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§  Review of Tumor Suppressor Genes on 5q – 
haploinsufficiency of multiple genes 

§  Modeling t-MN in mice 

§  Role of aberrant WNT signaling in both the BM niche  
and HSCs in driving myeloid leukemogenesis 

§  Therapeutic targeting of Wnt Signaling 

§  Role of cytotoxic therapy -  alters both the BM niche and 
HSCs 

Outline of Talk 
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Haploinsufficiency	
  Drives	
  del(5q)	
  Disorders	
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n  Two Commonly Deleted 
Regions (CDRs):  
Ø  5q31.2  
Ø  5q33.1 

n  No homozygous mutations 
n  Many genes in CDRs are 

expressed at ~50% levels 
(Haploinsufficient) 

n  Loss of multiple genes 
contribute to disease: 

Phenotype Gene(s) 
Anemia RPS14, APC 

Megakaryocytic 
Dysplasia 

miR145/146a 

HSC expansion EGR1, APC, 
CSNK1A1 

Clonal Dominance CSNK1A1 

MDS/AML/t-MN: 
HNRNPA0,	
  PPP2CA,	
  
TIFAB,	
  CDC25C,	
  EGR1	
  
 
	
  
5q- Syndrome: 
RPS14,	
  miR-­‐145/146a,	
  
SPARC,	
  CSNK1A1	
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Cri:cal	
  Genes	
  in	
  del(5q)	
  t-­‐MNs	
  

EGR1	
  (5q31.2)	
  
Transcrip-onal	
  regulator	
  	
  
of	
  CDKN1A	
  (p21),	
  TP53	
  
	
  
HSC	
  quiescence	
  and	
  
reten-on	
  in	
  BM	
  niche	
  
	
  
Egr1+/-­‐	
  	
  mice,	
  treated	
  with	
  
ENU,	
  develop	
  a	
  MPD	
  with	
  
ineffec:ve	
  erythropoiesis.	
  

Joslin	
  et	
  al.,	
  Blood	
  110:	
  719,	
  ‘07	
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TP53	
  (17p13.1)	
  
Cell	
  cycle	
  arrest,	
  DNA	
  
repair	
  and	
  apoptosis	
  
	
  
Loss	
  of	
  TP53	
  ac:vity	
  
observed	
  in	
  up	
  to	
  80%	
  of	
  
t-­‐MN	
  with	
  a	
  del(5q).	
  

Unpublished	
  data	
  J.	
  Nakitandwe,	
  	
  
J.	
  Zhang,	
  M.	
  Le	
  Beau,	
  J.	
  Downing	
  

del(5q)	
  t-­‐MNs	
  	
  
TP53	
  

DNA	
  binding	
  domain	
  

APC	
  (5q22.2)	
  
WNT	
  signaling	
  cascade	
  
	
  
Regulates	
  mitosis	
  and	
  
cell	
  migra-on	
  	
  
	
  
Mx1-­‐Cre+,	
  Apcdel/+	
  mice	
  
develop	
  	
  MDS,	
  fatal	
  
macrocy:c	
  anemia	
  

Wang	
  et	
  al.	
  Blood	
  115:3481,	
  2010	
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MDS in Apcdel/+ Mice 
 

ENU 
NO ENU 

Egr1 +/-, Apc del/+ 

179 d 

114 d 
p< 0.0001 

 

§  ENU accelerates MDS in Apcdel/+  mice, 
and with mutations: Egr1+/- and/or Tp53+/- 

1 copy Apc 
255 d 

1 copy Apc 
1 copy Egr1 
179 d 

p < 0.0001 

Apc del/+ (n=34) 
Apc fl/+ (n=18) 
Egr1 +/-,  Apc del/+ (n=30) 
Egr1+/- , Apc fl/+ (n=19) 

 

§  Haploinsufficiency for Egr1 or Tp53 
accelerates MDS in Apcdel/+ mice 
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Wang et al. Blood 115:3481, 2010 
Stoddart et al., Blood 123: 228, 2014 
Stoddart et al., Blood 123:1069, 2014 

