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Introduction

The BCR/ABL mutation is the hallmark of chronic myelogenous
leukemia (CML), and more than 95% of patients with this dis-
ease demonstrate the t(9;22)(q34;q11) translocation responsi-
ble for generating the BCR/ABL fusion oncoprotein (1, 2). The
presence of this mutation in all hematopoietic lineages suggested
that CML was a stem cell disorder initiated by a mutation in
long-term hematopoietic stem cells (3, 4). Furthermore, the
BCR/ABL mutation was shown to confer leukemic transforma-
tion of purified hematopoietic stem cells (HSCs) but failed to
transform myeloid progenitors (5). In keeping with the concept
of CML as a stem cell disorder, CML stem cells were demon-
strated to have the capacity to initiate and reconstitute disease
upon serial transplantation (6, 7).

CML stem cells possess the capacity to self-renew and
differentiate to form aberrant hematopoietic subsets (6, 7).
Importantly, while tyrosine kinase inhibitor (TKI) treatment
induces apoptosis in the bulk of BCR/ABL-expressing tumor
cells, quiescent CML stem cells demonstrate resistance to
TKI treatment, via preexisting point mutations as well as the
acquisition of additional mutations and genomic instability
(3, 8-12). In addition to cell-autonomous mechanisms of resis-
tance, extrinsic signals from the bone marrow (BM) microenvi-
ronment have been described to contribute to CML resistance
after TKI therapy (13-23).
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Tyrosine kinase inhibitors (TKIs) induce molecular remission in the majority of patients with chronic myelogenous leukemia
(CML), but the persistence of CML stem cells hinders cure and necessitates indefinite TKI therapy. We report that CML stem
cells upregulate the expression of pleiotrophin (PTN) and require cell-autonomous PTN signaling for CML pathogenesis

in BCR/ABL* mice. Constitutive PTN deletion substantially reduced the numbers of CML stem cells capable of initiating
CML in vivo. Hematopoietic cell-specific deletion of PTN suppressed CML development in BCR/ABL* mice, suggesting that
cell-autonomous PTN signaling was necessary for CML disease evolution. Mechanistically, PTN promoted CML stem cell
survival and TKI resistance via induction of Jun and the unfolded protein response. Human CML cells were also dependent
on cell-autonomous PTN signaling, and anti-PTN antibody suppressed human CML colony formation and CML repopulation
in vivo. Our results suggest that targeted inhibition of PTN has therapeutic potential to eradicate CML stem cells.

As CML progresses from the chronic phase to blast cri-
sis, leukemic stem cells are no longer restricted to the HSC
compartment, and granulocyte-macrophage progenitors can
acquire CML stem cell properties via stabilization of nucle-
ar B-catenin (24). Furthermore, the abnormal CML clone can
drive or accentuate niche mechanisms to its own advantage at
the expense of normal (NL) hematopoiesis (7, 21). However, the
contributions of autocrine mechanisms in regulating the CML
pathogenesis are less well understood (25-27). Here, we show
that cell-autonomous expression of a heparin-binding growth
factor, pleiotrophin (PTN), is necessary for CML pathogenesis
and initiation of CML in transplanted mice. PTN is expressed by
BM vascular niche cells to support NL hematopoiesis in healthy
mice, whereas CML stem cells upregulate PTN expression and
secrete PTNin a cell-autonomous manner to drive CML disease.
Antibody-mediated inhibition of PTN suppresses human CML
growth in vitro and in vivo, suggesting that PTN is an attractive
therapeutic target in human CML.

Results

PTN is necessary for CML pathogenesis in BCR/ABL-expressing mice.
PTN is an HSC growth factor that is secreted by BM stromal cells
and endothelial cells (ECs) in healthy mice (28, 29). We sought to
determine if PTN regulates CML pathogenesis. For this purpose,
we utilized the Scl/Tall-tTA x TRE-BCR/ABL double-transgenic
mice, which allow for inducible BCR/ABL expression in hemato-
poietic stem/progenitor cells (HSPCs) under the control of dox-
ycycline treatment (2). Scl/Tall-tTA x TRE-BCR/ABL mice (BA
mice) characteristically develop features of chronic phase CML
(leukocytosis, myeloid shift, splenomegaly) within 6 to 8 weeks
of discontinuing doxycycline (2). We crossed BA mice with mice
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Figure 1. PTN is necessary for CML pathogenesis in BA mice. (A) WBCs over time in adult mice (controls, black), BA;PTN*/* mice (blue), and BA;PTN~- mice
(red; n = 8-32/group). (B) NEUs at 12 weeks after BCR/ABL induction in BA;PTN** mice, BA;PTN~- mice and controls (n = 10-23/group). (C) Left: Represen-
tative images of spleens at 12 weeks after BCR/ABL induction. Right: Mean spleen mass for each group (n = 12-14 mice/group). (D) Left: Representative
images of BM reticulin staining (black) in the groups shown at 12 weeks. Right: Percentage reticulin* pixels in each group (n = 5 mice/group, x63). (E) BM
cellularity at 12 weeks (n = 14/group). (F) Left: Representative flow cytometric analysis of KSL cells in the spleens at 12 weeks after BCR/ABL induction.
Right: Numbers of KSL cells are shown in each group (n = 5-10/group). (G) Survival of BA;PTN~- mice and BA;PTN*/* mice (P < 0.0001; n = 48/group, log-
rank). P values in were calculated using Tukey’s multiple-comparisons test for 2-way ANOVA (A) or Tukey's multiple-comparisons test for 1-way ANOVA

(B-F). *P < 0.05, **P < 0.01, ***P < 0.001.

bearing a constitutive deletion of PTN (PTN”" mice) and PTN*/*
control mice to determine the effect of PTN deletion on CML
pathogenesis and CML stem cell function in vivo.

PTN-expressing BA mice (BA;PTN**) demonstrated leukocy-
tosis within 8 weeks following doxycycline withdrawal. At 12 weeks,
BA;PTN** mice displayed substantially increased peripheral blood
white blood cell counts (PB WBCs) and neutrophil counts (NEUs)
compared with control mice (Figure 1, A and B). Conversely, BA mice
bearing PTN deletion (BA;PTN” mice) displayed NL range PB WBCs
and NEUs that were comparable with control mice (Figure 1, A and B).

BA;PTN** mice displayed pronounced splenomegaly at 12
weeks following BCR/ABL induction (Figure 1C), whereas spleens
from BA;PTN”" mice remained substantially smaller and compa-
rable in size with control mice (Figure 1C). Consistent with this
observation, BA;PTN** mice demonstrated increased splenic
mass compared with BA;PTN7" mice and controls (Figure 1C). At
12 weeks after doxycycline withdrawal, BA;PTN** mice also dis-
played increased BM fibrosis, a feature of accelerated phase CML
(30), whereas BA;PTN” mice displayed only minimal BM fibrosis
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at this time point (Figure 1D). Commensurate with this finding,
BA;PTN*/* mice contained significantly decreased BM cell counts
compared with BA;PTN7 mice and controls (Figure 1E).
BA;PTN** mice displayed increased percentages of myeloid
(Mac1*/Gr1*) cells in the PB, BM, and spleen compared with con-
trol mice, and PTN deletion corrected this myeloid skewing in the
PB, with partial correction in the BM and spleen (Supplemental
Figure 1, A and B; supplemental material available online with this
article; https://doi.org/10.1172/JCI129061DS1). BA;PTN** mice
also demonstrated decreased B lymphocytes in the BM compared
with control mice, whereas BA;PTN~" mice displayed increased
B cell percentages compared with BA;PTN** mice (Supplemen-
tal Figure 1B). CML stem cells are enriched within the ckit*sca-1*
lin- (KSL) population and the CD150*CD48  KSL population
(23). BA;PTN*/* mice demonstrated increased percentages and
numbers of KSL cells and CD150*CD48" KSL cells in the spleen
compared with control mice (Figure 1F and Supplemental Figure
2, A and B). In contrast, BA;PTN”" mice showed no increase in
KSL cells or CD150*CD48" KSL cells compared with control mice
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Figure 2. PTN deletion impairs CML stem cell repopulating capacity. (A) Experimental design. (B) Donor CD45.2* cell engraftment in PB of recipient mice
transplanted with splenic KSL cells from BA;PTN*/* mice or BA;PTN~/- mice (n = 7-10 mice/time point). (C) PB WBCs and neutrophils in the recipient mice at
10 weeks after transplant, along with controls (n = 5-10/group). (D) Left: Representative images of spleens from recipient mice transplanted with KSL cells
from BA;PTN*/* or BA;PTN~~ mice at 10 weeks after transplant, along with controls. Right: Mean spleen masses for each group (n = 6-10/group). (E) BCR/
ABL transcript levels in the spleens of recipient mice (n = 7-9 per group). (F) Left: Representative flow cytometric analysis of donor myeloid (Mac1/Gr1*)

