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Abstract	  
	  
Hematopoietic	   Stem	  Cells	   (HSCs)	   represent	   a	   cell	   population	   that	   gives	   rise	   to	  
every	  lineage	  of	  blood	  cells,	  including	  granulocytes,	  lymphocytes,	  monocytes	  and	  
endothelial	   cells,	   all	   of	   which	   have	   been	   implicated	   in	   the	   pathogenesis	   of	  
Systemic	   Lupus	   Erythematosus	   (SLE).	   Our	   working	   hypothesis	   is	   that	   the	  
fundamental	  immune	  aberrations	  in	  SLE	  –genetic	  or	  epigenetic-‐	  may	  be	  easier	  to	  
be	   traced	  back	   to	   the	  HSC	  population.	  Although	  HSCs	   are	   thought	   to	   exist	   in	   a	  
dormant	   state	  within	   the	  bone	  marrow	  niche,	   recent	   evidence	   suggests	   that	   in	  
lupus	  mice	   they	  may	  overproliferate	  due	   to	  both	   intrinsic	  and	  extrinsic	  effects.	  
However,	   the	   molecular	   identity	   and	   the	   contribution	   of	   these	   alterations	   to	  
lupus	   remain	   elusive.	   We	   found	   significantly	   increased	   frequencies	   as	   well	   as	  
absolute	   numbers	   of	   HSCs	   in	   the	   BM	   of	   lupus	   NZBxNZW/F1	   mice	   with	  
established	   disease	   as	   compared	   to	   young	   NZBxNZW/F1	   mice	   or	   to	   C57/BL6	  
mice.	   Bone	  marrow	   populations	   such	   as	   hematopoietic	   stem	   progenitors	   cells	  
(HSPCs),	   lymphoid	   and	   myeloid	   lineages	   seem	   to	   differ	   in	   homogeneity	  
depending	  upon	  either	  age	  or	  disease,	   indicating	  an	  alteration	   in	  HSC	  potential	  
under	   inflammatory	   conditions.	   Accordingly,	   serum	   from	   F1	   young	   mice	  
promotes	   healthy	   HSCs	   to	   proliferation	   and	   skews	   their	   differentiation	   to	  
myeloid	  lineage.	  Global	  gene	  expression	  analysis	  of	  HSCs	  originating	  from	  lupus	  
mice	   revealed	   547	   differentially	   expressed	   (DEGs).	   These	   significantly	   DEGs	  
contain	   crucial	   transcription	   factors	   for	   hematopoiesis,	   HSC	   function	   and	  
homeostasis,	   as	   well	   as	   regulators	   for	   immune	   response	   during	   inflammation	  
and	  autoimmune	  diseases.	  These	  data	  provide	  initial	  insights	  in	  the	  fundamental	  
changes	  of	  HSC	  in	  lupus	  within	  the	  inflammatory	  milieu	  of	  the	  disease.	  
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Introduction	  
Hematopoietic	  Stem	  Cells	  	  
Hematopoiesis	   is	  the	  lifelong	  process	  by	  which	  all	   the	  cells	  of	  the	  blood	  system	  
are	   produced	   in	   a	   hierarchical	  manner	   from	   a	   small	   population	   of	   HSCs.	   HSCs	  
give	   rise	   to	   progenitor	   cells	   that	   become	   gradually	   lineage	   restricted	   and	  
ultimately	  differentiate	  into	  all	  lineages	  of	  mature	  blood	  cells	  (Figure	  1).	  As	  HSCs	  
continuously	  replenish	  cells	  that	  are	  lost	  or	  turned	  over,	  they	  must	  self-‐renew	  to	  
maintain	   their	  number	  over	   the	   lifetime	  of	   the	  organism	  1.	  Homeostasis	  within	  
the	  hematopoietic	   system	  depends	   on	   the	   replacement	   of	   the	   immune	   effector	  
cells	  by	  hematopoietic	  precursors	  2.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure	  1.	  The	  Hematopoietic	  Tree2	  
	  

LSK	  compartment	  
HSCs	   are	   the	   only	   cells	   within	   the	   hematopoietic	   system	   that	   possess	   the	  
potential	  for	  both	  multi-‐potency	  (ability	  to	  differentiate	  into	  all	  functional	  blood	  
cells)	   and	   self-‐renewal	   (ability	   to	   give	   rise	   to	   identical	   daughter	  HSCs	  without	  
differentiation)	   3.	   The	   resultant	   population	   of	   enriched	   mouse	   HSCs	   have	  
phenotype	   Lin-‐	   Sca-‐1+	  c-‐Kit+	   and	   represent	   approximately	   0.05%	   of	   the	  mouse	  
adult	   BM	   cells	   3.	   Long-‐term	  HSCs	   are	   capable	   of	   nearly	   indefinite	   self-‐renewal	  
and	  differentiation	   into	   the	  mature	   cells	   of	   blood	   lineages.	   These	   are	   the	   bone	  
fide	  stem	  cells	  of	  hematopoiesis.	  They	  are	  operationally	  distinct	  from	  short-‐term	  
HSCs	   which	   are	   capable	   of	   only	   limited	   self-‐renewal	   (but	   competent	   to	  
differentiate	   into	   the	   mature	   cells	   of	   all	   blood	   lineages)	   and	   therefore	   cannot	  
reconstitute	  hematopoiesis	  for	  the	  life	  of	  an	  organism	  4.	  

Figure 1 | The haematopoietic tree. Long-term haematopoietic stem cells (HSCs) have 
the capacity to self-renew over the lifespan of an animal and also to give rise to all the 
cell types of the bone marrow and peripheral blood. Other pluripotent progenitors, 
short-term HSCs and multipotent progenitors (MPPs) have less self-renewal capacity. 
Together, these three cell types constitute the haematopoietic stem and progenitor cell 
(HSPC) population. MPPs are thought to differentiate into the two main branches of 
haematopoietic development that arise from the common lymphoid progenitor (CLP) 
and the common myeloid progenitor (CMP). This process is more complex and nuanced 
than shown here. Mature peripheral blood cells, shown on the right, are derived from 
these progenitors. GMP, granulocyte and macrophage progenitor; MEP, megakaryocyte 
and erythrocyte progenitor; NK, natural killer.
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findings suggest that bone marrow progenitors respond 
directly to the infection itself, rather than to secondary 
peripheral cytopenia (FIG. 2). Similar stimulatory effects 
on the LSK cell compartment have been observed in 
polymicrobial, viral and candidal models of systemic 
infection6–8.

Recently, inflammatory conditions have been shown 
to increase proliferation and self-renewal among LSK 
cells. The rate and extent of cell division can be deter-
mined precisely by measuring the dilution of the fluores-
cent dye 5,6-carboxyfluorescein diacetate succinimidyl 
ester (CFSE) over time. When mice containing CFSE-
labelled bone marrow cells were exposed to lipopoly-
saccharide (LPS) over an 8-day period, LSK cells were 
noted to expand in number and to display accelerated 
dye dilution, indicating a higher rate of cellular prolifera-
tion compared with control cells. These findings suggest 
that inflammation triggered by LPS exposure can induce 
the proliferation of haematopoietic progenitor cells9,10.

Studies focusing on the LSK compartment of the bone 
marrow are limited by the inherent heterogeneity of that 
cell population, as well as by the effects of inflammation 
on common phenotypic markers of stem cells (BOX 1).  

As the LSK cell compartment is a diverse mixture of 
HSCs and lineage-committed progenitor cells, it is erro-
neous to infer that effects on the LSK cell compartment 
apply to the HSC subpopulation. In order to delineate 
the effects of inflammation on HSCs, we conducted an 
analysis of the bone marrow following Mycobacterium 
avium infection using more discriminating purification 
schemes. It is possible to exclude committed progenitor 
populations and enrich more specifically for HSCs by 
using additional immunophenotypic criteria — such as 
CD34–, CD48–, CD150+ and FLT3– (FMS-related tyros-
ine kinase 3; also known as FLK2) — or by assessing the 
functional capacity for efflux of the dye Hoechst 33342 
to identify the so-called ‘side population’ (BOX 1). Using 
these techniques, we found that HSCs proliferated in 
response to chronic M. avium infection11. Notably, 
M. avium causes a chronic indolent infection, and 
peripheral blood counts, as well as the numbers of com-
mitted progenitors, are never very low during the 4-week 
course of this infection. Thus, the finding of increased 
proliferation of HSCs during this infection implies that 
HSCs divide as part of the primary immune response 
rather than simply to replace depleted progeny pools. In 
other words, in addition to the ‘pull’ effect that periph-
eral cell deficiencies may have on HSCs, HSCs can also 
be ‘pushed’ towards cell division and differentiation by 
infection (FIG. 2).

HSCs may sense infection directly
Having established that HSCs respond to infectious 
states even in the absence of peripheral cytopenia, we 
turn to the question of how the infectious state is sensed 
by the HSC. One may imagine three different scenarios. 
First, the HSC itself may be infected, leading to direct 
effects on intracellular organelles. Alternatively, path-
ogenic organisms may signal directly to the HSC, for 
example by releasing pathogen-associated molecular 
patterns (PAMPs) that bind to receptors in or on the 
HSC. A final possibility is that alterations in the HSC 
environment as a result of infection, including changes 
in the cellular composition or the cytokine environment, 
may lead to indirect changes in the HSC. These indirect 
changes could be mediated by a broad range of factors, 
such as cell–cell interactions, microRNAs and epigenetic 
factors. Certainly, the above-mentioned scenarios are 
not mutually exclusive (FIG. 3).

The possibility that HSCs are affected by direct 
invasion of pathogenic bacteria has not been borne out 
experimentally. In animal models, HSCs are not com-
monly infected by pathogens themselves. Even when 
animals are systemically infected, or when purified 
HSCs are incubated with high concentrations of bac-
teria in vitro, HSCs have been found to be resistant to 
infection by a variety of intracellular pathogens, includ-
ing respiratory viruses, Salmonella spp., Listeria spp. and 
Yersinia spp.12,13. In our studies using M. avium infec-
tion, we have not observed viable bacteria within the 
HSCs11. Hence, changes in the proliferative rate of HSCs 
or in their capacity to engraft and repopulate the bone 
marrow following transplantation are probably not 
attributable to the presence of intracellular pathogens.

REVIEWS
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Hematopoietic	  niche	  
HSCs	   reside	   primarily	   in	   the	   bone	   marrow	   within	   a	   specialized	  
microenvironment	  called	  the	  HSC	  niche.	  The	  HSC	  niche	  provides	  soluble	  factors	  
and	   cell-‐cell	   interactions	   that	   are	   crucial	   for	   regulating	   HSC	   proliferation,	  
quiescence,	  self-‐renewal	  and	  differentiation.	  In	  the	  adult	  bone	  marrow	  there	  is	  a	  
low	  frequency	  of	  HSCs,	  with	  two	  to	  five	  HSCs	  per	  105	  total	  bone	  marrow	  cells	  4.	  
	  