 
§  Mice succumb to severe anemia  

§  PB: macrocytosis, anisocytosis, 
poikilocytosis 

§  BM and Spleen:  
Ø  Marked megakaryocytic and erythroid 

hyperproliferation 
Ø  Dyserythropoiesis, differentiation block 
Ø  Increased LSKs  
Ø  Increased HPC apoptosis 
Ø  Decreased CFCs,  
Ø  Defect in reconstitution 

§  Apc is essential for HSC maintenance 
and survival; haploinsufficiency impairs 
hematopoiesis.  
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Role of WNT Signaling in Hematopoiesis 

HSPCs – WNT Signaling: 
§  Essential for self-renewal and quiescence  
§  Exquisitely sensitive to levels of signaling 
§  Involved in development of LICs 
§  Activated in multiple subtypes of MDS/AML 

 

BM Microenvironment – WNT Signaling: 
§  Regulates differentiation/function of osteoblasts 
§  Constitutive: leads to AML in mice (Ctnnb1 osb)   
§  Activated in osteoblasts, MSCs in some MDS/AML 
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  MDS	
  is	
  Induced	
  by	
  an	
  Apc-­‐Haploinsufficient	
  BM	
  
Microenvironment	
  

Recipients:	
  
1.   Apcdel/+	
  
2.   WT	
  

BM	
  cells:	
  
1.   Apcdel/+	
  
2.   Egr1+/-­‐	
  	
  
3.   Tp53+/-­‐	
  
4.   WT	
  

Apc	
  is	
  deleted	
  and	
  β-­‐catenin	
  levels	
  are	
  
increased	
  in	
  mesenchymal	
  stromal	
  cells	
  

β-­‐catenin	
  

Ac:n	
  

Ap
c	
  
fl/
+	
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c	
  
de

l/
de

l 	
  
Ap
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de

l/
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WT è Apc fl/+ (n=4)"
WT è Apc del/+ (n=6)"
Egr1 +/- è Apc fl/+ (n=5)"
Egr1 +/- è Apc del/+ (n=5)"

Egr1+/-­‐	
  BM	
  

WT è Apc fl/+ (n=4)"
WT è Apc del/+ (n=6)"
Tp53 +/- è Apc fl/+ (n=10)"
Tp53 +/- è Apc del/+ (n=11)"

Tp53+/-­‐	
  BM	
  

WT è Apc fl/+ (n=4)"
WT è Apc del/+ (n=6)"
Apc del/+ è Apc fl/+ (n=8)"
Apc del/+ è Apc del/+ (n=10)"

Apc	
  del/+	
  	
  BM	
  

WT	
  cells	
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Conclusions-1 
Niche: 
1.  Apcdel/+ -induced MDS is HSPC extrinsic, 

implicating aberrant WNT signaling in the 
niche in myeloid disorders. 

2.  Cytotoxic therapy accelerates the onset of myeloid diseases, likely impacting the niche and HSPCs.  
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Bleeding	
  at	
  Day	
  400	
  
or	
  when	
  sacrificed	
  

A	
   B	
  

Is	
  Apc	
  loss	
  Mediated	
  by	
  the	
  WNT	
  Pathway:	
  
Heterozygous	
  loss	
  of	
  β-­‐catenin	
  gene	
  (Ctnnb1)	
  is	
  sufficient	
  	
  to	
  

prevent	
  development	
  of	
  fatal	
  MDS	
  in	
  Apcdel/+	
  mice	
  

Apcdel/+	
  ,	
  	
  
Ctnnb1del/+	
  	
  	
  
Cre+	
  
heterozygote	
  

C	
  

9	
  

P<	
  0.0001	
  

255	
  d	
  

P<	
  0.0001	
   P<	
  0.0001	
  

0 100 200 300 400 500
0

20

40

60

80

100
Pe

rc
en

t s
ur

vi
va

l

Days

A: Apc del/+  (n = 34)
AC: Apc del/+, Ctnnb1 del/+ (n = 11)
C: Ctnnb1 del/+ (n = 6)
Cre-: Apc fl/+, Ctnnb1 fl/+ (n = 8)