cell engraftment in the BM of recipient mice. Right: Percentage BM total CD45.2* cell and donor myeloid cell engraftment in each group (n = 7-10/group).
(G) BCR/ABL transcript levels in the BM of recipient mice (n = 7-9 per group). P values were calculated using Sidak’s multiple-comparisons test for 2-way

ANOVA (B) or 2-tailed Student’s t test (C-G). *P < 0.05, ***P < 0.001.

(Figure 1F and Supplemental Figure 2, A and B). BA;PTN*/* mice
also displayed increased percentages of common myeloid pro-
genitors, megakaryocyte-erythroid progenitors, and granulocyte-
monocyte progenitors in the spleen, consistent with CML evolu-
tion. BA;PTN”" demonstrated no significant increases in these
populations (Supplemental Figure 2, A and C).

The majority of BA mice die from CML morbidities within
several months after doxycycline withdrawal (2). In our studies,
the median survival of BA;PTN*/* mice was 129 days (Figure 1G).
Conversely, the median survival of BA;PTN”" mice was 213 days.
The overall survival of BA;PTN”" mice was highly significantly
increased compared with that of BA;PTN*/* mice (P < 0.0001,
log-rank test). BA;PTN”" mice developed leukocytosis and sple-
nomegaly comparable to BA;PTN*/* mice, but these morbidities
occurred at later time points.

PTN deletion reduces CML stem cells. Because PTN deletion inhib-
ited CML progression in BA mice, we sought to determine if PTN
deletion would also affect CML stem cells capable of reconstituting
disease in secondary transplanted mice. In order to test this hypoth-
esis, we isolated KSL cells from the spleens of BA;PTN** mice and
BA;PTN"" mice at 12 weeks following BCR/ABL induction and com-
petitively transplanted equal numbers of KSL cells into irradiated,
congenic recipient mice, as previously described (Figure 2A and ref.
21). At 10 weeks following transplantation, recipients of 1 x 10* KSL
cells from BA;PTN** mice demonstrated more than 20% donor
CD45.2" cell engraftment in the PB, whereas recipients of the iden-
tical dose of KSL cells from BA;PTN” mice displayed less than 5%
donor cell engraftment (Figure 2B). Recipients of KSL cells from
BA;PTN** mice also displayed significantly increased PB WBCs,
NEUs, and splenomegaly at 10 weeks after transplant, consistent
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Figure 3. CML stem cells upregulate PTN expression. (A) Representative flow cytometric analysis of PTN expression within splenic CD45-LepR*
stromal cells (top) and CD45-CD31* ECs (bottom) in control mice and in BA mice at 12 weeks after BCR/ABL induction. (B) Percentage PTN* cells within
the CD45LepR* cells and in CD45-CD31* ECs in each group. (C) Left: Flow cytometric analysis of PTN expression on splenic CD45* cells from healthy
controls and BA mice at 4 and 12 weeks after BCR/ABL induction. Right: Percentage CD45*lin"PTN* cells in the different groups (n = 5 mice/group).
(D) PTN gene expression in BM cell populations (whole BM, Mac1*/Gr1* myeloid cells, KSL cells and CD150*CD48/41°KSL, SLAM KSL cells) from healthy
controls and BA mice at 12 weeks after BCR/ABL induction (n = 5-8 mice/group). (E) BCR/ABL transcript levels in the splenic cell populations shown
from healthy control mice and BA mice at 12 weeks after BCR/ABL induction. ND, not detected (n = 6/group). P values in C-E were calculated using
Tukey’s multiple-comparisons test for 1-way ANOVA. **P < 0.01, ***P < 0.001.

with the initiation of CML (Figure 2, C and D). In contrast, mice trans-
planted with equal doses of KSL cells from BA;PTN~- mice displayed
significantly decreased WBCs and neutrophils, smaller spleen sizes,
and spleen mass compared with BA;PTN** mice (Figure 2, C and
D). Furthermore, mice transplanted with KSL cells from BA;PTN"/*
donor mice demonstrated BCR/ABL transcript levels in the spleens
that were more than 100-fold higher than BCR/ABL transcript lev-
els in recipients of KSL cells from BA;PTN7 mice (Figure 2E). These
data suggested that deletion of PTN substantially decreased CML
stem cells capable of reconstituting CML in transplanted mice.
Donor CD45.2* cell engraftment and myeloid skewing were
significantly increased in the BM and spleens of mice transplanted
with KSL cells from BA;PTN** mice compared with recipients of
KSL cells from BA;PTN7" mice (Figure 2F and Supplemental Figure
3A). Donor CD45.2" cell engraftment within the BM KSL stem/pro-
genitor cell population was also significantly increased in recipients
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transplanted with KSL cells from BA;PTN** cells compared with
recipients of KSL cells from BA;PTN" mice (Supplemental Figure
3B). Finally, BCR/ABL transcript levels were more than 1,000-
fold increased in the BM of mice transplanted with KSL cells from
BA;PTN*/* mice compared with BCR/ABL levels in mice transplanted
with KSL cells from BA;PTN”" mice (Figure 2G).

CML stem cells upregulate PTN expression in BA mice. In NL
hematopoiesis, BM stromal cells and ECs secrete PTN in the HSC
niche and PTN regulates HSC maintenance and regeneration
(29). We sought to determine the cellular source of PTN that sup-
ported CML pathogenesis in BA mice. Utilizing PTN-GFP mice
crossed with healthy control mice and BA mice, we found that the
expression levels of PTN in splenic stromal cells and ECs were not
different between control mice and BA mice at 12 weeks following
BCR/ABL induction (Figure 3, A and B). Approximately 90% of
CD45 LepR' stromal cells expressed PTN in healthy control mice


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1
https://www.jci.org/articles/view/129061#sd
https://www.jci.org/articles/view/129061#sd
https://www.jci.org/articles/view/129061#sd
https://www.jci.org/articles/view/129061#sd

The Journal of Clinical Investigation

A X 950 %>
BAPTN** % W
OR . :

. - 6
BA:PTN sx10°BM  ¢T0
0 ) >

B

BA:PTN**WT . ” , ’

BA:PTN-WT . ’. .’