HSCs	  are	  first	  responders	  to	  both	  acute	  and	  chronic	  infection.	  Infection	  leads	  to	  
changes	   in	   the	   HSC	   niche	   that	   contribute	   to	   changes	   in	   HSC	   biology.	   Pro-‐
inflammatory	  cytokines	  that	  released	  during	  infection	  are	  crucially	  important	  to	  
HSC	   regulation.	   These	   cytokines	   appear	   to	   be	   required	   for	   the	  maintenance	   of	  
the	  appropriate	  number	  of	  HSCs	  and	  for	  the	  proliferation	  and	  differentiation	  of	  
HSCs,	  both	  under	  homeostatic	  conditions	  and	  in	  response	  to	  stress	  2.	  Most	  of	  the	  
cells	  in	  the	  bone	  marrow	  adult	  mice	  are	  quiescent	  (i.e.	  in	  a	  dormant	  or	  G0	  state).	  
Thus,	  in	  the	  absence	  of	  any	  unusual	  perturbation,	  they	  are	  resistant	  to	  drugs	  or	  
other	  treatments	  that	  specifically	  target	  dividing	  cells.	  	  
	  

Figure	  2.	  HSCs	  response	  under	  steady	  state	  and	  inflammatory	  conditions2	  
	  
Inflammatory	   conditions	   increase	   proliferation	   and	   self-‐renewal	   among	   LSK	  
compartment.	  	  HSCs	  divide	  as	  part	  of	  the	  primary	  immune	  response	  rather	  than	  
simply	   to	   replace	   depleted	   progeny	   pool	   (Figure	   2).	   They	   can	   also	   be	   “pulled”	  
towards	   cell	   division	   following	   the	   depletion	   of	   committed	   progenitor	  
populations	  from	  the	  bone	  marrow	  212.	  
	  

Hematopoietic	  Stem	  Cells	  and	  Cell	  cycle	  
Disruption	   of	   HSC	   quiescence	   in	   bone	   marrow	   leads	   to	   defects	   in	   HSC	   self-‐
renewal	   and	   often	   results	   in	  HSC	   exhaustion	   5,	   hence	   underscoring	   the	   critical	  
importance	  of	  a	  constitutively	  low	  level	  of	  cell	  cycle	  activity	  for	  proper	  function	  
of	   the	   blood	   system	   during	   adult	   life.	   DNA	   damage	   triggers	   signaling	   cascades	  
that	   lead	   to	   cell	   cycle	   checkpoint	   activation,	   apoptosis	   or	   differentiation	   4.	   Cell	  
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immune system to preferentially manufacture myeloid 
or lymphoid effector cells as appropriate for the situa-
tion. It will be of great interest in the coming years to 
understand how infectious states may specifically select 
for proliferation of one HSC class over another.

Effects on HSPC mobilization. Some researchers have 
suggested that cytokine signalling to HSCs may be a 
mechanism for recruiting HSPCs and immune effector 
cells from the bone marrow to distal tissue sites of infec-
tion. Infections appear to increase the number of HSCs 
that can be detected in the peripheral circulation42,38. In 
one study, schistosomal infection appeared to alter the 
splenic microenvironment, making it more hospitable 
for HSPC homing43. However, it is unclear whether this 
phenomenon is important for immunity or whether it 
is simply a by-product of altered retention in the bone 
marrow niche. A recent study used a mouse model of 
pneumonia to investigate the effects of the cytokines that 
are released in the lung on bone marrow progenitors. 
Interestingly, exposure of bone marrow cells to cytokine-
laden serum from these mice appeared to influence leu-
kocyte migration to the infected lungs and, ultimately, 
the outcome of the infection12. These findings suggest 
that serum factors condition bone marrow cells to home 
to sites of infection. To our knowledge, extramedullary 
haematopoiesis is not a common or important pheno-
menon in the absence of conditions that disrupt the bone 
marrow itself. Further studies are necessary to establish 
whether there is any role for HSCs at sites of infection.

Effects on HSC function. The idea that HSCs can be 
activated to divide and differentiate in response to infec-
tious or inflammatory stimuli has important functional 
consequences for this stem cell population. Quiescence 
is an important characteristic of HSCs, and the total HSC 
population is best preserved when quiescent or even 
dormant3. In one study of Pseudomonas aeruginosa- 
mediated sepsis in mice, LSK cells from infected mice 
did not engraft well after transplantation into lethally 

irradiated mice, indicating a deficit in stem cell function14. 
Similarly, HSCs from mice infected with M. avium are 
highly defective in post-transplantation engraftment11. The 
functional defect of HSPCs from infected mice is consist-
ent with the general finding that frequently dividing stem 
cells are functionally impaired in their ability to engraft 
in the setting of bone marrow transplantation44, and this 
suggests that they have an impaired self-renewal capacity.

Indeed, disruption of HSC quiescence through 
immune activation can have long-term consequences for 
the haematopoietic system. In fact, several recent studies 
have shown self-renewal defects of the HSC population 
in the setting of chronic inflammation. When genes that 
normally suppress IFN signalling are disrupted, mice have 
increased levels of IFN signalling and their HSC popu-
lations are depleted over time34,36. Similarly, HSC popu-
lations were diminished in mice chronically exposed to 
LPS15. Conversely, when chimeric mice containing both 
wild-type HSCs and IFNα receptor-deficient HSCs were 
chronically exposed to IFNα, only the IFNα receptor-defi-
cient HSCs survived33. Collectively, these findings indi-
cate that immune-mediated bone marrow exhaustion can 
result from persistent activation of quiescent HSCs, thus 
depleting the total population of HSCs over time. This 
finding strikes at some of the core questions in stem cell 
biology: are we born with a finite number of stem cells, 
and are these cells limited to a finite number of cell divi-
sions? Further studies investigating the effects of infection 
on the stem cell population over time promise to shed 
further light on these fundamental questions in the field.

Inflammatory mediators and HSC homeostasis
The finding that inflammatory signals activate HSCs 
raises a previously unconsidered question: do inflam-
matory signals contribute to HSC biology at baseline, 
even in the absence of infection? From the expansion 
of our knowledge of the human microbiome, we now 
understand that humans are rarely if ever in a state that 
is devoid of inflammatory stimulation45. Instead, we live 
among latent bacteria and viruses that provide a constant 
stimulus for some degree of inflammatory signalling. 
Recent studies of immune-mediated effects on HSCs have 
led to evidence that baseline inflammatory signalling is 
important for HSC function, even under homeostatic 
conditions. For example, mice that lack the TNF receptor 
p55 (also known as TNFR1) have increased bone marrow 
cellularity with age accompanied by a relative decrease in 
HSC function (as shown by transplantation assays)46,47. 
Similarly, bone marrow from mice lacking IFNγ or TLR4 
shows increased engraftment after transplantation when 
compared to bone marrow from a wild-type donor, prob-
ably because these cells are in a more quiescent state at 
baseline11. These findings suggest that the number or pro-
liferative status of HSCs can be influenced by inflamma-
tory or microbial signalling, even in the absence of active 
infection. Thus, a low-level inflammatory response may 
be required for the maintenance of normal stem cell and 
progeny populations. Indeed, immune activators such as 
IFNγ may serve as a biological rheostat for the haemato-
poietic system, providing a sensitive and rapid method  
for the modulation of haematopoietic cell output.
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cycle	  regulators	  (Figure	  3)	  mediate	  HSC	  continued	  maintenance	  in	  a	  quiescent	  or	  
G0	   phase	  while	   allowing	   for	   their	   rapid	   entry	   into	   the	   cell	   cycle	   to	   respond	   to	  
hematopoietic	   demand.	   These	   factors	   divide	   in	   (i)	   Cdks,	  which	   drive	   cell	   cycle	  
progression;	  and	  (ii)	  CKIs	  which	  blunt	  progression	  through	  the	  cell	  cycle	  6.	  	  
	  
The	  activity	  of	  Cyclin	  D-‐Cdk4/6	  complex	  that	  controls	  progression	  through	  G1	  in	  
response	   to	  mitogenic	   signals	   is	   likely	   a	   central	   determinant	   of	   HSC	   cell	   cycle	  
activity.	  The	  Cyclin	  D	  family	  includes	  Cyclin	  D1	  (Ccnd1),	  Cyclin	  D2	  (Ccnd2)	  and	  
Cyclin	  D3	  (Ccnd3),	  which	  are	  all	  expressed,	  albeit	  at	  different	  levels	  in	  HSCs.	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure	  3.	  Cell	  cycle	  regulation1	  
	  
The	   Ink4	   family	   includes	   the	  CKIs	  p15Ink4b,	  p16Ink4a,	  p18Ink4c	   and	  p19Ink4d	   and	  a	  
functionally	  distinct	  protein	  p19ARF.	  The	  Ink4	  proteins	  all	  function	  as	  antagonists	  
of	  the	  Cyclin	  D-‐Cdk4/6	  complex,	  thereby	  blocking	  phosphorylation	  of	  Rb	  family	  
members	  and	  subsequent	  entry	  into	  S	  phase	  1.	  
The	   CIP/KIP	   family	   includes	   the	   CKIs	   p21Cip,	   p27Kip1	   and	   p57Kip2,	   which	   also	  
restrain	   entry	   into	   S	   phase	   by	   inhibiting	   the	   activity	   of	   the	   Cyclin	   E-‐Cdk2	  
complex.	  p21	   is	  expressed	  at	  somewhat	  greater	   levels	   in	  adult	  HSCs	  relative	   to	  
their	  differentiated	  progeny	  or	  to	  fetal	  HSCs.	  p27	  appears	  to	  affect	  the	  cell	  cycle	  
activity	  of	  more	  committed	  progenitor	  populations	  1.	  
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three D-cyclins die during late embryogenesis due to heart  
defects and hematopoietic failure with signi!cant reduction in 
peripheral red blood cell numbers (Kozar et al., 2004). Further-
more, D1/2/3-cyclins /  mice have lower numbers of HSCs and 
progenitor populations in the fetal liver, with decreased fre-
quency of HSCs in S and G2-M stages of the cell cycle. Fetal 
liver cells derived from D1/2/3-cyclins /  mice are also unable 
to provide short-term reconstitution of irradiated recipient mice 
(Kozar et al., 2004). Cdk4/6 /  mice also display late embry-
onic lethality accompanied by a defect in fetal hematopoiesis 
very similar to the phenotypes observed in D1/2/3-cyclins /  
mice, including severely decreased numbers of proliferating 
erythroid progenitors in the fetal liver and of red blood cells cir-
culating in the peripheral blood (Malumbres et al., 2004). These 
!ndings further underscore the essential requirement for active 
HSC proliferation during fetal blood development and stress 
the importance of the cyclin D–Cdk4/6 complex in fetal HSC 
cell cycle progression. However, it is yet to be established 
whether there is a different requirement for the cyclin D–Cdk4/6 
complex in maintaining the proliferation and functionality of 
adult HSCs.