A
A

C C
C

re
-

0

5

10

15

R
B

C
 (M

/u
L)

H
b 

(g
/d

L)

A
A

C C
C

re
-

0

5

10

15

20



re
ci

pi
en

ts
 

WT	
  
BM	
  

Transplanta:on	
  of	
  WT	
  Bone	
  Marrow:	
  
Cell	
  extrinsic	
  loss	
  of	
  one	
  copy	
  of	
  Ctnnb1 delays	
  disease	
  

development	
  in	
  Apcdel/+	
  mice	
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112 d 
 
P<0.0001 

0 100 200 300 400 500
0

20

40

60

80

100

Pe
rc

en
t s

ur
vi

va
l

Days

A: Apc del/+  (n = 4)

AC: Apc del/+ , Ctnnb1 del/+ (n = 11)

C: Ctnnb1 del/+ (n = 3)
Cre- : Apc fl/+ Ctnnb1 fl/+ (n = 9)

0 

10 

20 

30 

40 

50 

60 

70 

CD71+ 
TER119+ 

GR1+ 
CD11b+ 

CD19+ 
IgM+ 

Pe
rc

en
ta

ge
 

Cre-  A AC 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

Si
ze

 (g
) 

Spleen 

5/11 
developed 

MDS 

413 d 



•  In	
  the	
  absence	
  of	
  WNT	
  
signaling,	
  APC	
  destruc:on	
  
complex	
  proteins,	
  CK1α	
  
(casein	
  kinase)	
  and	
  GSK3,	
  
phosphorylate	
  (P)	
  β-­‐catenin	
  
in	
  a	
  coordinated	
  fashion.	
  	
  

•  β-­‐catenin	
  is	
  then	
  recognized	
  
by	
  β-­‐Trcp,	
  an	
  E3	
  ubiqui-n	
  
ligase	
  subunit	
  and	
  targeted	
  
for	
  proteasomal	
  degrada-on.	
  

•  Pyrvinium	
  binds	
  to	
  and	
  
ac:vates	
  CK1α,	
  leading	
  to	
  β-­‐
catenin	
  degrada:on	
  and	
  
inhibi:on	
  of	
  WNT	
  ac:vity	
  

	
  

Phosphoryla-on	
  of	
  β-­‐catenin	
  is	
  
inhibited,	
  β-­‐catenin	
  is	
  stabilized	
  

Pyrvinium	
  Tosylate	
  inhibits	
  WNT	
  ac:vity	
  	
  
by	
  ac:va:ng	
  CK1α (CSNK1A1) 
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PT	
  

Phosphoryla-on	
  of	
  β-­‐catenin	
  is	
  
s-mulated,	
  β-­‐catenin	
  is	
  degraded	
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  2x	
  per	
  week	
  

	
  
PT	
  (0.1	
  mg/kg),	
  	
  
2x	
  per	
  week,	
  30	
  wks	
  

Pyrvinium	
  Tosylate	
  (PT),	
  an	
  Inhibitor	
  of	
  Wnt	
  
Signaling,	
  Prevents	
  Disease	
  in	
  Apcdel/+	
  Mice	



DMSO,	
  2x	
  per	
  week	
  

	
  
PT	
  (0.1	
  mg/kg),	
  	
  
2x	
  per	
  week,	
  30	
  wks	
  

Stop	
  PT	
  

DMSO	
  

PT	
  

12	
  

227d vs 360d, 
P=0.0007 



P=.0060	
  

P=.0028	
  

P=.0006	
  

Apc	
  del/+	
  Cre+	
  (Het)	
  
with	
  anemia	
  

Pyrvinium Tosylate Prolongs Survival in Apcdel/+ 

Mice That Have Developed Anemia  

DMSO,	
  2x	
  per	
  week	
  

	
  
PT	
  (0.5	
  mg/kg),	
  	
  
2x	
  per	
  week,	
  30	
  wks	
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Canonical WNT Regulates Hematopoiesis in 
a Dosage-Dependent Fashion 