Control ‘ ’
D

BA;PTN**WT

BA;PTNWT

Mac1/Gr1

Ty
4

0 10
Sca-1

B220

RESEARCH ARTICLE

BA+PTN**WT
or
BA+PTNWT

(-)DOX

(e}
5

w
o
[ )

WBC (K/ul)
£
O.J

E F = BAPTN'*
-~ BA;PTN™
40 *x 06 *k 10000 *
*
L " u .. 1000
0] % = 04 '} 5 *
b — ) 3 100
| = 2 | e 8
] " o0 Oo ) o)
3 10{4e = 02 ._', o
0 0.0 A 2 0.1
& & & & 0 3 5 7
\Q [y \&°\\x SNV
SR RTINS Days
O,\% &e O«e '\é
<R < ?'3
@v\ Q)?* ®v¢ Q

Figure 4. PTN regulates CML pathogenesis in a hematopoietic cell-autonomous manner. (A) Generation of chimeric mice with PTN deletion restricted

to the hematopoietic compartment. (B) Left: Spleens from BA;PTN**;WT mice and BA;PTN~;WT mice at 16 weeks after BCR/ABL induction, along with
healthy controls (Control). Right: Spleen masses are shown (n = 5/group). (C) PB WBCs at 16 weeks in each group (n = 5). (D) Flow cytometric analysis of
Mac1*/Gr1* myeloid cells and KSL cells in the spleens of the mice shown at 16 weeks after BCR/ABL induction. (E) Mean percentages of myeloid cells and
KSL cells in the spleens of BA;PTN**;WT mice and BA;PTN~/-;WT mice at 16 weeks after BCR/ABL induction, compared with B6.SJL mouse controls (n = 5/
group). (F) Total cell counts over time in liquid culture of 10 KSL cells from BA;PTN*/* mice and BA;PTN~- mice (n = 6-9/group). P values were calculated
using 2-tailed Student’s t test (B and E) or the Holm-Sidak multiple t test (F). *P < 0.05, **P < 0.01.

and in BA mice. Similarly, 28% of CD45 CD31* ECs expressed
PTN in BA mice and 30% of ECs in control mice expressed PTN
(Figure 3, A and B). Of note, in C57BL/6 control mice, CD45'lin"
hematopoietic cells did not express PTN (Figure 3C). In BA mice,
however, CD45'lin- hematopoietic cells significantly upregu-
lated PTN levels at 4 weeks and 12 weeks following BCR/ABL
induction (Figure 3C). Consistent with these findings, PTN gene
expression was markedly increased in KSL stem/progenitor cells
in BA mice at 12 weeks after BCR/ABL induction compared with
KSL cells in control mice (Figure 3D). Of note, CD150*CD48 KSL
cells from both BA mice and C57BL/6 mice express the PTN tran-
script. Importantly, PTN*CD45lin cells expressed high levels of
BCR/ABL in BA mice, whereas BCR/ABL expression was nearly
undetectable in PTN"CD45'lin" cells (Figure 3E). Taken together,
these results suggest that CML stem cells upregulate PTN expres-
sion early during disease development.

In the spleens of healthy C57BL/6 mice, we observed that
PTN expression was confined to vascular structures within
the red pulp and colocalized with VE-cad* ECs and LepR" stro-
mal cells (Supplemental Figure 4A). However, in BA mice, we
observed a population of bright PTN* cells within the spleen that
was distinct from VE-cad* blood vessels (Supplemental Figure
4B). These PTN-expressing cells within the spleen of BA mice
colocalized with LepR expression (Supplemental Figure 4B).
Using flow cytometric analysis, we further defined this popula-
tion of PTN*LepR* cells within the CD45* hematopoietic pop-
ulation in the spleens of BA mice (Supplemental Figure 4C).
Quantitative reverse transcription PCR analysis confirmed that
PTN* cells within the spleens of BA mice expressed PTN tran-
script and also expressed high levels of LepR (Supplemental Fig-
ure 5). Taken together, this analysis suggested that a subset of
CD45" hematopoietic cells in BA mice expressed both PTN and
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Figure 5. PTN promotes CML stem cell survival via induction of c-Jun and the UPR. (A) Jun, Atf4, and Xbp1 expression in splenic KSL cells at 12 weeks
after BCR/ABL induction (dotted line = expression in KSL cells from NL C57BL/6 mice. (B) Left: Histograms of p-PERK in BM KSL cells from BA;PTN** mice
and BA;PTN- mice at 12 weeks after BCR/ABL induction, compared with C57BL/6 controls. Right: Percentage p-PERK* cells within the KSL population (n
=5/group). (C) Jun, Atf4, and Xbp1 expression in KSL cells from control C57BL/6 mice and from BA;PTN*/* mice treated with 100 ng/mL PTN in vitro (n = 4/
group). (D) Fold change in Jun, Atf4, and Xbp7 mRNA expression at 2 hours following treatment with 10 uM anisomycin in KSL cells isolated from control
C57BL/6 mice and BA mice (dotted line = baseline expression of each gene prior to anisomycin treatment). (E) Leukemic colonies from K562 cells following
72-hour incubation with Jun, Atf4, or Xbp1 siRNA or sham siRNA + PTN (n = 5/group). (F) Annexin V analysis of splenic KSL cells from BA mice treated for
24 hours with IM with or without PTN (1 = 5/group). (G) Leukemic colonies (CFCs) from splenic KSL cells from BA mice treated + PTN with or without IM (n
= 5/group, 2-tailed Student’s t test). (H) Jun, Atf4, and PTN expression in splenic KSL cells from BA mice in response to IM (n = 5-6/group; Ptn: *P < 0.05;
Atf4: 1P < 0.05; Jun: #¥P < 0.05). (I) Annexin V analysis of K562 cells treated with IM alone or IM with PTN, with and without the c-Jun peptide inhibitor or
GSK2606414 (GSK, n = 3-6/group). P values were calculated using 2-tailed t test (A, D, and G), Dunnett’s multiple-comparisons test for 2-way ANOVA (C
and E), or Dunnett’s multiple-comparisons test for 1-way ANOVA (B, F, H, and I). *P < 0.05, ***P < 0.001.

LepR. Landberg et al. recently identified LepR as a marker for ~ chimeric BA;PTN*/*;WT mice and BA;PTN”;WT mice, in which
primitive human CD34*CD38  CML cells, which were resistant ~ PTN deletion was restricted to the hematopoietic cell compart-
to imatinib treatment (31). ment (Figure 4A). After verification of greater than 90% donor

PTN regulates CML pathogenesis in a hematopoietic cell-  chimerism in all mice at 4 weeks after transplantation, doxycy-
autonomous manner. In order to determine the cellular source of  cline was withdrawn from recipient mice to induce BCR/ABL
PTN that governed CML progression in BA mice, we generated  expression in hematopoietic cells only (Supplemental Figure 6A).
chimeric mice using BM transplantation. We transplanted 5 x 106 At 16 weeks following BCR/ABL induction, BA;PTN**WT mice
BM cells from BA;PTN** mice (CD45.2%) and BA;PTN“ miceinto  displayed marked splenomegaly and increased splenic mass (Fig-
lethally irradiated B6.SJL (CD45.1*) WT congenic mice to create  ure 4B). Conversely, BA;PTN/5WT mice demonstrated decreased
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Figure 6. Anti-PTN antibody suppresses human CML stem cell function. (A) Human PTN levels in PB of healthy adults and patients with CML (n =
8-10/group). (B) Human PTN gene expression in BM CD34* cells from healthy adults (n = 6) and CD34* cells from patients with CML (n = 13). (C) ELISA of
conditioned media from 72-hour cultures of BM cells from healthy adults and PB mononuclear cells from patients with CML (n = 8 wells/group from 3
samples/group). (D) Expression of PTP-{and ALK mRNA in BM CD34" cells from healthy adults (n = 6) and CD34" cells from patients with CML (n = 10).
(E) Left: Representative histograms of PTP-( cell surface expression on CD34* cells from healthy adults and patients with CML. Right: Percentage PTP-(*
cells (n = 5 healthy and n = 12 CML). (F) Left: CFCs from CD34- cells treated in vitro with or without 50 pg/mL anti-PTN antibody (healthy donors, CML
donors). Right: Fold differences in CFCs from CD34+ cell samples from healthy adults and patients with CML treated with anti-PTN or IgG (n = 5 donors/
group). Fold changes are relative to the IgG control. (G) Left: Flow cytometric analysis of human CD45* CML cells in NSG mice at 16 weeks after transplan-
tation. Right: Mean human CD45* cell engraftment at 16 weeks (n = 9-10 mice/group). (H) Left: Tumors from NSG mice at 2 weeks after injection of K562
cells cultured with or without IM for 72 hours. Mice were treated systemically with anti-PTN or IgG for 2 weeks. Right: Tumor masses are shown (n = 3-4
mice/group). P values were calculated using Mann-Whitney U test (A-E) or 2-tailed Student’s t test (F-H). *P < 0.05, **P < 0.01, ***P < 0.001.