Ink4 family. The Ink4 family includes the CKIs p15Ink4b, 
p16Ink4a, p18Ink4c, and p19Ink4d, and a functionally distinct protein, 
p19ARF that is encoded by an alternate reading frame within the 
Ink4a locus, which also encodes p16Ink4a (Sherr 2001). The Ink4 

adult mice resulted in a robust cell-intrinsic myeloproliferation 
phenotype leading to the death of the animals by 1–3 mo after 
gene inactivation (Viatour et al., 2008). This was accompanied 
by an increase in both HSC proliferation and absolute cell num-
bers, and by severe defects in HSC self-renewal as BM from 
mice de!cient in all three Rb family genes had grossly impaired 
reconstitution after transplantation (Viatour et al., 2008). Taken 
together, these !ndings indicate that Rb family members play 
critical, albeit overlapping roles in the regulation of HSC quies-
cence and continued self-renewal activity.

D-cyclins and Cdk4/6. Cyclins and Cdks act up-
stream of the Rb family members to mediate cell cycle entry 
and progression. As the regulation of HSC quiescence funda-
mentally involves controlling whether HSCs enter the G1 
phase of the cell cycle or remain in G0, the activity of the cyclin  
D–Cdk4/6 complex, which controls progression through G1 in 
response to mitogenic signals, is likely a central determinant of 
HSC cell cycle activity. The D-cyclin family includes cyclin D1 
(Ccnd1), cyclin D2 (Ccnd2), and cyclin D3 (Ccnd3), which are 
all expressed, albeit at different levels, in HSCs (Passegué et al., 
2005). Similar to the Rb gene family, mice de!cient for a single 
D-cyclin, or for only one of the two associated Cdks, have mini-
mal hematopoietic defects, hence illustrating the considerable 
functional redundancy protecting this complex (Fantl et al., 
1995; Malumbres et al., 2004). However, mice de!cient in all 

Figure 2. HSC cell cycle entry is regulated by 
a complex network of cell-intrinsic and cell-
extrinsic factors. The entry of quiescent HSCs 
from G0 into the G1 phase of the cell cycle is 
governed primarily via competing activating 
and inhibitory mechanisms that regulate the 
activity of cyclin–Cdk complexes. The PI3K/
Akt/mTOR pathway, which is activated in re-
sponse to numerous extrinsic signals, is con-
sidered a central activator of HSC cell cycle 
activity, primarily via activation of the cyclin 
D–Cdk4/6 complex. This pathway is heavily 
regulated, primarily by PTEN and TSC1/2. 
Moreover, the Ink4 CKI family inhibits cyclin 
D–Cdk4/6 activity, and CIP/KIP family CKIs 
are also capable of inhibiting Cdk4 activity. 
Progression from the G1 to the S phase of the 
cell cycle is regulated by Cyclin E–Cdk2. This 
complex is regulated via the CIP/KIP family 
of Cdk inhibitors, as well as by the Rb fam-
ily. Expression of CIP/KIP family members is 
in turn regulated by transcription factors such 
as Hes1, JunB, and FoxO3a, which are ac-
tivated by extrinsic growth-repressive signals. 
Furthermore, HSC cell cycle activity is subject 
to regulation via p53, either in response to cel-
lular damage or p19ARF activity. Solid arrows 
indicate direct activation/inhibition events, 
dashed arrows indicate transcriptional regula-
tion events. Functionally related groups of cell 
cycle activators are shaded in green; function-
ally related groups of cell cycle inhibitors are 
shaded in red.
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Systemic	  Lupus	  Erythematosus	  	  
Systemic	   autoimmune	   diseases	   result	   from	   interactions	   between	   genes	   and	  
environmental	  triggers	  that	  build	  on	  overtime	  until	  clinical	  symptoms	  appear.	  A	  
complex	  interplay	  between	  innate	  and	  adaptive	  immunity	  lies	  at	  the	  core	  of	  most	  
of	  these	  diseases.	  This	  interplay	  is	  not	  static,	  since	  initial	  inflammatory	  cascades	  
might	  change	  as	  organ	  damage	  accumulates.	  Furthermore,	  these	  diseases	  can	  be	  
heterogeneous	   regarding	   the	   type	   of	   organs	   involved,	   clinical	   course	   and	  
response	  to	  treatment	  7.	  
SLE	  is	  a	  chronic	  autoimmune	  inflammatory	  disease	  that	  can	  affect	  the	  majority	  of	  
organs	  and	  tissues.	  There	  are	  periods	  of	  remission	  and	  flares.	  At	  systemic	  level,	  
both	  the	  adaptive	  and	   innate	  branches	  of	   the	   immune	  system	  contribute	  to	  the	  
development	   of	   SLE.	   The	   two	   predominant	   cell	   types	   involved	   in	   the	   adaptive	  
immune	  system	  B	  and	  T	  cells,	  are	  both	  essential	  for	  the	  development	  of	  lupus.	  B	  
cells	  are	  pathogenic	  in	  SLE	  because	  of	  the	  autoantibodies	  and	  cytokines	  that	  they	  
produce.	  T	  cells	  drive	  the	  systemic	  and	  intra-‐renal	  activation	  of	  B	  cells	  8.	  
In	  the	  early	  stages	  of	  disease,	  dendritic	  and	  other	  myeloid	  cells,	  activate	  T	  cells,	  
and	  produce	  key	  mediators	  such	  as	  B	  cell	  activating	  factor.	  This	  effect	  results	  in	  
the	   activation	   of	   the	   adaptive	   immune	   system.	   Activation	   of	   the	   systemic	  
immune	   system	   leads	   to	   the	   generation	   of	   effector	   T	   cells	   and	   autoantibodies	  
that	  subsequently	  target	  organs	  such	  as	  kidneys.	  These	  processes	  together	  with	  
numerous	  soluble	  mediators	  elicit	  chronic	   inflammation	  within	  glomerular	  and	  
tubulointerstitial	  sites	  in	  the	  kidneys	  8.	  
There	  is	  a	  large	  need	  in	  both	  diagnosis	  and	  treatment	  of	  SLE.	  The	  heterogenous	  
and	   flaring	   nature	   of	   the	   disease	  makes	   assessment	   of	   drug	   efficacy	   in	   clinical	  
trials	  difficult.	  	  
	  

RNA-‐seq	  expression	  	  
RNA	   sequencing	   refers	   to	   techniques	   used	   to	   determine	   the	   sequence	   of	   RNA	  
molecules.	   It	   includes	  high-‐throughput	  sequencing	  of	  cDNA	  molecules	  obtained	  
by	  reverse	  transcription	  from	  RNA,	  and	  next-‐generation	  sequencing	  technologies	  
to	   sequence	   the	   RNA	   molecules	   within	   a	   biological	   sample	   in	   an	   effort	   to	  
determine	  the	  primary	  sequence	  and	  relative	  abundance	  of	  each	  RNA	  molecule.	  
RNA-‐seq	  measures	  global	   transcriptional	  profiles,	  quantitative	  measurement	  of	  
mRNA	   and	   non-‐coding	   RNAs	   and	   can	   detect	   splicing	   variants	   7.	   In	   addition,	  
paired-‐end	   RNA-‐seq	   can	   be	   particularly	   advantageous	   for	   fusion	   identification	  
because	  of	  the	  increased	  physical	  coverage	  it	  offers	  9.	  
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The	  transcriptome	  is	  the	  complete	  set	  of	  transcripts	  in	  a	  cell	  and	  their	  quantity	  is	  
specific	   to	   developmental	   stage	   or	   each	   condition.	   Understanding	   the	  
transcriptome	  is	  essential	  for	  interpreting	  the	  functional	  elements	  of	  the	  genome	  
and	   revealing	   the	   molecular	   constituents	   of	   cells	   and	   tissues	   and	   also	   for	  
understanding	  the	  development	  and	  disease.	  In	  addition,	  other	  issues	  that	  RNA-‐
seq	  is	  answering	  are	  the	  determination	  of	  the	  transcriptional	  structure	  of	  genes	  
in	   terms	   of	   their	   start	   sites,	   5’-‐3’	   ends,	   splicing	   patterns	   and	   other	   post-‐
transcriptional	  modifications	   and	   to	  quantify	   the	   changing	   expression	   levels	   of	  
each	  transcript	  during	  development	  and	  under	  different	  conditions	  10.	  

	  
Figure	  5.	  Example	  of	  sample	  preparation	  and	  RNA-‐seq	  workflow.	  

	  
RNA-‐seq	   is	   the	   first	   sequencing	   based	   method	   that	   allows	   the	   entire	  
transcriptome	   to	   be	   surveyed	   in	   a	   very	   high-‐throughout	   and	   quantitative	  
manner.	   This	   method	   offers	   both	   single-‐base	   resolution	   for	   annotation	   and	  
digital	  gene	  expression	  levels	  at	  the	  genome	  scale.	  High-‐throughput	  sequencing	  
of	   RNA	   allows	   one	   to	   count	   and	   exquisitely	   resolve	   tens	   of	   thousands	   of	   RNA	  
transcripts	   and	   isoforms	   within	   a	   single	   assay	   (high	   quality	   reads),	   with	  
potentially	   far	   greater	   impact	   on	   clinical	   diagnostic	   tests.	  Moreover,	   it	   enables	  
direct	  measurement	   of	   a	   single	   transcript	   changed	   in	   one	   of	   a	  multitude	  ways	  
through	   alternative	   promoter	   usage,	   rare	   splicing	   events	   and	   gene	   fusion,	  
epitranscriptome	  modifications,	  allele-‐specific	  expression	  or	  nonsense-‐mediated	  
decay.	   This	   multivariate	   information	   opens	   up	   clinical	   applications	   that	   are	  
beyond	  the	  scope	  and	  capability	  of	  microarrays	  11.	  
	  

RNA-‐seq	  in	  complex	  diseases	  
Genome-‐wide	  transcriptome	  analysis	  in	  cancer	  and	  other	  multifactorial	  diseases	  
provides	  a	  global	  view	  of	  the	  expressed	  elements	  and	  networks	  that	  reshapes	  the	  
biology	   of	   normal	   cells	   in	   their	   transformation	   and	   progression	   to	   aggressive	  
diseased	  cells.	  	  

cDNA, construction of a fragment library, sequencing on a high-throughput sequencing plat-
form, generation of single or paired-end reads of 30–300 base pairs in length, alignment or
assembly of these reads, and downstream analysis (Fig 2) [5,6]. There are several downstream
analysis goals for which RNA-seq is suitable. These include transcript discovery [7–11],
genome annotation [8,12,13], studying the mechanisms of gene regulation [14], differential
gene expression analysis [15–17], alternative expression analysis [3], allele-specific expression
analysis [18,19], detection of RNA editing [20–22], viral detection [23–25], gene fusion detec-
tion [26–30], and other types of variant detection [31–33]. S1 Table provides a more detailed
summary of RNA-seq analysis applications, and S2 Table lists tools relevant to each (additional
citations for supplementary tables are provided in S1 Text). In addition to these specific appli-
cations, RNA-seq has enabled important discoveries in multiple research fields. These discov-
eries include fusion discoveries in cancer [34–36], a greater understanding of the prevalence,
mechanisms, and regulation of alternative splicing [37–39], improved understanding of the
prevalence and functional significance of noncoding RNA genes [40,41], an increased (but con-
troversial) estimation of the prevalence of RNA editing [21], and much more. RNA-seq is also
being actively transitioned to clinical applications in many human diseases [42,43]. While
RNA-seq is a powerful approach for many biological questions [44], the well-known limita-
tions and caveats of previous RNA expression assays such as microarrays are still applicable