Wnt	
  signaling	
  	
  
(increased	
  above	
  normal)	
  

Ineffec-ve	
  
erythropoiesis,	
  
Rapid	
  onset	
  of	
  
MDS	
  

Effec-ve	
  
Erythropoiesis	
  

BM	
  niche	
   HSPCs	
  

Wnt	
  signaling	
  	
  
(increased	
  above	
  normal)	
  

Impaired	
  HSC	
  
self-­‐renewal,	
  
differen-a-on	
  

Enhanced	
  HSC	
  
func-on	
  

Modified	
  from	
  Luis	
  et	
  al.,	
  
Cell	
  Stem	
  Cell	
  9:345,	
  2011.	
  

Conclusions-2 
§  Apc function in BM niche and HSPCs 

is through the WNT signaling 
pathways.  Inhibition of WNT 
signaling using genetic models 
(Ctnnb1+/-) rescues the MDS 
phenotype. 

§  Pharmacological inhibition of the 
WNT pathway (Pyrvinium tosylate) 
appears to prevent the development 
of MDS and anemia.   

§  Targeting the WNT pathway may be 
an effective therapeutic approach in 
human MDS, AML, and t-MN. 
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  Stoddart et al.,  
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WNT Signaling Signature in del(5q) t-MNs 
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Egr1	
  +/-­‐	
  ,	
  Apc	
  del/+	
  	
  

+	
  p53	
  shRNA	
  

WT	
  Recipient	
  

BM	
  

T	
  cell	
  
2%	
  

AML	
  
5%	
  

MDS	
  
12%	
  

Non	
  hematological	
  
81%	
  

Blood	
  

Genetic Instability: 
•  Complex karyotype 
•  Aberrant DSB response 

Loss	
  of	
  p53,	
  in	
  the	
  Context	
  of	
  Egr1	
  and	
  Apc	
  
Haploinsufficiency,	
  Promotes	
  AML	
  Development	
  

AMML,	
  KIT+,	
  MPO+,	
  
(234	
  days,	
  #1586)	
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  Stoddart et al., Blood 123:1069, 2014 
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Conclusions-3 
HSPCs:  
1.  Active WNT signature in del(5q) HSPCs 
2.  Haploinsufficiency of Egr1 and Apc 

cooperate with loss of Tp53 in HSPCs to 
induce myeloid disorders.  
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Cytotoxic Therapy 

MSC 

HSC 

Effect	
  of	
  Cytotoxic	
  Therapy	
  

A B

xx	
  
xx	
  
xx	
  
xx	
  

xx	
  
xx	
  

xx	
   xx	
  xx	
  

HSCs:  
•  Induces mutation(s) in HSCs. 
•  Setting of pre-existing mutations 

in HSCs, e.g., TP53 (Wong TN et 
al. Nature 518:552, 2015) 

•  Eliminates HSCs, but rare mutant 
stem cells survive. 

•  Permits acquisition of 2º 
mutations -> leukemogenesis. 

 
 

x	
  

x	
   x	
  
x	
  

x	
  
x	
  

BM Niche: 
•  Creates a permissive stromal 

cell niche enabling the survival 
and expansion of the rare 
mutant HSC clone 

Ø  Epigenetic alterations? 
Ø  Cytokine secretion? 
Ø  Altered adhesion? 
Ø  Changes in oxidative stress? 

x	
  

C	
   and/or 
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Exposure of HSPC and stromal cells to ENU decreases survival
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Loss	
  of	
  p53	
  is	
  Cri:cal	
  for	
  the	
  Development	
  of	
  AML	
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Increased	
  Severity	
  and	
  Earlier	
  Onset	
  of	
  Disease	
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CONCLUSIONS-­‐4	
  

§  Egr1 and Apc haploinsufficiency promotes the development of MDS and AML 

§  Severity of disease increases with loss of >1 5q gene and loss of p53  

§  Loss of p53 is critical for leukemic transformation 

§  t-MN development is likely promoted by the effects of alkylating agent therapy 
on both the HSPCs and the BM niche 
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