splenomegaly and spleen mass compared with the BA;PTN**;WT
mice (Figure 4B). PB WBCs were increased in both BA;PTN"/*WT
mice and BA;PTN/5WT mice compared with control mice (Fig-
ure 4C), but BA;PTN*%WT mice displayed increased myeloid
skewing in the BM and spleens compared with BA;PTN/;WT

mice (Figure 4, D and E and Supplemental Figure 6B). BA;PTN**;
WT mice also displayed increased percentages of KSL cells,
enriched for CML stem cells (21) in the spleen at 16 weeks following
BCR/ABL induction (Figure 4, D and E). In contrast, BA;PTN”;
WT mice demonstrated no increase in KSL cell frequency. Taken
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together, these results suggested that PTN regulates CML patho-
genesis primarily in a hematopoietic cell-autonomous manner,
with less contribution from niche-derived PTN to CML pathogen-
esis. Consistent with these results, KSL cells from BA;PTN~" mice
displayed no growth in 7-day cultures with thrombopoietin (TPO)
and stem cell factor (SCF), whereas KSL cells from BA;PTN*/* mice
expanded more than 1,000-fold in 7 days (Figure 4F). These data
suggest that cell-autonomous PTN signaling is necessary for CML
stem cell growth and CML pathogenesis in vivo.

PTN promotes CML pathogenesis via induction of c-Jun and the
unfolded protein response. In order to elucidate the mechanisms
through which PTN promotes CML pathogenesis, we measured
the expression of several leukemia-related genes within splenic
KSL cells from BA;PTN”" mice and BA;PTN*/* mice at 12 weeks
postinduction of BCR/ABL expression, using the Qiagen Leuke-
mia RT2 Profiler (Supplemental Figure 7A). We detected increased
expression of Jun, which encodes for transcription factor c-Jun in
KSL cells from BA;PTN** mice, whereas KSL cells from BA;PTN/-
mice expressed significantly lower levels of Jun (Supplemental
Figure 7A). Quantitative reverse transcription PCR analysis con-
firmed increased expression of Jun in KSL cells from BA;PTN*/*
mice, whereas Jun expression in KSL cells from BA;PTN”" mice
was not increased compared with KSL cells from healthy controls
(Figure 5A). Overexpression of Jun has been implicated in promot-
ing the survival of acute myeloid leukemia (AML) cells (32, 33). It
has been suggested that c-Jun promotes AML cell survival, in part,
by inducing the transcription of key effectors of the unfolded pro-
tein response (UPR), including Xbp1 and Atf4 (34). UPR activation
encompasses an ordered set of cellular responses required to restore
endoplasmic reticulum (ER) homeostasis, including cessation of
protein synthesis, regulation of apoptosis, and upregulation of cor-
rective transcriptional programs (34-36). In AML, c-Jun-induced
expression of the UPR effectors, Xbpl and Atf4, produces antia-
poptotic effects (34). We found that KSL cells in BA;PTN** mice
expressed increased levels of jun and Xbpl and Atf4, whereas
PTN-deficient KSL cells showed no increase in Jun, Xbpl, or Atf4
expression in KSL cells (Figure 5A). KSL cells from BA;PTN** mice
alsodisplayed markedly increased levels of phospho-protein kinase
R-like ER kinase (p-PERK), which activates Atf4 in the setting of
ER stress, compared with KSL cells from BA;PTN” mice (34, 37,
38) (Figure 5B). Treatment of KSL cells from BA mice with 100 ng/
mL PTN for 72 hours also caused a significant increase in expres-
sion of Jun, Xbpl, and Atf4 in KSL cells, whereas PTN treatment of
KSL cells from C57BL/6 mice caused no significant changes in Jun,
Xbpl, or Atf4 expression (Figure 5C). In order to determine if jun
induction differentially increased Atf4 and XbpI expression in KSL
cells from BA mice compared with KSL cells from C57BL/6 mice,
we treated both populations with 10 pM anisomycin, a potent and
specific inducer of Jun expression (39) and measured Atf4 and Xbpl
expression. Jun expression increased greater than 4-fold in KSL
cells from BA mice in response to anisomycin compared with con-
trol KSL cells. Furthermore, Xbpl and Atf4 expression increased
significantly in KSL cells from BA mice in response to anisomycin,
whereas expression of XbpI and Atf4 did notincrease in control KSL
cells (Figure 5D). Treatment of KSL cells from BA mice for 72 hours
with Jun siRNA also significantly decreased XbpI and Atf4 expres-
sion compared with siRNA control-treated KSL cells, confirming
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the molecular linkage between Jun and Xbpl and Atf4 expression
in CML stem cells (Supplemental Figure 7B). Of note, c-Jun is part
of the AP1 transcription factor complex and 2 AP1 binding sites
have been identified in the 5" promoter region of the PTN gene
(40). Expression of the BCR/ABL fusion protein increases c-Jun
activation and c-Jun activation is required for BCR/ABL-mediated
cellular transformation (41). We found that anisomycin-mediated
induction of Jun expression significantly increased PTN expression
in KSL cells from BA mice (Supplemental Figure 7C). These results
suggest that c-Jun may directly promote increased transcription of
PTN in CML stem cells.

In order to determine if c-Jun or the UPR proteins, Xbpl or
Atf4, were required for PTN-mediated promotion of CML growth,
we treated human K562 CML cells (42) with siRNAs targeting Jun,
Atf4, and Xbpl, and compared leukemic colony cell formation in
response to 100 ng/mL PTN treatment (Figure 5E). PTN treat-
ment significantly increased CML colony formation at 72 hours,
whereas silencing of Jun, Xbpl, or Atf4 abrogated PTN-mediated
CML colony formation (Figure 5E).

In order to evaluate the effect of PTN on CML stem cell sur-
vival in a clinically relevant model, we treated splenic KSL cells
from BA mice with imatinib (IM), a TKI utilized in the treatment
of patients with CML, with and without PTN. IM treatment for
72 hours significantly increased the percentages of annexin* KSL
cells, whereas the addition of 100 ng/mL PTN suppressed IM-
induced CML cell death (Figure 5F). IM treatment also suppressed
leukemic colony formation from KSL cells from BA mice, whereas
the addition of PTN partially rescued leukemic colony formation
from KSL cells (Figure 5G). Interestingly, IM treatment increased
the expression of Ptn, Jun, and Atf4 in KSL cells from BA mice (Fig-
ure 5H). In order to determine if PTN-mediated survival of CML
cells was dependent on the function of c-Jun and the UPR, we
treated KSL cells from BA mice with IM, with and without PTN,
and with and without a c-Jun peptide inhibitor or the PERK inhib-
itor, GSK206414. PTN treatment suppressed IM-mediated CML
stem cell apoptosis, and this effect was abolished by treatment
with the c-Jun or PERK inhibitors (Figure 5I). These data suggest
that PTN-mediated survival of CML stem cells is dependent on
c-Jun and UPR activation.

Anti-PTN antibody suppresses human CML stem cell function.
Because we observed that cell-autonomous PTN signaling was nec-
essary for CML pathogenesis in mice, we sought to determine the
role of PTN in regulating human CML growth. Newly diagnosed
patients with chronic phase CML display significantly increased
levels of PTN in the PB compared with healthy adults (Figure 6A).
PTN expression is also increased by approximately 100-fold in
CD34* cells from patients with chronic phase CML compared with
CD34" cells from healthy adults (Figure 6B). We also detected sub-
stantially increased concentrations of PTN in 72- hour cultures of
primary human CML cells compared with cultures of BM cells from
healthy adults, confirming that human CML cells secrete PTN at
increased levels (Figure 6C). Expression of the gene encoding the
PTN receptor, protein tyrosine phosphatase-{ (PTP-(), was more
than 10-fold increased in human CML CD34* cells compared
with CD34* cells from healthy adults, whereas gene expression of
another PTN receptor, anaplastic lymphoma kinase (ALK), was not
increased in CML cells compared with healthy CD34* cells (Figure
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6D). Flow cytometric analysis confirmed a significant increase in
PTP-{ protein on the surface of human CML CD34" cells compared
with healthy donor CD34" cells (Figure 6E). Surface expression of
ALK protein was not different on CD34" cells from patients with
CML versus healthy donors (Supplemental Figure 8A).

