers.
Thus Arid3a works as part of a larger regulatory network that controls differentiation.
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Arid3a expression increases gradually with a majority of the protein localized to
the nuclear matrix [9]. This gradual increase of Arid3a during early differentiation
suggested a transcriptional function. Accordingly, Arid3a knockout and wildtype mES
cells were comparable in self-renewal and maintenance of pluripotency, but during
differentiation, Arid3a knockout mES cells turned on gene expression of mesoderm
and neuroectoderm lineages faster than controls. However, other lineages, including
endoderm and ectoderm, were unperturbed. That Arid3a may regulate genes
critical to these lineage-specific pathways was confirmed by microarray findings
that undifferentiated Arid3a-/- mES upregulated early differentiation and vascular
pathways. Therequirement of Arid3a for normal mesoderm differentiation is consistent
with the need for Arid3ain hematopoietic stem cell and kidney development, as both are
mesoderm-derived tissues. In support of this hypothesis, a recent report found that an
Arid3a-/- kidney cell line, KKPS5, spontaneously developed into multicellular nephron-
like structures in vitro [25]. Further, these cells engrafted into immunocompromised
medaka mesonephros, where they formed mouse nephron structures. Thus, Arid3a
may provide a new model system for studying kidney development.

Key regulatory mES cell transcription factors exist in a balanced state; for example,
too little or too much of Oct4, Sox2, or Nanog can induce differentiation [26]. Loss of
Nanog commits cells to the endoderm lineage, while loss of Oct4 commits cells to the
trophoectoderm. Yet, raising Oct4 levels by just 50% commits ES cells to the endoderm
and mesoderm lineages [27]. Overexpression of Sox2 by as little as twofold can induce
lineage differentiation-but down the endoderm lineage [28]. We have shown that
loss of Arid3a induces reprogramming in somatic cells and alters the differentiation
pattern of mES cells [8,9,29]. Taking into consideration both these observations and
the transcriptional balance required for differentiation, we suggest that Arid3a may
act, not as a switch, but as a knob to repress levels of key pluripotency factors in a
timely and controlled manner during differentiation. Thus, in part, Arid3a controls the
timing of differentiation of the developing embryo. This balanced differentiation, when
unbalanced through loss of Arid3a, appears to favor mesoderm differentiation by
increasing the rate at which mesoderm-specific genes are expressed However, Arid3a
loss proves to be problematic during later differentiation. The majority of Arid3a null
mice die in utero due to HSC deficiencies [4]. We observed that the rare survivors that
overcome early lethality develop normally to a first approximation. However, we now
appreciate that there is a proliferative defect in the null kidney.

Our data, along with the aforementioned accounts, indicate that Arid3a is an
important regulator of timely differentiation-a role that extends beyond early
differentiation and affects multiple tissue types. Further in-depth studies of
conditionally-deleted Arid3a, particularly focused on the kidney, are required to
determine fully Arid3a effects in adult organs.

Materials and Methods
Derivation of Arid3a Null and heterozygous embryonic stem cells

To obtain Arid3a-/- mES lines, blastocysts were flushed out of the horns of 3.5 day
pregnant Arid3az females which had been mated with Arid3a+ males [30]. Blastocysts
were transferred onto STO feeder layers in mES media (DMEM supplemented with
20% FBS, penicillin/streptomycin, nucleosides, non-essential amino acids, and
B-mercaptoethanol) and cultured at 37°C in 5% CO2 in humidified air for 6-7 days
without media changes. The inner cell masses were identified, treated with trypsin,
disrupted, and then transferred individually and subcultured in 24-well STO feeder
plates. Four days later, single cell clones of compact mES colonies were passaged onto
6-well plates and then split after 2-3 generations for confirmation of null genotype by
PCR.
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Embryoid body formation assay

Embryonic stem cell colonies were lightly trypsinized, feeder cells were removed,
and cells were resuspended in mES media that contained no LIF at a concentration
of 20,000 cells/ml. Approximately 80-20ul droplets (each containing ~400 cells)
were placed on the lid of a petri dish. The lid was then inverted and placed over the
petri dish filled with PBS to maintain proper humidity. Hanging drops were kept in
standard cell culture conditions for three days. On the third day hanging drops were
collected into 10ml mES media that contained no LIF on bacterial culture plates to
prevent attachment. Media was changed every other day, and EBs were collected
by centrifugation at the time points indicated. For adherent experiments, EBs were
collected at day 8 and plated onto gelatin coated 10 cm cell culture dishes. Protocol
modified from David Stewart lab protocol, personal communication.

Teratoma and tissue histology

Near confluent cells were lightly trypsinized (5% trypsin/1% EDTA) and washed
twice in PBS. 100ul containing ~350,000 cells were injected subcutaneously into
the flanks of NSG (NOD.Cg-Prkdcscid 112rgtm1Wjl/Sz]) mice. Mice were palpated for
tumor growth and sacrificed when visible tumors were 1-2 cm across the longest
diameter. Tissues were harvested from mice at indicated timepoints using humane
techniques as defined by the University of Texas at Austin Institutional Animal Care
and Use Committee. Tissues were prepared in 5% paraformaldehyde solution for a
minimum of 24 hours. The tissues were then dehydrated using 30, 50, 70, 95, and
100% ethanol (EtOH). Samples were stored in 100% EtOH at 4°C until processing.
The tissues samples were embedded at the Histology and Tissue Processing Facility
Core located at The Virginia Harris Cockrell Cancer Research Center at The University
of Texas MD Anderson Cancer Center, Science Park facility. Embedded tissues were
sectioned and stained for Ki67 or Hematoxylin and Eosin (H&E) at the core facility.
Teratoma samples were analyzed by a trained pathologist at M.D. Anderson - Science
Park Histology and Tissue Processing Facility Core.

Microarray analysis

Cells were harvested by trypsin digestion. Total RNA was isolated (Qiagen
RNAEasy). On-column DNase digestion was performed (Qiagen) to remove genomic
DNA contamination. RNA was reversed transcribed (Invitrogen). Labeling with cy3
random nonamers and array hyArid3adizations were performed by following the
Nimblegen expression array protocol. Alignment and data normalization were done
using Nimblescan provided from Nimblegen.

Proliferation analysis

Tissues sections stained for Ki67 were imaged using a light microscope under 10x
magnification. The entire section was imaged with no overlap. For the spleen, a grid
was placed on top of the section image and ten squares were randomly chosen, counted
from each picture, and averaged. Whole images of the kidney were counted. The mean
from the entire organ was plotted. The variance was determined by F-test; the P-value
was determined by T-test; and the standard error of the mean was calculated. All
calculations and statistical tests were performed in Microsoft Excel.
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