Fig 2. RNA-seq data generation. A typical RNA-seq experimental workflow involves the isolation of RNA from samples of interest, generation of
sequencing libraries, use of a high-throughput sequencer to produce hundreds of millions of short paired-end reads, alignment of reads against a reference
genome or transcriptome, and downstream analysis for expression estimation, differential expression, transcript isoform discovery, and other applications.
Refer to S1 Table, S3 Table, and S7 Table for more details on the concepts depicted in this figure.

doi:10.1371/journal.pcbi.1004393.g002
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Ferreira	   et	   al.	   have	   characterized	   the	   CLL	   transcriptional	   landscape	   at	   high	  
resolution	   by	   performing	   RNA-‐seq	   on	   a	   large	   cohort	   of	   CLL	   samples.	   The	  
transcriptomic	  architecture	  of	  CLL	  refines	  the	  molecular	  characterization	  of	  the	  
disease	  and	  opens	  new	  avenues	  for	  the	  clinical	  management	  of	  patients.	  Through	  
RNA-‐seq	   it	   is	   possible	   to	   define	   global	   transcriptome	   signatures	   that	   are	   not	  
restricted	   to	   gene	   expression	   patterns,	   and	   that	   lead	   therefore	   to	   a	  molecular	  
characterization	   of	   the	   disease	   at	   higher	   resolution.	   Indeed,	   in	   addition	   to	  
identifying	   hundreds	   of	   protein-‐coding	   genes	   differentially	   expressed	   between	  
CLL	   and	   normal	   B	   cells,	   authors	   have	   characterized	   the	   status	   of	   other	  
transcriptional	  elements,	   such	  as	  TEs,	   lncRNAs,	  and	  pseudogenes—all	  of	  which	  
are	   typically	   invisible	   to	   DNA	  microarrays.	   Due	   to	   the	   increased	   resolution	   of	  
RNA-‐seq,	  Ferreira	  et	  al.	  also	  identified	  genes	  with	  significantly	  different	  splicing	  
patterns.	  Analysis	  at	  the	  level	  of	  individual	  transcript	  isoform	  reveals	  that	  many	  
of	  the	  pathways	  that	  are	  altered	  in	  the	  disease	  are	  affected	  not	  only	  by	  changes	  
in	   the	  expression	  of	  key	  genes	   in	   the	  pathway,	  but	  also	  changes	   in	   the	   relative	  
proportion	  of	  the	  alternative	  splice	  isoforms	  produced	  by	  each	  gene.	  Moreover,	  
RNA-‐seq	   provides	   the	   ability	   to	   quantify	   the	   alternative	   usage	   of	   transcription	  
initiation	   sites,	   which	   information	   is	   important	   to	   understand	   the	   therapeutic	  
role	  of	   any	  gene.	  Analysis	  of	  RNA-‐seq	   reads	  mapping	   to	  known	  TEs	   revealed	  a	  
general	  trend	  of	  derepression	  of	  TE	  transcription	  in	  CLL	  compared	  with	  normal	  
cells	  12.	  
Many	   RNA-‐seq	   studies	   in	   cancer	   have	   suggested	   that	   detrimental	   fusion	  
transcripts	   and	   alternative	   splicing	   may	   be	   involved	   in	   carcinogenesis	   of	  
different	   tissues	   and	   organs.	   They	  discovered	   a	   considerable	   fraction	   of	   fusion	  
transcript	   that	   is	   chimeric	  mRNAs	   that	  may	   alter	   cell	   functionality.	   A	   study	   in	  
melanoma	   revealed	   that	   the	   occurrence	   of	   chimeric	   transcripts	   is	   a	   frequent	  
event	   as	   well	   as	   highlighted	   novel	   genes	   and	   pathways	   associated	   to	   its	  
pathogenesis	  13.	  Another	  project	  demonstrated	  that	  unbiased	  mRNA	  sequencing	  
could	   identify	   a	   number	   of	   known	   clinically	   relevant	   fusion	   genes	   as	   well	   as	  
novel	   fusion	   genes	   in	   cell	   lines	   and	   clinical	   leukemia	   samples.	   These	   findings	  
indicate	  that	  RNA-‐seq	  may	  have	  a	  direct	  clinical	  impact	  for	  treatment	  selection14.	  
	  
Autoimmune	   diseases	   come	   from	   interactions	   between	   environmental,	  
epigenetic	   and	   genetic	   factors	   that	   result	   in	   downstream	   perturbations	   of	  
complex	   and	   interactive	   biological	   networks.	   The	  many	   existing	  murine	   lupus	  
models	   have	   not	   yet	   led	   to	   the	   development	   of	   specific	   treatments	   for	   human	  
lupus.	   Many	   autoimmune	   diseases	   continue	   to	   be	   treated	   with	   non-‐specific	  
medications	  such	  as	  corticosteroids	  and	  chemotherapeutic	  drugs	   15.	  Challenges	  
studying	  autoimmune	  diseases	  include	  genetic	  heterogeneity	  referring	  to	  how	  a	  
set	  of	  genetic	  variants	  might	  define	  a	  trait	  onset	  as	  well	  as	  whether	  a	  single	  gene	  
leads	   to	   multiple	   phenotypic	   expressions	   or	   disorders.	   Diverse	   human	  
populations	  present	  different	  allelic	  and	  genotype	  structures	  depending	  on	  their	  
evolutionary	   and	   epidemiological	   history.	   Differences	   in	   allele	   and	   genotype	  
frequencies	   among	   populations	   reflect	   the	   contribution	   of	   evolutionary	   forces	  
such	  as	  selection,	  genetic	  drift,	  mutation	  and	  migration,	  which	  might	  explain	  why	  
some	   risk	   alleles	   to	   autoimmunity	   may	   be	   protective	   factors	   to	   infectious	  
diseases	   and	   vice	   versa	   15.	   Additional	   challenges	   in	   the	   field	   of	   autoimmunity	  
include	  the	  lack	  of	  specific	  biomarkers	  that	  can	  be	  used	  for	  diagnosis,	  assessment	  
of	  disease	  activity	  and	  prediction	  of	  flares.	   	  
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Materials	  and	  Methods	  
Mice	  
NZB,	  NZW	  and	  NZBxNZW/	  F1	  mice	  were	  purchased	   from	  Harlan	  Laboratories.	  
F1	  young	  mice	  are	   three	  months	  old	  without	  proteinuria;	   in	  contrast	   to	  F1	  old	  
which	  considered	  being	  7-‐9	  months	  old	  and	  having	  proteinuria	  greater	  than	  30	  
ug/ml.	   Also,	   C57/BL6	  mice	   are	   used	   from	   BRFAA	   animal	   facility.	   All	   mice	   are	  
maintained	  in	  the	  BRFAA	  Animal	  Facility.	  	  
	  

Isolation	  PBMCs	  from	  peripheral	  blood	  
200-‐300ul	   of	   peripheral	   blood	   are	   collected	   in	   eppendorf	   tubes.	   Afterwards,	  
ficoll	   is	   added	   using	   a	   syringe	   (5ml	   or	   10ml).	   Centrifugation	   is	   performed	   at	  
1800rpm	   for	   30min	   at	   room	   temperature	   (without	   break).	   The	   white	   layer	   is	  
collected	  and	  washed	  with	  1ml	  PBS.	  PBMCs	  are	  stained	  in	  200ul	  5%FBS/PBS	  for	  
LSK	   compartment,	   like	   bone	  marrow	   cells.	   (antibodies:	   Lin-‐	   cocktail,	   Sca-‐1+,	   c-‐
Kit+)	  
	  

Bone	  Marrow	  Isolation	  Protocol	  
BM	   cells	   are	   flushed	   from	   intact	   tibia,	   femur	   and	   humerus	   with	   5%	   FBS/PBS	  
using	  a	  27	  G	  syringe.	  A	  23	  G	  syringe	   is	  used	  to	  generate	  single	  cell	  suspension.	  
Hemolysis	  buffer	  (2ml	  for	  2min)	  is	  used	  in	  order	  to	  lyse	  erythrocytes.	  Staining	  of	  
the	   cells	   is	   performed	   in	   500ul	   5%FBS/PBS	   for	   20min	   at	   4oC.	   The	   cells	   are	  
collected	  in	  2-‐3ml	  5%	  FBS/PBS	  using	  a	  70um	  mesh	  (all	  the	  quantities	  above	  are	  
enough	  for	  one	  animal).	  
	  

MACS	  lineage	  cell	  depletion	  kit	  	  
Miltenyi	  biotech	  (No	  130-‐090-‐858)	  
Starting	  material:	  6	  x	  108	   total	  bone	  marrow	  cells;	  50ul	  out	  of	   that	   for	  staining	  
Lin-‐	  cells.	  Cell	  pellet	   is	  resuspended	  in	  40ul	  MACS	  buffer.	  Then,	  biotin	  antibody	  
cocktail	   is	   added.	   The	   mix	   is	   incubated	   for	   10min	   at	   4-‐8oC.	   Next	   step	   is	   the	  
addition	  of	  40ul	  MACS	  buffer	  and	  anti-‐biotin	  microbeads.	  The	  mix	   is	   incubated	  
for	  15min	  at	  4-‐8oC.	  Cells	  are	  washed	  using	  MACS	  buffer.	  Cells	  are	  resuspended	  in	  
MACS	  buffer.	  	  
Magnetic	  separation	  (LS	  column):	  the	  column	  is	  equilibrated	  with	  3ml	  of	  MACS	  
buffer.	  Cell	  suspension	  (1ml)	  is	  applied	  and	  allowed	  to	  pass	  through	  the	  column.	  
Subsequently,	   3x	   washes	   with	   3ml	   MACS	   buffer	   are	   followed.	   Lin-‐	   cells	   are	  
collected.	  The	  cells	  are	  stained	  for	  Sca-‐1+	  and	  c-‐Kit+,	  optionally	  for	  Lin-‐	  (antibody	  
dilution	  1/100).	  	  
	  