In order to determine whether PTN inhibition could affect
human CML growth, we plated primary human CML CD34" cells
in methylcellulose with and without 50 pg/mL anti-human PTN
antibody and measured leukemic colony formation at day +14
(Figure 6F). Anti-human PTN antibody treatment significantly
decreased human CML colony formation in vitro. In contrast,
anti-human PTN antibody treatment had no inhibitory effect on
colony formation from CD34" cells from healthy adults, suggest-
ing differential sensitivity of human CML cells to PTN inhibition
(Figure 6F). Against 5 different human CML patient samples,
anti-human PTN antibody treatment caused more than 50%
reduction in leukemic colony formation, with little inhibitory
effect on CD34" cells from healthy donors (Figure 6F). Anti-PTN
antibody also suppressed CML colony formation of KSL cells from
BA;PTN** mice and had no effect on CML colony formation of
KSL cells from BA;PTN~" mice, suggesting specificity of this anti-
body for PTN (Supplemental Figure 8B). Anti-PTN antibody also
differentially inhibited colony growth from PTN*/- KSL cells from
BA mice, while displaying no inhibitory effect on PTN*/~KSL cells
from NL C57BL/6 mice (Supplemental Figure 8B).

Treatment with anti-PTP-{ antibody suppressed PTN-mediated
expansion of colony-forming cells (CFCs) from KSL cells from BA
mice and from NL KSL cells, whereas the addition of the specific
ALK inhibitor, TAE684, did not significantly inhibit PTN-mediated
CFC growth from KSL cells from BA mice or NL KSL cells (Sup-
plemental Figure 8C). These data suggest that PTN regulates the
growth of CML cells and NL HSPCs primarily through PTP-C.

In order to determine if PTN inhibition could suppress human
CML stem cell function, we cultured primary human CML CD34*
cells with and without 50 pg/mL anti-human PTN antibody for
72 hours before iv. injection into irradiated NOD/SCID IL-2-
receptor y-null (NSG) mice (Supplemental Figure 8D). At 16
weeks after transplant, mice transplanted with CML cells treated
with anti-human PTN antibody displayed significantly decreased
engraftment compared with mice transplanted with the identical
dose of human CML cells treated with IgG (Figure 6G). In a sec-
ond human CML xenograft model, K562 cells were injected s.c.
above the kidney capsule in adult NSG mice, and the mice were
treated with 2 mg/kg anti-human PTN or isotype every Monday,
Wednesday, and Friday. At 2 weeks after injection, CML tumors
were measured in the NSG mice (Figure 6H). Mice treated with
anti-human PTN antibody displayed significantly smaller tumor
masses (Figure 6H). An additional group of mice was injected with
K562 cells that were pretreated with 1 uM IM for 72 hours before
injection. IM pretreatment significantly decreased tumor size in
vivo at 2 weeks after injection. Anti-human PTN further reduced
tumor size compared with IM treatment alone (Figure 6H). These
results suggest an additive effect of anti-human PTN antibody
with TKI against human CML. Taken together, these results sug-
gest that cell-autonomous secretion of PTN regulates human CML
growth, and targeted inhibition of PTN can suppress human CML
cell-repopulating capacity in vivo. Separately, we analyzed PTN
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expression in human AML data sets using the BloodSpot database
(43, 44) and determined that PTN expression is also increased in
human AML cells compared with NL human HSPCs (Supplemen-
tal Figure 8E). These data suggest high relevance for PTN expres-
sion in human myeloid leukemias.

Discussion
TKI therapy produces molecular remissions in more than 90% of
patients with CML (45). Several studies have shown, however, that
more than half of patients with CML who stop TKI treatment will
have molecular recurrence within 2 years (46, 47). Underscoring
this concern, patients with CML who experience cytogenetic and
molecular remissions have been shown to have persistent popula-
tions of BCR/ABL*CD34*CD38" stem cells despite up to 4 years of
TKI therapy (48). These studies reinforce the necessity for long-
term TKI therapy in most patients with CML. Additionally, a sub-
set of CML stem cells are not dependent on BCR/ABL (49), and
many BCR/ABL-expressing stem cells display resistance to TKI
therapy (48-50). Up to 36% of patients taking IM were observed
to develop BCR/ABL kinase mutations over time, representing an
important basis for CML resistance to TKI therapy (51). Additional
yet unknown mechanisms of CML stem cell resistance likely exist,
and the successful discovery and targeting of such mechanisms
could facilitate the eradication of CML stem cells in patients.
Recent studies have suggested an important role for BM micro-
environment signals in regulating the development and progression
of CML. CML stem cells depend upon CD44-mediated adhesion
for homing and engraftment (18-20), and the BM microenviron-
ment produces an altered cytokine milieu, which favors CML stem
cell growth over NL HSCs (21). Furthermore, BM stromal cells pro-
mote CML stem cell resistance to TKIs via increased Wnt signaling
and N-cadherin interactions (14, 23). Targeted inhibition of niche-
derived signals, including IL-1 blockade and Wnt pathway inhibi-
tion, increases the elimination of CML in murine models (14, 22).
The contributions of autocrine mechanisms to CML patho-
genesis are less well understood. Otsuka et al. reported that
human CML cells did not demonstrate increased expression of
hematopoietic cytokines compared with NL hematopoietic cells
(27). Duncombe et al. showed that human CML cells secrete TNF
and that TNF inhibits CML growth (25). Conversely, Gallipoli et
al. reported that CML stem/progenitor cells secrete TNF-a and
that TNF-a promotes CML cell survival (26). Autocrine expres-
sion of BMP4 has also been suggested to contribute to TKI resis-
tance in human CML stem cells (52). Here, we demonstrate that
murine and human CML stem cells upregulate and secrete PTN,
a heparin-binding growth factor, that is not expressed substan-
tially by NL HSPCs, but rather is produced in homeostasis by BM
stromal cells and ECs (29). Further, we demonstrate that cell-
autonomous PTN signaling is necessary for CML stem cell growth
in vitro, as well as the in vivo generation of phenotypic CML stem
cells and CML disease initiation following transplantation. We
recognize, however, that phenotype may not correlate with leu-
kemia stem cell content and that single-cell transplantation studies
would more accurately assess effects of PTN deletion on clonal
CML stem cells compared with the bulk KSL cell transplantation
studies performed here. Furthermore, PTN deletion may have
affected the homing and proliferative potential of CML stem cells, as
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well as the leukemic microenvironment (53), in addition to effects
on CML stem cell numbers. Human CML xenograft transplanta-
tion models are also limited because NSG mice may not recapit-
ulate the human leukemic microenvironment. Nonetheless, our
data suggest that PTN deletion abrogates CML disease initiation
in transplanted mice, a hallmark of CML stem cell function. PTN
expression also increased in murine CML stem cells treated with
IM, suggesting that PTN expression may be a facultative survival
response of CML stem cells to TKI. Ulbricht et al. reported that
human astrocytomas express PTN and one of the PTN receptors,
PTP-(, and that PTN signaling regulated astrocytoma migration
(54). Subsets of human multiple myeloma cells and CD19* B
acute lymphocytic leukemia cells also express PTN and anti-PTN
antibody treatment suppresses the growth of myeloma cells and
B acute lymphocytic leukemia cells in vitro (55, 56). PTN-medi-
ated regulation of myeloid neoplasms has not been previously
described. Here, we show that human CML CD34* progenitors
display a 100-fold increased expression of PTN compared with
CD34* cells from healthy adults, a 10-fold increased expression of
the PTN receptor (PTP-{), and anti-PTN treatment differentially
suppresses human CML colony growth in vitro and engraftment
in vivo. Consistent with our findings in human CML, PTN expres-
sion is also increased in datasets of human AML cells versus NL
human HSPCs (43, 44, 57). Taken together, these results suggest
that PTN is a potentially important therapeutic target for human
CML and AML.