Flow	  Cytometry	  	  
The	  following	  markers	  are	  used	  for	  flow	  cytometric	  analysis	  and	  cell	  sorting	  (BD	  
FACSAria	   II):	   PE/Cy7	   anti-‐mouse/human	   CD11b	   [BioLegend],	   PE/Cy7	   anti-‐
mouse	  Ly-‐6G/Ly-‐6C	   (Gr-‐1)	   [BioLegend],	   FITC	  anti-‐mouse/human	  CD45R/B220	  
[BioLegend],	  FITC	  anti-‐mouse	  TER-‐119/Erythroid	  Cells	   [BioLegend],	  FITC	  anti-‐
mouse	   CD16/CD32	   (FcγII/III	   Receptor)	   [BD	   Bioscience],	   APC	   anti-‐mouse	   Ly-‐
6A/E	   (Sca-‐1)	   [BioLegend],	   PE	   anti-‐mouse	   CD117	   (c-‐Kit)	   [BioLegend],	   PercP	   7-‐
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AAD	   Viability	   Staining	   Solution	   (BioLegend),	   DAPI	   CellTrace	   (Invitrogen).	   The	  
lineage	   antibody	   cocktail	   includes	   anti-‐CD11b,	   anti-‐Gr1,	   anti-‐TER-‐119,	   anti-‐
B220,	  anti-‐CD16/CD32.	  Staining	  of	  BrdU	  is	  done	  using	  BrdU	  staining	  kit	  for	  flow	  
cytometry	  FITC	  (eBioscience,	  8811-‐6600)	  
	  

Cell	  Cultures	  
Isolated	   LSK	   cells	   are	   cultured	   into	   96-‐well	   bottom-‐flat	   dishes	   IMDM	  
supplemented	  with	  2%	  FBS,	  10.000U/ml	  penicillin	  (Gibco,	  15140),	  10.000ug/ml	  
streptomycin	   (Gibco,	   15140),	   50ng/ml	   rm-‐IL6	   (Immunotools,	   12340063),	  
20ng/ml	   rm-‐IL3	   (Immunotools,	   12340033),	   20ng/ml	   rm-‐SCF	   (Immunotools,	  
12343323),	   20ng/ml	   rm-‐TPO	   (Immunotools,	   12343613),	   50mM	   β-‐
mercaptoethanol	  (Gibco,	  1480119),	  2mM	  L-‐glutamine	  (Gibco,	  25030-‐081).	  Cells	  
are	   maintained	   at	   37oC	   in	   a	   humidified	   atmosphere	   containing	   5%	   CO2.	   After	  
24hrs,	  cells	  are	  collected,	  splited	  and	  stimulated	  by	  serum	  from	  F1	  young,	  F1	  old	  
or	  C57/BL6	  mice.	  	  After	  24hrs,	  BrdU	  assay,	  Cell	  Trace	  staining	  or	  Colony-‐forming	  
cell	  assay	  is	  followed.	  	  
	  

BrdU	  proliferation	  assay	  
BrdU	  staining	  kit	  for	  flow	  cytometry	  FITC(eBioscience,	  Cat.	  8811-‐6600)	  is	  used.	  
Incorporation	  into	  the	  newly	  synthesized	  DNA	  of	  dividing	  cells	  (during	  S	  phase)	  
indicating	  what	   proportion	   of	   stem	   cells	   have	   entered	   or	   completed	   cell	   cycle	  
over	  the	  entire	  labeling	  period	  (overnight).	  	  
Cultured	   cells	   are	   collected	   after	   24hrs	   of	   stimulation	   by	   the	   serum.	   They	   are	  
incubated	  with	  1x	  BrdU	  Staining	  Buffer	   for	  30min	  at	  room	  temperature	  (dark).	  
Then,	  DNAseI	   is	  added	   for	  1hr	  at	  37oC	  (dark).	  The	  cells	  are	   incubated	  with	   the	  
BrdU	  staining	  antibody	  for	  30min	  at	  room	  temperature.	  Collection	  of	  the	  cells	  is	  
performed	  in	  5%	  FBS/PBS	  for	  flow	  cytometry	  analysis.	  
	  

Cell	  trace	  proliferation	  assay	  
The	  appropriate	  amount	  of	  CellTraceTM	  Violet	  (Invitrogen,	  Catalog	  No.	  C34557)	  
is	   added	   at	   the	   beginning	   of	   the	   culture.	   The	   cells	   are	   incubated	   for	   20min	   at	  
37oC,	  protected	   from	   light.	   Five	   times	   the	  original	   staining	  volume	  of	   complete	  
IMDM	  is	  added	  to	  the	  cells	  in	  order	  to	  quench	  any	  unbound	  dye	  (incubation	  for	  5	  
min).	   The	   cells	   are	   centrifuged,	   resuspended	   in	   fresh	   complete	   IMDM	   and	  
incubated	  for	  4	  days	  according	  to	  the	  above	  cell	  culture	  protocol.	  	  
	  

Colony-‐Forming	  Cell	  Assay	  
LSK	   cells	   (1	   x	   103)	   are	   plated	   in	   duplicate	   in	   35-‐mm	   tissue	   culture	   dishes	  
(CLS430165	   SIGMA)	   containing	   1.1ml	   of	   MethylCellulose	   (MethoCultTM	   GF	  
M3434).	  After	  12-‐15	  days	  of	  incubation	  at	  37oC	  in	  5%	  CO2,	  CFU-‐M,	  CFU-‐G,	  CFU-‐
GM,	  CFU-‐GEMM,	  BFU-‐E,	  CFU-‐Mix	  are	  scored	  under	  an	  inverted	  light	  microscope	  
and	  stored	  in	  cell	  lysis	  buffer	  at	  -‐80oC.	  	  
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RNA	  extraction	  	  

Qiagen	  RNeasy	  Micro	  Kit	  (74004),	  NucleoSpin®	  RNA	  XS	  MN	  (740902.50)	  
Samples	  are	  mixed	  with	  lysis	  buffer	  and	  mercaptoethanol.	  27G	  syringe	  is	  used	  to	  
resuspend	   the	  mix.	  One	   volume	  of	   70%	  ethanol	   is	   added,	   and	   the	   samples	   are	  
transferred	   to	   the	   column.	   Centrifugations	   are	   performed	   at	   speed	   >8000g	   for	  
15s	  at	  room	  temperature.	  Next,	  1	  volume	  of	  buffer	  RW1	  is	  added	  to	  the	  samples.	  
DNAse	  enzyme	  with	  RDD	  buffer	  are	  mixed	  and	  added	  to	  the	  column.	  Samples	  are	  
incubated	   for	   20-‐25min	   at	   room	   temperature.	   One	   volume	   of	   buffer	   RW1	   is	  
added	   again.	   Columns	   are	   transferred	   to	   new	   2ml	   collection	   tubes.	   500ul	   RPE	  
buffer	   is	   added.	   The	   columns	   are	   transferred	   to	   new	   2ml	   collection	   tube	   and	  
centrifuged	  for	  5min	  with	  open	  lid.	  Elution	  is	  performed	  by	  adding	  14ul	  RNAse	  
free	  water,	  incubate	  for	  2min	  and	  centrifuge	  for	  1min	  (full	  speed).	  
	  
	  

Phenol-‐chloroform	  
Trizol	   (250ul)	   is	   added	   to	   the	   samples	   (mix	   gently).	   The	   proportion	   of	  
chloroform/trizol	  is	  0.2ml	  chloroform	  per	  1ml	  trizol.	  After	  centrifugation	  at	  full	  
speed,	  the	  upper	  phase	  is	  transferred	  in	  new	  tube	  and	  0.5ml	  isopropanol	  per	  1ml	  
trizol	  is	  added.	  The	  cell	  pellet	  is	  washed	  with	  cold	  70%	  ethanol	  (100ul).	  In	  each	  
tube	   is	   added	   10ul	   of	   DNAse/RNAse	   free	   buffer	   is	   added	  with	   5ul	   DNAse	   and	  
they	  are	  incubated	  for	  30min	  at	  37oC.	  
Precipitation	  is	  achieved	  with	  1/10	  volume	  of	  CH3COONa	  3M	  pH5.2	  and	  addition	  
of	  2.5	  volumes	  of	  cold	  100%	  ethanol.	  Next,	   incubation	  follows	  in	   ice	  for	  15min.	  
Samples	   are	   centrifuged	   for	  15min	  at	   full	   speed,	   4oC.	  The	   cell	   pellet	   is	  washed	  
with	  70%	  cold	  ethanol.	  Elution	  is	  perfomed	  with	  50ul	  RNAse	  free	  water.	  	  
	  
	  

Reverse	  Transcription	  
Total	   cell	   RNA	   is	   used	   for	   cDNA	   synthesis	   with	   SuperScript®	   II	   Reverse	  
Transcriptase	   Kit	   (18064-‐014,	   InvitrogenTM).	   The	   ingredients	   for	   first-‐strand	  
cDNA	   synthesis	   are	   1st	   mix	   [oligoDT	   (500ng/ul);	   dNTP	   Mix	   (10mM);	   sterile,	  
distilled	  water]	  and	  2nd	  mix	  [5x	  First-‐Strand	  Buffer;	  0.1M	  DTT;	  RNAseOUTTM	  (40	  
units/ul);	  RT	  enzyme	  and	  1ng-‐5ul	  RNA].	  	  
The	  program	  includes	  the	  following	  steps:	  Heating	  1st	  mixture	  to	  62oC	  for	  5min.	  
Incubation	  at	  42oC	  for	  2min.	  There	  is	  an	  intermediate	  step	  of	  5	  min	  at	  4oC.	  Lastly,	  
the	   2nd	   mixture	   is	   added	   and	   incubated	   at	   42oC	   for	   50	   min.	   The	   reaction	   is	  
inactivated	  by	  heating	  at	  70oC	  for	  15min.	  
	  
	  

Real-‐Time	  PCR	  
Real-‐time	  PCR	  is	  performed	  using	  the	  iTaqTM	  Universal	  SYBR®	  Green	  Supermix	  
(Biorad,172-‐5121).	  mRNA	  levels	  are	  normalized	  to	  HPRT	  which	  gene	  is	  used	  as	  
an	  internal	  control.	  [Conditions:	  Tm	  60oC,	  50	  cycles]	  
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Gene	   Forward	  primer	   Reverse	  primer	  
Cdkn2c	  (p18)	   CCT	  TGG	  GGG	  AAC	  GAG	  TTG	  G	   AAA	  TTG	  GGA	  TTA	  GCA	  CCT	  CTG	  AG	  

	  
Cdkn1a	  (p21)	   CCT	  GGT	  GAT	  GTC	  CGA	  CCT	  G	   CCA	  TGA	  GCG	  CAT	  CGC	  AAT	  C	  
Cdkn1b	  (p27)	   TCA	  AAC	  GTG	  AGA	  GTG	  TCT	  AAC	  G	   CCG	  GGC	  CGA	  AGA	  GAT	  TTC	  TG	  
Cyclin	  D	   GCG	  TAC	  CCT	  GAC	  ACC	  AAT	  CTC	   GAG	  CAG	  AAG	  TGC	  GAA	  GAG	  GAG	  
Nfe2l2	  (Nrf2)	  	   CTT	  TAG	  TCA	  GCG	  ACA	  GAA	  GGAC	   AGG	  CAT	  CTT	  GTT	  TGG	  GAA	  TGT	  G	  
HPRT	   GTG	  AAA	  CTG	  GAA	  AAG	  CCA	  AA	   GGA	  CGC	  AGC	  AAC	  TGA	  CAT	  

Table	  1.	  Primer	  sequences	  
	  
Statistical	  Analysis	  
Data	   are	   processed	   in	   GraphPad	   Prism	   5.0	   software.	   Statistical	   analysis	   for	  
comparisons	  between	  two	  groups	  is	  performed	  with	  Student’s	  t-‐test.	  
	  

RNA-‐seq	  pipeline	  
	  
RNA	   samples	   -‐duplicates	   from	  
C57/BL6	  young,	  F1	  young	  and	  F1	  
old	   mice-‐	   were	   sequenced	   at	  
University	   of	   Geneva.	   The	  
sequencing	   was	   performed	   with	  
Illumina	  Hiseq	  2000;	  paired	  end	  
sequencing	  of	  49	  bp	  per	  pair	  was	  
done.	   Raw	  data	  were	   filtered	   by	  
fastqc	   quality	   control	   as	   well	   as	  
by	   cutadapt	   for	   adapter	  
contamination.	  	  	  
	  