We have previously shown that PTN promotes human HSC
expansioninvitroand that PTN expression by BM stromal cells and
ECs is necessary for HSC self-renewal and regeneration, respec-
tively, in mice (28, 29). This finding raises an important question
as to whether PTN can be therapeutically targeted in patients with
CML without causing unintended hematopoietic toxicity. Our
studies demonstrate that anti-PTN antibody suppressed human
CML progenitor cell growth without affecting NL human CD34*
cell growth in vitro. Further, over a range of PTN expression levels
in KSL cells from homozygous PTN** and heterozygous PTN*/"
mice, anti-PTN treatment differentially suppressed CML colony
growth compared with that of NL hematopoietic progenitor cells.
Mechanistically, PTN induces expression of the UPR genes, XbpI
and A#f4, in CML stem cells, while not affecting the UPR machin-
ery in NL HSPCs. Collectively, these results suggest that CML
stem cells may have a relative addiction to PTN compared with
NL HSPCs, and that a therapeutic window may exist for targeting
PTN in patients with CML. Because CML stem cells that persist in
patients are not BCR/ABL addicted (58), the combination of TKI
with anti-PTN antibody represents a rational therapeutic strategy.

We observed that PTN* CML stem cells expressed signifi-
cantly higher levels of jun and the UPR genes, Xbpl and Atf4,
compared with PTN- deficient CML stem cells, and that PTN
treatment induced the expression of Jun, Xbpl, and Atf4 in CML
stem cells. Prior studies have shown that PTN can bind multiple
different receptors, including PTP-{ and ALK, to promote the
proliferation and survival of neurons (59, 60). CML stem cells
from BA mice express increased levels of PTP-{ compared with
NL KSL cells, and PTP-{ blockade suppressed PTN-mediated
colony formation of CML stem cells, whereas inhibition of ALK
had no effect. These results suggest that PTN-mediated growth
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of CML stem cells occurs primarily through PTP-(. We also show
that silencing of Jun, Atf4, or XbpI blocked PTN-mediated CML
colony growth, and inhibition of c-Jun or PERK abrogated PTN-
mediated rescue of CML stem cells from TKI-induced apoptosis.
These results suggest that PTN-mediated induction of CML stem
cell growth and survival depends on activation of c-Jun and the
UPR. Going forward, it will be important to determine the mecha-
nism responsible for increased PTN expression in CML stem cells.
Our data indicate that induction of Jun expression increases PTN
expression in CML stem cells from BA mice. Because BCR/ABL
induces the activation of c-Jun, which is part of the activator pro-
tein 1 (AP1) transcription factor complex, and 2 AP1 binding sites
have been identified in the 5' promoter region of the PTN gene,
we will prioritize evaluating the role of c-Jun in controlling PTN
expression in CML stem cells (40, 41).

TKI therapy induces prolonged molecular and hematologic
remissions in patients with CML, but cessation of TKI therapy results
in molecular relapse in more than 50% of patients (46). Fur-
ther, up to 20% of patients with CML fail TKI therapy, neces-
sitating allogeneic stem cell transplantation (45). The inability
to cure patients with CML with TKI therapy alone and the inci-
dence of TKI treatment failures are indisputably related to the
persistence of CML stem cells, which develop cell-autonomous
and non-cell autonomous resistance mechanisms to BCR/ABL
inhibition. We have identified a novel, cell-autonomous mech-
anism in which CML stem cells secrete PTN, which is essential
for CML pathogenesis and for CML stem cell survival in vitro
and in vivo. Targeted inhibition of PTN represents an attractive
therapeutic strategy to eliminate CML stem cells as a comple-
ment to TKI therapy.

Methods

Mice. To generate the double-transgenic Scl/Tall-tTA x BCR/ABL
strain (2), SCL-tTA mice (strain no. 017722) and TRE-BCR/ABL
mice (strain no. 006202) were obtained from the Jackson Labora-
tory. Doxycycline hyclate (Sigma-Aldrich) was administered in the
drinking water at a concentration of 0.2 mg/mL to mating mice and
newborn pups to suppress BCR/ABL expression. At 4 weeks of age,
doxycycline was withdrawn to induce BCR/ABL expression in some
mice. As previously described, embryos from mice bearing a consti-
tutive deletion of Ptn (61) were obtained from the RIKEN Institute
by the Jackson Laboratory and rederived in a C57BL/6 background.
The Scl/Tal1-tTA and TRE-BCR/ABL mice were backcrossed 8 gen-
erations into the PTN” strain. As a result, all experimental mice
described were in a C57BL/6 background. Sperm from PTN-GFP
mice (Tg[Ptn-EGFP]H]32Gsat MGI no. 4847351) developed as part
of the GENSAT Project Rockefeller University was obtained from the
MMRRC Repository and the strain was rederived in a C57BL/6 back-
ground. NSG mice (strain no. 005557) for human xenograft studies
were purchased from the Jackson Laboratory.

Human patient samples. Newly diagnosed CML patient BM and PB
samples were obtained from the UCLA Ronald Reagan Medical Center
and the Fred Hutchinson Cancer Center (University of Washington)
under a UCLA IRB-approved protocol (no. 15-000062). Deidentified,
healthy control BM samples were obtained from AllCells. For PTN
ELISA, PB serum samples from deidentifed patients were obtained
from Discovery Life Sciences.
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Table 1. Primer sequences for real-time PCR

Gene Forward primer (5’ to 3') Reverse primer (5’ to 3')

GAPDH  AAGGTGAAGGTCGGAGTCAAC GGGGTCATTGATGGCAACAATA
PTN GGAGCTGAGTGCAAGCAAAC  CTCGCTTCAGACTTCCAGTTC
Ptprzi  GCCTGGATTGGGCTAATGGAT CAGTGCTCCTGTATAGGACCA
Alk TCTCATCGCAGCCGATATGG  GGCATCTCCTTAGAACGCTCT

Cell lines. The K562 cell line (ATCC, CCL-243) originally derived
from the pleural effusion of a human patient with CML (42) was pur-
chased from the ATCC and maintained in IMDM with 10% FBS.

Histology. Reticulin staining of mouse femurs was performed
by the UCLA Translational Pathology Core Laboratory on formalin-
fixed, decalcified femurs. For quantification, representative x63
fields of the marrow space without cortical or metaphyseal bone were
captured from 5 distinct bones per treatment condition. The images
were processed using Image] (NIH) to determine the percentage of
pixels in each image as follows. The color images were converted to
8-bit grayscale images. Reticulin-positive pixels were determined
to have grayscale densities of 30 or less. This threshold was used to
quantify the number of pixels positive for reticulin in each image.

Immunofluorescence imaging. Animals were injected via tail vein
with 25 pg of VE-Cadherin Alexa-647 antibody (Biolegend, 138006)
20 minutes prior to euthanasia. Spleens were dissected, rinsed, and
placed in a cold 30% sucrose solution for 1 hour. The whole spleen
was embedded in a cryomold with O.C.T. media. The cryomold was
snap-frozen in a bath of dry ice/100% ethanol. Longitudinal 5-um
spleen sections were cut using a Leica Cryostat. Sections were fixed in
100% acetone for 5 minutes at -20°C. Sections were then rehydrated
in PBS at room temperature for 20 minutes in the dark. Sections were
stained overnight at 4°C with goat anti-mouse LepR antibody (R&D
Systems) in IHC staining buffer, rinsed 3 times with PBS, and then
stained for 1 hour at room temperature with anti-goat AF594 (1:1000,
R&D Systems). After rinsing, slides were mounted in DAPI Pro-Gold
mounting media.