	  
There	   were	   three	   different	  
approaches	   in	   order	   to	   analyze	  
the	   expression	   profile	   of	  
hematopoietic	  stem	  cells.	  
1. The	   mapping	   was	   done	   with	  
GEM	  mapper	   using	   GemTools	  
pipeline.	   Next	   step	   followed	  
with	   HTseq	   and	   DEseq	  
algorithms.	  	  

2. Tophat	  2.0,	  with	  mm9	  genome	  
version	   of	   genome	   browser,	  
was	   used	   at	   the	   first	   step.	  
Further	   analysis	   was	   done	  
with	   Cufflinks	   pipeline16	  
MetaSeq	  programs	  	  
	  
	  
	   Figure	  6.	  RNA-‐seq	  analysis	  workflow	  example17	  

Fig 5. RNA-seq analysis flow chart. An example RNA-seq analysis workflow is depicted for a typical gene expression and differential expression analysis.
Such workflows have several common themes across different tool sets and RNA-seq analysis goals. RNA-seq analysis typically relies on inputs such as
reference genome sequences, gene annotations, and raw sequence data. Working with these inputs requires familiarity with several standardized file
formats such as FASTA (.fa), FASTQ, and gene transfer format (GTF). Typical RNA-seq analysis workflows start with raw data quality control (QC), then
perform read trimming, alignment or assembly of reads, apply customized algorithms for a particular analysis goal (e.g., Cufflinks and Cuffdiff for gene

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004393 August 6, 2015 8 / 20
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3. As	  before,	   for	  alignment	  was	  used	  Tophat	  2.0	  but	  afterwards	  metaSeq	  was	  
used	   in	   order	   to	   detect	   differentially	   expressed	   genes.	   [see	   Apeendix:	  
Bioinformatics	  analysis]	  
	   	  

After	  the	  above	  steps,	  the	  analyses	  that	  followed	  are	  listed	  below:	  	  
Ø CummeRbund:	  which	  is	  designed	  to	  describe	  and	  visualize	  the	  results	  from	  

Cufflinks	  like	  expression	  plots	  and	  heatmaps.	  
Ø Ingenuity	   pathway	   analysis	   in	   order	   to	   identify	   biological	   functions	   or	  

pathways	  enriched	  among	  the	  differentially	  expressed	  genes.	  
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Results-‐	  Discussion	  
	  

LSK	  Compartment	  Gating	  Strategy	  
	  
• We	  used	  FACS	  cell	  sorting	  in	  order	  to	  isolate	  (from	  total	  bone	  marrow	  cells	  or	  

peripheral	  blood	  mononuclear	  cells-‐PBMCs)	  purified	  LSK	  cells	  (Figure	  7).	  On	  
average,	  a	  naïve	  C57/BL6	  mouse	  generated	  80.00-‐100.000	  LSK	  cells.	  Figure	  8	  
shows	  that	  NZB	  had	  6,78%,	  NZW	  2,48%,	  C57/BL6	  young	  4,94%	  and	  C57/BL6	  
old	  2,74%.	  Generally,	  F1	  young	  presented	  with	  1,86%	  and	  F1	  old	  with	  5,67%.	  
	  

	  
Figure	  7.	  	  Total	  bone	  marrow	  or	  blood	  cells	  (left),	  choosing	  the	  Lin-‐	  cells	  (center)	  

and	  lastly,	  the	  double	  c-‐Kit+	  Sca-‐1+	  
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Figure	  8.	  Representative	  examples	  for	  LSK	  percentages	  in	  bone	  marrow.	  NZB	  
(up-‐left),	  NZW	  (up-‐right),	  C57/BL6	  young	  (middle-‐left),	  C57/BL6	  old	  (middle-‐

right),	  F1	  young	  (down-‐left)	  and	  F1	  old	  (down-‐right)	  
	  
	  
	  
• Whole	  bone	  marrow	  cells	  of	  F1	  young,	  F1	  old	  and	  C57/BL6	  mice	  present	  the	  

same	  trend	  as	  the	  LSK	  compartment.	  They	  are	  significantly	  enhanced	  in	  F1	  old	  
mice	   compared	   to	   F1	   young	   (Figure	   9).	   Also,	   we	   observed	   similar	  
phenomenon	   in	   the	   Lin-‐Sca-‐1+c-‐Kit-‐	   compartment,	   where	   cells	   contain	   early	  
myeloid-‐committed	  precursors.	   They	  were	   significantly	   increased	   compared	  
to	  F1	  young	  and	  their	  counterpart	  C57/BL6	  old	  (Figure	  10).	  

	  

Figure	  9.	  Relative	  number	  of	  total	  BM	  cells	  (left)	  and	  LSK	  compartment	  (right)	  
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Figure	  10.	  	  Lin-‐Sca-‐1+c-‐Kit-‐	  compartment	  in	  total	  bone	  marrow	  cells	  
	  

• MACS	  column	  was	  used	  in	  order	  to	  decrease	  the	  number	  of	  cells	  and	  the	  time	  
for	   the	   FACS	   sort.	   This	   MACS	   column	   is	   used	   to	   deplete	   the	   Lin+	   cells,	  
therefore	  decreasing	  the	  total	  number	  of	  cells	  and	  enriching	  the	  Lin-‐	  cells.	  As	  
Figure	   11	   depicts,	   after	   column,	   the	   Lin-‐	   cells	   had	   almost	   two-‐fold	   increase	  
after	  column;	  and	  the	  FACS	  sort	  was	  30	  min	  shorter.	  	  

Figure	  11.	  Before	  (left)	  and	  after	  (right)	  MACS	  Lin-‐	  cell	  depletion	  
	  
	  

Cell	  Cultures	  
	  
We	  queried	  what	  is	  the	  impact	  of	  the	  inflammatory	  F1	  serum	  in	  B6	  derived	  LSK	  
cells	  and	  if	  there	  is	  any	  difference	  stimulated	  with	  F1	  either	  young	  or	  old	  serum.	  
In	  order	  to	  answer	  these	  questions,	  we	  cultured	  sorted	  healthy	  LSK	  cells	  (naïve	  
C57/BL6	  mice)	  and	  after	  24	  hours,	  we	  stimulate	  them	  with	  F1	  young	  or	  F1	  old.	  
C57/BL6	   serum	   was	   also	   used	   as	   internal	   control	   followed	   by	   proliferation	  
assays	  and	  colony-‐formation	  assay	  (Figure	  12).	  	  
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Figure	  12.	  LSK	  culture	  in	  vitro	  setup	  
	  
	  

BrdU	  proliferation	  assay	  	  
	  
• BrdU	   is	   used	   in	   order	   to	   detect	   the	   proliferating	   cells	   after	   the	   serum	  

stimulation.	  BrdU	   is	  an	  analog	  of	   thymidine,	  which	  can	  be	   incorporated	   into	  
newly	  synthesized	  DNA	  of	  replicating	  cells	  (S	  phase	  of	  cell	  cycle),	  substituting	  
thymidine	   during	   DNA	   replication.	   	   The	   gating	   strategy	   that	   was	   followed	  
during	  flow	  cytometry	  is	  shown	  at	  Figure	  13.	  	  

	  

Figure	  13.	  Gating	  strategy	  for	  BrdU	  staining;	  FITC+	  cells	  represents	  the	  
proliferative	  cells	  

	  
• It	  should	  be	  noted	  that	  the	  number	  of	  cells	  that	  we	  end	  up	  to	  assay	  is	  very	  low,	  

as	   the	   upper-‐right	   panel	   at	   Figure	   14.	   The	   rest	   panels	   as	  well	   as	   Figure	   15	  
confirm	  our	  hypothesis.	  LSK	  cells	  stimulated	  by	  F1	  young	  serum	  had	  almost	  
10%	   higher	   proliferation.	   The	   inflammatory	   serum	   prompts	   HSCs	   to	  
proliferate	   more	   compared	   to	   C57/BL6	   serum	   (only	   13,1%	   of	   them	  
proliferate).	  In	  the	  negative	  control,	  without	  stimulus	  in	  the	  culture,	  only	  7%	  
of	  HSCs	  were	  proliferating.	  There	   seems	   to	  be	   a	   trend	   that	  F1	  young	   serum	  
has	   greater	   effect	   on	   the	   healthy	   LSK	   than	   F1	   old	   serum;	   but	   due	   to	   the	  
number	  of	  experiments	  there	  is	  no	  statistical	  significance	  between	  these	  two	  
conditions	  (Figure	  15).	  
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Figure	  14.	  HSCs	  in	  vitro	  without	  serum	  stimulation	  (up-‐left),	  with	  C57/BL6	  (up-‐
right),	  F1	  young	  (down-‐left)	  and	  F1	  old	  (down-‐right)	  serum	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure	  15.	  Cell	  proliferation	  comparison	  after	  F1	  young	  and	  F1	  old	  serum	  
stimulation	  
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Cell	  trace	  proliferation	  assay	  
	  
• Based	   on	   BrdU	   results,	   we	   wondered	   what	   altered	   the	   cell	   proliferation	  

during	   the	  culture.	   	  CellTrace	   is	  used	   for	   in	  vitro	   labeling	  of	  cells	   in	  order	   to	  
trace	  multiple	  generations	  by	  flow	  cytometry.	  Figure	  16	  shows	  the	  analysis	  of	  
CellTrace	   assay,	   where	   the	   proliferative	   cells	   stimulated	   by	   F1	   young	   are	  
84,1%	   whereas	   only	   the	   42%	   of	   cells	   stimulating	   with	   F1	   old	   serum	   are	  
proliferating	  during	  the	  in	  vitro	  culture.	  	  

Figure	  16.	  Proliferation	  of	  cells	  stimulated	  by	  F1	  young	  (left)	  and	  F1	  old	  (right)	  
serum	  

	  
• In	  parallel	  with	  CellTrace,	  we	  used	  7-‐AAD	  to	  detect	  cell	  death	  between	   the	  

samples	   during	   the	   culture	   (Figure	   17).	   Only	   4,55%	   of	   the	   cells	   with	   F1	  
young	   were	   detected	   positive	   for	   death;	   in	   contrast	   to	   16,4%	   of	   the	   cells	  
stimulated	   by	   F1	   old	   were	   dead.	   Combination	   of	   these	   two	   results	   agrees	  
with	  our	  working	  hypothesis.	  	  