Flow cytometry and annexin V analysis. PB, BM, and spleens from
mice were analyzed by flow cytometric analysis for myeloid, lymphoid,
progenitor, and HSC subsets using the following antibodies purchased
from BD Biosciences: B220 APC-CY7, Gr-1 PE, Mac-1 PE, lineage
antibody cocktail V450, c-kit PE, sca-1 APC-Cy7, CD150 AF647, CD41
FITC, and CD48 FITC. A full list of antibodies utilized for flow cytom-
etry is included in Supplemental Table 1. Discrimination of live and
apoptotic cell fractions was performed by flow cytometry using the BD
AnnexinV-FITC Apoptosis Detection Kit (BD Biosciences, 556570),
following the manufacturer’s instructions.

Isolation of splenic CD31* ECs and LepR* cells. BM, spleen ECs,
and LepR" cells were isolated by FACS following methods previ-
ously described (29). Femurs and spleens were dissected, cleaned
of adventitia, and crushed with a mortar and pestle. Crushed tissue
was digested for 10 minutes at 37°C in a 1 mg/mL solution of Liber-
ase (Sigma-Aldrich) in IMDM. Cells were rinsed in ice-cold PBS with
1% FBS (Thermo Fisher Scientific) and depleted of lineage-positive
cells with the Miltenyi lineage depletion kit (Miltenyi Biotec). For
LepR* cell isolation, the lineage-negative fraction was stained with

RESEARCH ARTICLE

anti-CD45-V450, 7AAD, and LepR-PE to identify 7AAD-CD45 LepR*
cells. For EC isolation, the lineage-negative fraction was stained with
anti-CD45-V450, 7AAD, and CD31-AF647. ECs were identified as the
7AAD CD45 CD31* subset.

Murine CML repopulation assay. For the CML repopulation assays,
1 x 10* splenic KSL cells from BA;PTN** mice and BA;PTN”" mice
(CD45.2*) mice were isolated. Recipient 10-week-old female CD45.1*
B6.SJL mice (CD45.1%) were irradiated with 950-cGy total body irradi-
ation using a Cs137 irradiator. Donor KSL cells were delivered via tail
vein injection along with a competing dose of 2 x 10° nonirradiated
host BM cells. Multilineage donor hematopoietic cell engraftment was
measured in the PB by flow cytometry, as previously described (62).
The following antibodies purchased from BD Biosciences were used
for this analysis: CD45.2 FITC, CD45.1 PE, B220 APC-CY7, Gr-1 PE,
Mac-1PE, CD3 V450, and Ter119 APC.

In order to isolate the deletion of PTN to the hematopoietic cell
compartment, 10-week-old female CD45.1* B6.SJL mice (CD45.1*)
were irradiated with 950-cGy total body irradiation and transplanted
with 5 x 10% BM cells from BA;PTN*/* mice (CD45.2*) or BA;PTN"-
mice. Both donor mice and recipients were maintained on doxycycline
drinking water to suppress BCR/ABL expression through 4 weeks after
transplantation. After 4 weeks posttransplantation and verification of
more than 90% donor CD45.2" cell engraftment in the PB of all mice,
doxycycline was withdrawn to allow BCR/ABL expression.

Survival studies and hematologic analysis of BA mice. Comparative
survival studies of BA;PTN** mice and BA;PTN”" mice were repeated
4 times with 4 cohorts of 12 mice per genotype for a total of 48 mice
per genotype. At 4 weeks of age, BCR/ABL expression was induced in
all mice by removal of doxycycline from the drinking water. Mice were
monitored daily following doxycycline removal for signs of morbidity,
and PB was sampled at 4-week intervals for complete blood counts.
Per our UCLA Animal Research Committee-approved protocol (no.
2014-021-13L), mice were humanely euthanized if symptoms of mor-
bidity such as extreme weight loss, immobility, or hunched posture
were observed.

In vitro cultures of CML stem cells. The effect of cell-autonomous
deletion of PTN from CML stem cells on in vitro expansion was mea-
sured by placing 10 KSL cells from BA;PTN*/* mice and BA;PTN”"mice
in 96-well U-bottom plates. Cells were cultured in StemSpan medium
supplemented with 125 ng/mL SCF and 20 ng/mL TPO. Cell counts
were performed at days 3, 5, and 7. For assessment of receptor-ligand
interactions in CML stem cells, 500 KSL cells from C57BL/6 mice or
KSL cells from BA mice were plated in 96-well U-bottom plates and cul-
tured for 3 days in HSC-supportive media (IMDM supplemented with
10% FBS, 125 ng/mL SCF, 50 ng/mL FLT-3ligand, and 20 ng/mL TPO).
Cells were treated with 200 ng/mL PTN (R&D Systems) with and with-
out 3nM ALK inhibitor TAE684 (Selleckchem) or 5 pg/mL anti-PTP-{
(R&D Systems). On day 3, cells were counted in each condition and then
plated in 14-day CFC assays at 200 cells per 35-mm dish.

Leukemia gene expression analysis. The SA Biosciences Mouse Leu-
kemia Pathway (PAMM-137Z, Qiagen) was used on an ABI Quant Stu-
dio 6-machine instrument to assay for gene expression differences in
FACS-isolated splenic KSL cells from BA;PTN7" mice and BA;PTN**
mice at 12 weeks after BCR/ABL induction. Four biological replicates
were used per group. The data were analyzed using the Qiagen Gene-
Globe Data Analysis Center. Data were normalized using 5 house-
keeping control genes: Actb, B2m, Gapdh, Gusb, and Hsp90abl. Genes
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with CT values greater than 35 cycles were excluded. The P values are
calculated based on a Student’s ¢ test of the replicate 27°T values for
each gene in the control group and treatment groups.

Real-time PCR. RNA isolation was performed using Qiagen
Micro RNeasy Kits. RNA concentrations were measured with the
Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific).
Five hundred nanograms of total RNA was reverse transcribed using
the High Capacity cDNA Synthesis Kit (Thermo Fisher Scientific).
Real-time PCR reactions were conducted using TagMan Universal
PCR Master Mix (Thermo Fisher Scientific) on an ABI Quant Stu-
dio 6-machine instrument with Tagman predesigned gene expres-
sion assays (Thermo Fisher Scientific). The following Tagman
expression assays were used: mouse Atf4, Xbpl, Jun, LepR, and PTN,
human PTN, human GAPDH, and mouse GAPDH. For detection of
BCR/ABL transcript levels, we used the primer sequences to detect
the breakpoint of the BCR/ABL fusion gene (63). Forward primer:
5'-TCCACTCAGCCACTGGATTTAA-3'; reverse primer: 5-GAT-
GCTACTGGCCGCTGAA-3'; probe: 6-FAM-CAGAGTTCAAAAG-
CC-TGM. Primers and probes were produced by ABI and real-time
PCRwas performed on an ABI Quant Studio 6-machine instrument.
For analysis of samples from patients with CML and healthy donors,
we used validated primer sequences (64) to detect expression of
GAPDH, PTN, Ptprzl, and Alk (Table 1).

Primers were purchased from Integrated DNA Technologies and
real-time PCR reactions were performed using Sybr Green PCR Mas-
ter Mix (Thermo Fisher Scientific) on an ABI Quant Studio 6-machine
instrument. All PCR reactions were normalized to GAPDH levels and
areference sample using the ddCt method.