	  

	  
	  

	  
	  

Figure	  17.	  Cell	  death.	  Cells	  with	  F1	  young	  (left)	  and	  F1	  old	  (right)	  serum	  
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Colony-‐Forming	  Cell	  Assay	  
	  
To	  determine	  the	  lineage	  potential	  of	  these	  stimulated	  hematopoietic	  stem	  cells,	  
we	   performed	   colony-‐formation	   cell	   assay	   with	   or	   without	   serum	   during	   the	  
semi-‐solid	  culture.	  After	  12-‐15	  days,	  we	  counted	  the	  colonies	  of	  each	  class	  under	  
inverted	  microscope.	  The	   figures	  18	   and	  19	   show	   the	   average	  number	  of	   each	  
group	   between	   the	   two	   different	   states,	   stimulated	   with	   F1	   young	   or	   F1	   old	  
serum.	   There	   seems	   to	   be	   a	   drift	   for	   cells	   after	   F1	   young	   serum	   to	   skew	   to	  
myeloid	   lineage.	  Because	  of	   the	  number	  of	   the	  experiments,	   statistical	   analysis	  
found	  no	  significance	  between	  the	  two	  conditions.	  	  
HSCs	  exposed	   to	   inflammation	  selectively	   lose	   lymphoid	  potential	  and	  produce	  
myeloid	   lineage	   cells.	   Findings	   show	   that	  HSCs	   in	  mice	  with	   active	   lupus	   have	  
undergone	   similar	   functional	   alteration	   as	   are	   seen	   in	   chronically	   infected	  
animals.	   These	   findings	   include	   a	   greatly	   expanded	   HSC	   population	   in	   bone	  
marrow	   (Figure	   9),	   abnormal	   accumulation	   of	  HSCs	   in	   periphery	   and	   a	   biased	  
hematopoietic	  output	  skewing	  toward	  the	  myeloid	  than	  the	  lymphoid	  lineage	  18.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure	  18.	  Average	  number	  of	  CFU	  colonies	  (n=5)	  
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Figure	  19.	  Average	  number	  of	  CFU	  colonies	  with	  serum	  (n=3)	  
	  

The	   findings	   from	   the	   cell	   cultures	   are	   in	   agreement	   with	   our	   working	  
hypothesis.	  All	  indicate	  that	  F1	  young	  serum	  boost	  LSK	  cells	  to	  proliferate	  more	  
than	   the	  F1	  old	  or	   the	  healthy	  serum.	  We	  have	  excluded	   the	  case	   that	  cells	  die	  
with	  7-‐AAD	  experiment.	  Moreover,	  MethoCults	  exhibit	  the	  potential	  of	  LSK	  cells	  
stimulated	   with	   different	   serum	   each	   time.	   F1	   young	   stimulus	   favors	   the	  
differentiation	   towards	   myeloid	   lineage.	   Although	   there	   is	   an	   obvious	   trend,	  
statistical	  analysis	  didn’t	  conclude	  to	  any	  significance.	  Therefore	  there	  is	  need	  for	  
more	  experiments	  in	  order	  to	  determine	  clearly	  this	  phenomenon.	  
	  

Real-‐Time	  PCR	  
	  
Studies	  propose	  that	  the	  subfractionation	  of	  the	  HSC	  compartment	  into	  dormant	  
and	  activated	  phenotypes	  with	  distinct	  rates	  of	  cell	  cycle	  enter,	  comprising	  ~5-‐
10%	  and	  90-‐95%	  of	  the	  HSC	  pool,	  respectively.	  Dormant	  HSCs	  are	  computed	  to	  
divide	  only	  once	  every	  145d	  or	  more,	  and	  appear	   to	  be	  enriched	   for	   long-‐term	  
reconstitution	  potential.	  This	  small	  population	  of	  cells	  may	  represent	  a	  reservoir	  
of	   HSC	   activity	   kept	   aside	   in	   the	   adult	   BM	   to	   be	   called	   upon	   only	   by	   severe	  
hematopoietic	  injury	  thus	  ensuring	  the	  maintenance	  of	  blood	  homeostasis.	  	  
	  
Studies	  of	  aged	  mice	  show	  an	  overall	  decrease	  in	  HSC	  cell	  cycle	  activity,	  with	  old	  
HSCs	   undergoing	   fewer	   cell	   divisions	   than	   young	   HSCs	   as	   assessed	   by	   BrdU.	  
These	   results	   suggest	   that	   Cdks	   and	   other	   activators	   of	   the	   cell	   cycle	   may	  
undergo	   functional	   decline	   or	   that	   the	   activity	   of	   certain	   cell	   cycle	   checkpoint	  
mechanisms	  such	  as	  CKIs	  may	  increase	  with	  age,	  hence	  delaying	  HSC	  entry	  into	  
the	  cell	  cycle	  1.	  
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Chronic	  infections	  cause	  dormant	  HSCs	  to	  enter	  the	  cell	  cycle	  and	  may	  accelerate	  
HSC	   senescence,	   because	   HSCs	   that	   have	   been	   exposed	   to	   infections	   and	  
inflammatory	  signals	  manifest	  functional	  changes	  characteristic	  of	  natural	  aging	  
HSCs	   such	   as	   impaired	   self-‐renewal	   capacity	   and	   biased	   hematopoietic	   output	  
favoring	  the	  myeloid	  over	  the	  lymphoid	  lineage.	  
p21	   and	   p18	   impose	   a	   significant	   impact	   on	   HSC	   quiescence	   and	   self-‐renewal	  
capability.	   Overexpression	   of	   p18	   reduces	   HSC	   engraftment	   and	   defective	  
expression	  of	  p18	   in	   lupus	  mice	   is	  at	   least	  one	  of	   the	   factors	   that	  enhance	  self-‐
renewal	  capacity	  of	  HSCs	  (Figure	  20)	  18.	  
Mice	   lacking	   the	   G1	   checkpoint	   regulator	   p21	   display	   a	   higher	   rate	   of	   HSC	  
proliferation	   and	   differentiation	   and	   a	   lower	   self-‐renewal	   capacity,	   suggesting	  
that	   p21	   is	   required	   for	   maintaining	   HSC	   quiescence	   and	   that,	   in	   its	   absence,	  
HSCs	  rapidly	  proliferate	  and	  differentiate	  to	  more-‐committed	  lineages	  19.	  
	  
Nrf2	  is	  a	  b-‐Zip	  transcription	  factor,	  which	  is	  ubiquitously	  expressed	  as	  a	  master	  
regulator	  in	  the	  antioxidant	  response	  pathway.	  Modulation	  of	  the	  redox	  balance	  
plays	   a	   pivotal	   role	   in	   maintaining	   HSC	   functions.	   Nrf2,	   also,	   regulates	  
proliferation	  and	  differentiation	  of	  HSPCs	  in	  a	  cell-‐intrinsic	  manner.	   It	  acts	  as	  a	  
negative	   regulator	   of	   cell-‐cycle	   entry	   in	  HSCs,	   actively	  maintaining	   the	  balance	  
between	  HSC	  quiescence	  and	  self-‐renewal	  20.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  20.	  Relative	  gene	  expression	  of	  cell	  cycle	  regulators	  in	  HSCs	  of	  F1	  old	  

	  
Gene	  expression	  results	  indicate	  that	  cell	  cycle	  is	  impaired	  in	  HSCs	  of	  F1	  old	  mice	  
compared	   to	  B6	  healthy	   control.	  Both	  CDKs	  and	  Nrf2	  are	  downregulated	   in	  F1	  
mice,	   in	   contrast	   with	   Cyclin	   D,	   which	   prompts	   cell	   cycle	   proliferation.	   These	  
results	  in	  combination	  with	  the	  literature	  confirm	  that	  HSCs	  of	  F1	  old	  are	  pushed	  
to	  proliferate	  in	  order	  to	  respond	  to	  chronic	  inflammation.	  
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RNA-‐seq	  pipeline	  
	  
The	  analysis	  of	  RNA-‐seq	  data	  targets	  to	  transcript	  discovery,	  genome	  annotation,	  
studying	   the	   mechanisms	   of	   gene	   regulation,	   differential	   gene	   expression	  
analysis,	  allele-‐specific	  expression	  analysis,	  detection	  of	  RNA	  editing,	  gene	  fusion	  
detection	  and	  other	  types	  of	  variant	  detection.	  	  
	  
• The	   raw	   data	   after	   RNA-‐seq	   were	   checked	   with	   FastQC	   program	   for	   the	  
quality	  of	   the	   sequencing	   [Appendix].	   Figure	  21	   is	   an	  example	  depicting	   the	  
quality	   of	   a	   sample.	   The	   y-‐axis	   on	   the	   graph	   shows	   the	   quality	   scores.	   The	  
higher	   the	   score	   the	   better	   the	   base	   call	   is.	   The	   background	   of	   the	   graph	  
divides	   the	   y-‐axis	   into	   very	   good	   quality	   calls	   (green),	   calls	   of	   reasonable	  
quality	   (orange)	  and	  calls	  of	  poor	  quality	   (red).	  The	  quality	  of	   calls	  on	  most	  
platforms	  will	  degrade	  as	  the	  run	  progresses,	  so	  it	  is	  common	  to	  see	  base	  calls	  
falling	  into	  the	  orange	  area	  towards	  the	  end	  of	  a	  read.	  The	  next	  figure	  depicts	  
the	   per	   sequence	   quality	   score	   which	   allows	   to	   check	   if	   a	   subset	   of	   the	  
sequences	  have	  universally	  low	  quality	  values.	  It	  is	  often	  the	  case	  that	  a	  subset	  
of	  sequences	  will	  have	  universally	  poor	  quality;	  since	  they	  are	  poorly	  imaged	  
(on	  the	  edge	  of	  the	  field	  of	  view),	  however	  these	  should	  represent	  only	  a	  small	  
percentage	  of	  the	  total	  sequences.	  	  	  

	  

Figure	  21.	  Overview	  of	  the	  range	  of	  quality	  values	  across	  all	  bases	  at	  each	  
position	  in	  the	  FastQ	  file.	  
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Figure	  22.	  The	  per	  sequence	  quality	  score	  report	  
	  
	  
• As	   mentioned	   in	   “Materials	   and	   Methods”,	   we	   followed	   three	   different	  
approaches	   in	   order	   to	   analyze	   the	   data.	   The	   discussion	   of	   the	   expression	  
profile	  below	  refers	  to	  F1	  young	  versus	  to	  F1	  old	  comparison.	  There	  are	  also	  
comparisons	  between	  C57/BL6	  and	  F1	  young,	  as	  well	  as	  C57/BL6	  and	  F1	  old	  
(not	  shown).	  The	  first	  approach	  resulted	  in	  243	  differentially	  expressed	  genes	  
(DEGs)	   in	  LSK	   compartment	  between	  F1	  young	  and	  old	  mice.	   In	   the	   second	  
workflow,	  data	  were	  aligned	  by	  Tophat2	  and	  analyzed	  with	  Cufflinks	  pipeline,	  
gave	  us	  547	  DEGs	  between	  these	  two	  conditions.	  By	  the	  third	  approach,	  which	  
was	  used	  also	  Tophat2	   for	  alignment,	  and	  subsequently	  MetaSeq	  R	  package,	  
we	   came	   up	  with	   362	   differentially	   expressed	   genes.	   Each	   pipeline	   list	  was	  
filtered	  with	  threshold	  1.5x	  fold	  change	  and	  p	  value	  0.05;	  except	  the	  last	  one,	  
which	   was	   filtered	   with	   2x	   fold	   change.	   The	   different	   results	   between	   the	  
approaches	  are	  expected	  because	  the	  algorithms	  use	  different	  parameters.	  We	  
choose	  to	  focus	  on	  the	  second	  workflow,	  which	  results	  are	  listed	  below.	  	  
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• Heatmap	   in	   Figure	   23	   is	   a	   visualization	   of	   all	   differentially	   expressed	   genes	  
between	   F1	   young	   and	   F1	   old	   hematopoietic	   stem	   cells.	   Some	   areas	   are	  
evident	  where	   there	   are	   genes	   expressed	   in	  HSCs	   in	   F1	   young	   upregulated,	  
whereas	  the	  expression	  in	  F1	  old	  HSCs	  is	  downregulated	  and	  vice	  versa.	  These	  
findings	   confirm	   our	   hypothesis	   that	   hematopoietic	   stem	   cells	   may	   have	  
intrinsic	  –genetic	  or	  epigenetic-‐	  alterations,	  which	  can	  affect	  the	  next	  lineages.	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure	  23.	  Differentially	  Expressed	  Genes	  visualized	  at	  heatmap	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

F1	  3mo	   F1	  9mo	  
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Top	  DOWN	   Top	  UP	  
Sec14l5	   Gzmb	  
Il5ra	   Ppp3cc	  
Fut1	   Slc22a3	  
Prlr	   Rps23	  

2300002M23Rik	   Nrn1	  
Tnfrsf17	   1100001G20Rik	  
Stac2	   Klrg1	  
Krt222	   Fgf3	  
Igj	   Ear2,Ear3	  
F9	   Gzmk	  

Oosp1	   Rpl37	  
Wnt10a	   Ear6,Ear7	  
Pls1	   Epx	  
Derl3	   Spib	  
Chst1	   Ssx2ip	  
Chac1	   Fpr1	  
Bhlhe41	   Pum1	  
Bmp6	   Chd7	  
Eaf2	   Rpl35	  
Gpm6a	   Wnk1	  

Table	  2.	  Top	  down-‐	  and	  up-‐	  regulated	  interesting	  genes	  	  
	  
	  
In	   table	   1,	   there	   are	   the	   top	   twenty	   upregulated	   and	   downregulated	   of	   the	  
differentially	   expressed	   genes	   in	   hematopoietic	   stem	   cells	   between	   young	   and	  
old	   F1	  mice.	   They	   contain	   crucial	   transcription	   factors	   i.e.	   for	   development	   as	  
Wnt10a,	  Bmp6;	  genes	   involved	  in	   inflammation	  and	  immune	  response	  as	  Il5ra;	  
as	  well	  as	  factors	  responsible	  for	  cell	  homeostasis	  as	  Slc22a3.	  	  
	  
• IPA	   is	  a	  very	  useful	   tool	   for	   identifying	  relationships,	  mechanisms,	   functions	  
and	  pathways	  of	   relevance.	   It	   can	  build	  a	   complete	   regulatory	  picture	  and	  a	  
better	  understanding	  of	  the	  biology	  underlying	  a	  given	  gene	  expression	  set.	  It	  
categorizes	   its	   findings	   based	   on	   a	   in-‐house	   curated	   ontology,	   covering	  
entities	   (proteins	   and	   other	   molecules),	   relationships	   between	   the	   entities	  
and	   functional	   information	   (pathways,	   biological	   process,	   disease,	   etc).	   IPA	  
functional	  analysis	  organizes	  biological	  information	  for	  a	  high-‐level	  overview.	  
It	   provides	   access	   to	   detailed	   information	   on	   functions	   and	   the	   molecules	  
involved.	   Functional	   analysis	   categories	   contain	   high	   quality	   gene	   ontology	  
information	  as	  well	  as	  curated	  IPA	  content	  ie	  diseases	  and	  disorders	  
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Canonical	  pathways	  (signaling	  and	  metabolic)	  are	  generated	  prior	  to	  data	  input,	  
based	  on	  the	  literature.	  Upon	  input	  genes,	  networks	  are	  generated	  de	  novo	  based	  
on	   input.	  The	   figures	  below	  (24-‐27)	  present	  pathway	  networks	  extracted	   from	  
differentially	  expressed	  genes	  in	  HSCs	  between	  F1	  young	  and	  F1	  old	  mice	  
	  
	  

	  
	  

Figure	  24.	  The	  first	  12	  canonical	  pathways	  
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The	  molecules	  which	  are	  implicated	  are	  crucial	  for	  antigen-‐presenting	  response,	  
cell	   homeostasis	   all	   of	   them	   linking	   with	   NFκB,	   crucial	   molecule	   for	   cell	  
development.	  
	  
	  

	  
	  

Figure	  25.	  Hematological	  disease	  network	  
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Figure	  26.	  Immunological	  and	  inflammatory	  response	  network	  
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Figure	  27.	  Networks	  that	  are	  involved	  in	  kidney	  fibrosis	  and	  glomerulonephritis	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

`	  
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The	   table	   below	   presents	   some	   target	   genes	   of	   significant	   differentially	  
expressed	   genes.	   Considering	   their	   function	   in	   conjunction	   with	   the	   disease	  
relevance,	   we	   plan	   to	   find	   new	   therapeutic	   targets	   or	   diagnostic	   biomarkers.	  
Further	  analysis	  with	  functional	  experiments	  in	  vitro	  and	  in	  vivo	  is	  needed.	  
	  
	  
	  

	  
	  

Table	  3.	  Differentially	  expressed	  target	  genes	  in	  F1	  old/F1	  young	  genesets	  
	  

	  
	  
	  
	  
	   	  

Transcriptional	  
Regulators	  

Developmental	  
Regulators	  

Immunological	  
Regulators	  

Long	  non-‐
coding	  RNAs	  

Ezh1/2	   Vegfa	   Ctla4	   Lincrna-‐Cox2	  

Prdm1	   Cdkn2c	   Ly6ca2	   Il1bos	  

Kdm2a	   Bmp6	   Maf	   	  

Ehd1	   Epcam	   IfnaR	   	  

E2f	  family	   Cdk6	   Ifna1	   	  

Bcl2	   Casp8ap2	   Irf8	   	  

Hif1a	   Cccnd1	   Vimp	   	  

Pou2af1	   Cxcl10	   Nfkbia	   	  

	   Lamp2	  
	  

S100A-‐family	  

H2-‐Aa	  
	  

H2-‐Ab1	  
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Appendix	  

Bioinfomatics	  analysis	  
	  
We	  are	  interested	  to	  find	  differentially	  expressed	  genes	  between	  F1	  young	  (3mo)	  
and	  F1	  old	  (9mo)	  mice.	  Samples	  from	  C57/BL6	  mice	  were	  also	  used	  as	  internal	  
control.	   The	   analysis,	   which	   is	   presented	   below,	   refers	   to	   the	   comparison	  
between	  diseased	  mice	  of	  different	  age/symptoms.	  	  	  
Please	  find	  all	  the	  extras	  files	  in	  this	  link	  below	  
https://www.dropbox.com/sh/m9xl95rw0twp3gt/AADpLFbf6jaGoc4Ca54jPzEu
a?dl=0	  	  

	  
Useful	  tools	  	  
ü <cksum>	   check	   the	   file’s	   quality	   after	   delivering	   from	   sequencing	   (i.e.	  

damaged)	  
ü <fastqc>	  check	  the	  alignment	  quality	  (alignment	  tools:	  GemTools,	  Tophat2)	  
ü <samtools	   sort	   ‘input_name’.bam	   ‘output_name’.bam>	  sort	   the	  bam	   files	  by	  

name	  	  because	  of	  paired-‐end	  sequence	  
ü <samtools	   view	   -‐h	   ‘input_name’.bam	  >	   ‘output_name’.sam>	   convert	   bam	   to	  

sam	  files	  
	  
Workflow	  (1)	  
1. HTseq-‐count	  
Measurement	  of	  the	  relative	  expression	  of	  genes	  by	  making	  initial	  measurements	  
of	  correlations	  in	  the	  genomic	  region	  of	  the	  gene.	  	  
<htseq-‐count	  -‐a	  1	  sorted_input.sam	  ~/Mus_musculus_UCSC_mm9-‐
1/Mus_musculus/UCSC/mm9/Annotation/Genes/genes.gtf	  >	  output_file.out>	  
2. DESeq	  	  	  	  
Transcripts	  normalization	  based	  on	  the	  size	  of	  each	  library	  of	  sequences.	  
	  

Workflow	  (2)	  
1. Tophat2	  
It	   should	   be	   noted	   that	   reads	   with	   multiple	   correlations	   of	   the	   sequences	   in	  
different	   parts	   of	   the	   genome	   were	   rejected,	   and	   kept	   only	   those	   which	   had	  
greater	  reliability	  score.	  
tophat2	  -‐p	  20	  -‐o	  tophat2_${input}	  	  
~/Mus_musculus/UCSC/mm9/Sequence/Bowtie2Index/genome	  
~/fastq/${input}_1.fastq	  ~/fastq/${input}_2.fastq	  2>${input}.ERR	  
2. Cufflinks	  
cufflinks	  -‐p	  18	  ~/accepted_hits.bam	  -‐o	  ~/$output	  
3. Cuffmerge	  
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cuffmerge	  -‐p	  18	  -‐o	  output_merge	  -‐s	  
~/Mus_musculus/UCSC/mm9/Sequence/WholeGenomeFasta/genome.fa	  -‐g	  
~/Mus_musculus/UCSC/mm9/Annotation/Genes/genes.gtf	  GTF_list.txt	  
GTF_list.txt	  includes	  all	  the	  directories	  from	  output	  transcripts.gtf	  from	  previous	  
step	  (cufflinks)	  
4. Cuffdiff	  
cuffdiff	  -‐p	  20	  -‐o	  ‘output_directory’	  -‐-‐labels	  3moF1,9moF1	  -‐b	  
~/Mus_musculus/UCSC/mm9/Sequence/WholeGenomeFasta/genome.fa	  -‐u	  
~/cuffmerge/output_merge/merged.gtf	  
~/tophat/tophat2_F13MA_150226_5/accepted_hits.bam,~/tophat/tophat2_F13
MB_150226_6/accepted_hits.bam	  
~/tophat/tophat2_F19MA_150226_7/accepted_hits.bam,~/tophat/tophat2_F19
MB_150226_8/accepted_hits.bam	  
5. Cummerbund:	  visualization	  of	  the	  results	  
	  

Workflow	  (3)	  
1. Tophat2	  
tophat2	  -‐p	  20	  -‐o	  tophat2_${input}	  	  
~/Mus_musculus/UCSC/mm9/Sequence/Bowtie2Index/genome	  
~/fastq/${input}_1.fastq	  ~/fastq/${input}_2.fastq	  2>${input}.ERR	  
2. metaSeq	  https://pythonhosted.org/metaSeq/	  
On	  our	  final	  lists	  include	  genes	  that	  exhibit	  differential	  expression	  between	  the	  
two	  conditions.	  
log(expr(treatment)/expr(control))	  >	  1.5	  (or	  1)	  -‐>	  upregulation	  	  	  
log(expr(treatment)/expr(control))	  <	  -‐1.5	  (or	  1)	  -‐>	  downregulation	  
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