Induction and silencing of Jun expression. siRNA studies were per-
formed in K562 cells using on-target plus siRNA constructs purchased
from GE Dharmacon and Lipofectamine RNAIMAX. The siRNA trans-
fection was conducted per the manufacturer’s protocol for 48 hours
in Opti-MEM reduced-serum media in a 24-well plate with 100,000
cells per well. The 10-uM siRNA stocks were diluted to a final concen-
tration of 0.02 uM. After 48 hours, cells were collected and pelleted by
centrifugation. Cells were then reseeded in 50,000 cells per well in
24-well plates with and without 500 ng/mL PTN for 3 days.

siRNA studies were performed using murine KSL cells and lin-
cells, and siRNA constructs were purchased from GE Dharmacon and
Lipofectamine RNAIMAX. The siRNA transfection was conducted per
the manufacturer’s protocol for 60 hours in Opti-MEM reduced serum
media in a 96-well plate with 20,000 cells per well. The 5-uM siRNA
stocks were diluted to a final concentration of 50 nM. PTN was added
to the designated conditions at 100 ng/mL for measurement of Atf4
and Xbpl gene expression. After 60 hours, cells were collected and
pelleted by centrifugation. Short-term induction of Jun expression was
achieved via treatment with 10 pM anisomycin added to serum-free
media for 2 hours.

Chemical inhibitor assays. Fifty thousand K562 cells were cultured
in IMDM plus 10% FBS with and without IM at 0.5 uM or 1 uM for
72 hours. Cells were treated with 40 uM c-JUN peptide (Tocris). To
inhibit PERK-mediated activation of Atf4, cells were treated with
the PERK inhibitor, GSK2606414, used at 0.1 uM. GSK2606414 is a
selective PERK inhibitor.

p-PERK analysis. Levels of p-PERK within BM KSL cells were mea-
sured as follows. BM cells from BA mice were isolated and stained live
with lineage antibody cocktail V450, c-Kit-PE, and APC-Cy7 (Sca-1)
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to label the KSL population. Cells were then fixed and permeabilized
using the BD Cytofix/Cytoperm Kit. Following permeabilization, cells
were stained for 1 hour in permeabilization buffer with anti-PERK
(phospho-T982, Abcam). Anti-PERK was preconjugated with AF488
using the Thermo Fisher Scientific AF488 Antibody Labeling kit. Fol-
lowing staining, cells were rinsed twice with permeabilization buffer
prior to FACS analysis.

ELISA. Whole BM from 1 femur was flushed into 400 pL PBS in a
1.5-mL Eppendorf tube. After centrifugation, BM supernatants were
collected and analyzed for PTN protein levels using a mouse PTN
ELISA kit (Lifespan Biosciences). For quantification of PTN levels in
human PB serum, undiluted serum was assayed using the human PTN
ELISA kit (Lifespan Biosciences).

Isolation of human cells. CD34" cells were isolated from primary
human BM aspirates and PB samples from newly diagnosed patients
with CML as follows. Aspirates were diluted 1:1 in sterile PBS, care-
fully layered over GE Ficoll-Paque density gradient medium, and
centrifuged at 1,400 rpm for 30 minutes. Mononuclear cells were col-
lected and column enriched for CD34 cells using the Miltenyi Biotec
human CD34" isolation kit.

CFC assays. CFC assays were performed as follows: 2,000 CD34*
cells from patients with CML or healthy adults were seeded in 35-mm
gridded CFC dishes in H4434 MethoCult media (Stem Cell Technol-
ogies). Anti-PTN or goat IgG (R&D Systems) was added at a concen-
tration of 50 pg/mL to the media. Colonies were scored at day 14. For
studies using the K562 cell line, each CFC dish was loaded with 500
cells. For evaluation of PTN inhibition in control versus CML stem
cells, 2,000 KSL cells from C57BL/6 mice or BA mice were seeded in
M3434 MethoCult media (Stem Cell Technologies). Anti-PTN or goat
IgG (R&D Systems) was added at a concentration of 50 pg/mL to the
media. For assays of murine cells, each dish represents the progeny of
a single well from a 96-well plate initiated with 2 x 10° to 8 x 10° KSL
cells and cultured for 72 hours.

Human CML transplantation model. Prior to transplantation, 1 x 10°
human CD34" cells isolated from PB samples from newly diagnosed
patients with CML were seeded in 96-well U-bottom cell culture plates.
Cells were grown for 72 hours in StemSpan media (StemCell Technol-
ogies) supplemented with 1x Myeloid Expansion supplement (MES;
contains SCF, TPO, G-CSF, and GM-CSF), 20 ng/mL IL-3, 20 ng/mL
IL-6, and 100 ng/mL fms-like tyrosine kinase 3. Additionally, wells
contained either 50 pg/mL anti-human PTN (R&D Systems, AF-252-
PB) or goat IgG. After 72 hours, the cells were collected and counted.
NSG mice conditioned with 300-cGy radiation were transplanted with
the progeny of 4 x 10° CD34* cells per mouse. At 16 weeks after trans-
plant, mice were euthanized, and human CD45" cell engraftment was
analyzed in the BM by flow cytometric analysis.

Subcutaneous human CML model. Human CML tumors were
initiated by s.c. injection of either 2 x 10° K562 cells or the progeny
2 x 10° K562 cells treated with 1 uM IM for 72 hours. Cells were
injected into the left hind flanks of NSG mice in 200 pL Matrigel,
as previously described (65). Mice were then treated with 2 mg/kg
anti-human PTN antibody (clone 3B10) (66), generated, and puri-
fied by the UCLA Therapeutic Antibody Platform, or IgG, i.p., every
Monday, Wednesday, and Friday for 14 days. Control mice devel-
oped tumors larger than 20 mm (maximum allowable tumor size
per UCLA Animal Research Committee) by 2 weeks. At 2 weeks, all
animals were euthanized and tumor masses were measured.
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The anti-human PTN antibody was generated as follows: The
heavy- and light-chain variable regions of an anti-PTN antibody,
obtained from patent US7888485 (clone 3B10, sequence IDs 03 and
08) were synthesized (Genscript) (66). Resulting DNA was subcloned
into linearized pcDNA3.4 protein expression vectors in the context of
mouse IgG2a and kappa constant regions. Vectors were transiently
transfected into ExpiCHO cells (Thermo Fisher Scientific) according
to the manufacturer’s instructions for 12 days. Antibody was purified
from clarified supernatants by affinity chromatography on MabSelect
SuRe columns (GE Life Sciences) following the product protocols.
Eluted protein was characterized by SDS-PAGE reducing and nonre-
ducing gels, quantified by UV absorption at 280 nm, and aliquoted at
1mg/mLin PBS.

PTN expression in human AML versus NL HSPCs. We utilized the
BloodSpot database (www.bloodspot.eu) to evaluate PTN expression
in NL human HSPCs (data set GSE42519) compared with human AML
cells from The Cancer Genome Atlas (TCGA) (43, 44, 57). The data
set contains 4 different probe sets, namely 211737 x_at, 209466 _x_at,
208408_at, and 209465 x_at. All data were analyzed using Prism
8 software (GraphPad Software, Inc.). An F test was performed to
evaluate homogeneity of variances, and we subsequently utilized an
unpaired Student’s ¢ test with Welch’s correction to calculate P values.
P <0.05 was considered significant.

Statistics. Values are represented as means + SEM, unless stated
otherwise. GraphPad Prism 6.0 was utilized for all statistical analyses.
All data were checked for NL distribution and similar variance between
groups. The choice of statistical test was based on the numbers of
groups and variables. In the case of 1-way and 2-way ANOVA analy-
ses, reported P values were based on multiple test corrections. Sam-
ple size for in vitro studies was chosen based on observed effect sizes
and standard errors from prior studies. For animal studies, a power
test was used to determine the sample size needed to observe a 2-fold
difference in mean between groups with 0.8 power using a 2-sided
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Student’s ¢-test. All animal studies were performed using sex- and age-
matched animals, with WT littermates as controls. Animal studies were
performed without blinding of the investigator, and no animals were
excluded from the analysis. Statistical details of each experiment can
be found in the figure legends, including the numbers of replicates and
Pvalues from comparative analyses that were performed.

Study approval. All animal procedures were performed in accor-
dance with Animal Use Protocol no. 2014-021-13M (Principal Inves-
tigator, John Chute) approved by UCLA Animal Research Committee.
All human sample acquisition and analyses were performed in accor-
dance with UCLA IRB 15-000062-CR-00004 (Principal Investiga-
tor, Joshua Sasine), approved by the UCLA IRB.
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