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In human hematopoietic malignancies, RAS mutations are
frequently observed. Yet, little is known about signal transduc-
tion pathways that mediate KRAS-induced phenotypes in hu-
man CD34™" stem/progenitor cells. When cultured on bone
marrow stroma, we observed that KRAS®'?V-transduced cord
blood (CB) CD34™ cells displayed a strong proliferative advan-
tage over control cells, which coincided with increased early
cobblestone (CAFC) formation and induction of myelomono-
cytic differentiation. However, the KRASS'?V-induced prolif-
erative advantage was transient. By week three no progenitors
remained in KRASS'?V-transduced cultures and cells were all
terminally differentiated into monocytes/macrophages. In line
with these results, LTC-IC frequencies were strongly reduced.
Both the ERK and p38 MAPK pathways, but not JNK, were
activated by KRASS'?Y and we observed that proliferation and
CAFC formation were mediated via ERK, while differentiation
was predominantly mediated via p38. Interestingly, we ob-
served that KRASS!?V-induced proliferation and CAFC forma-
tion, but not differentiation, were largely mediated via se-
creted factors, since these phenotypes could be recapitulated
by treating non-transduced cells with conditioned medium
harvested from KRAS%'?V-transduced cultures. Multiplex cy-
tokine arrays and genome-wide gene expression profiling were
performed to gain further insight into the mechanisms by which
oncogenic KRASS'?V can contribute to the process of leukemic
transformation. Thus, angiopoietin-like 6 (ANGPTL6) was iden-
tified as an important factor in the KRASS'2Y secretome that en-
hanced proliferation of human CB CD34™* cells.

RAS proteins are small GTPases that control multiple cel-
lular functions like survival, proliferation, differentiation, and
cytoskeletal rearrangement (1, 2). Activating mutations in the
RAS genes, frequently in codons 12, 13, and 61 prevent the
hydrolysis of RAS-GTP and result in constitutive activation of
the RAS proteins (2). Three RAS genes exist, NRAS, KRAS,
and HRAS, and mutations in all of these have been found in
large proportion of solid tumors including cancer of the pan-
creas (3, 4), thymus (5), colon (6, 7), skin (8), or lung (9, 10). In

* This work was supported by grants from the NWO-VENI (2004), NWO-VIDI
(2008), and KWF (RUG 2009-4275).

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Table S1.

' To whom correspondence should be addressed: Dept. of Hematology,
Hanzeplein 1, Z22.66 DA13, 9700RB Groningen, The Netherlands. Tel.:
0031-503619391; Fax: 0031-50-3614862; E-mail: j.schuringa@int.umcg.nl.

FEBRUARY 25, 2011 +<VOLUME 286+NUMBER 8

myeloid leukemias, activating mutations have been found in
NRAS and KRAS genes, in particular in acute myeloid leuke-
mia (AML), chronic myelomonocytic leukemia (CMML), and
juvenile myelomonocytic leukemia (J]MML) (11-13).

To gain insight into the role of KRAS, HRAS, and NRAS
proteins in development and malignant transformation many
different model systems have been generated. HRas and NRas
double knock-out mice displayed normal development and
did not show any abnormalities during their life time. How-
ever, KRas knock-out mice die between embryonic day 12.5
and the term of gestation due to liver problems and anemia
(14). In addition KRas knock-out embryos displayed increased
cell death of motor neurons in the medulla and the cervical
spinal cord (15). These results show that KRas gene function
is essential for normal mouse development, especially for the
hematopoietic and central nervous system; while NRas and
HRas gene functions are dispensable (16).

Overexpression of oncogenic RAS was studied extensively
as well to elucidate the role of RAS in cancer development.
Overexpression of HRASS*?Y in human or mouse fibroblast
resulted in a permanent G1 arrest, which was induced by ac-
cumulation of p53 and p16. Inactivation of either p53 or p16
prevented RAS-induced growth arrest in these cells (17).
When the effect of HRASS'?" was studied in erythroid cell
differentiation it became clear that HRASS'*Y mainly blocks
terminal erythroid differentiation, and it does not induce apo-
ptosis (18). In addition, KRASS*?Y overexpression from its
endogenous promoter in primary mouse erythroid progeni-
tors induced a terminal differentiation block and upon Epo
stimulation the downstream target signaling pathways were
hyperactivated (19).

The leukemic potential of KRas, HRas, and NRas was com-
pared using the same transplantation model. Mouse bone
marrow cells were transduced with retroviral constructs and
transplanted into sublethally irradiated mice. It was found
that all of the three oncogenes had the potential to induce
myeloid leukemias but their leukemic potential and the phe-
notype of the disease was different. NRas caused either a
CMML- or AML-like disease in the transplanted mice while
KRas-transduced BM cells initiated a CMML-like disease.
Animals transplanted with HRas-transduced cells developed
an AML-like disease similar to NRas, but in the case of HRas
the invasiveness of the tumor was higher and the latency of
the disease was shorter (20). Transgenic models have been
established as well. By using the Mx1-Cre, LSL-KRas“"*"
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mouse model it was observed that overexpression of
KRas“'?P induced a fatal monocytic myeloproliferative dis-
ease in the mice which was similar to CMML and JMML.
When signaling pathways were investigated in oncogenic
KRas-overexpressing cells, it was found that p-Stat5, p-Erk,
and p-S6 levels were abnormal (21). Sabnis et al. investigated
the effect of KRas“'?” on murine hematopoietic stem and
progenitor cells and they found that KRas'*” induced a
strong proliferative advantage, increased the fraction of prolif-
erating HSCs, and initiated T-lineage leukemia/lymphoma
which was associated with secondary Notchl mutations. They
concluded that MPD-initiating activity was restricted to HSCs
in KRas“'*" mice and that cooperating mutations appear
during cancer progression (22).

Studies to elucidate the role of RAS mutations in human
hematopoietic cells have been performed less frequently.
Human cord blood (CB)* CD34 ™" cells transduced with
NRASS'3€ showed increased expansion in MS5 cocultures
and increased myeloid differentiation. Transplantation of
NRASS**“-transduced CB CD34™ cells in NOD/SCID mice
revealed an increased bone marrow engraftment and higher
number of myeloid cells (23). When c-DNA microarray analy-
sis was performed up-regulation of genes encoding cytokines
and cycling-dependent kinase inhibitors p16 and p21 were
found.

Here, we describe that overexpression of KRA in hu-
man CD34" CB cells induces a strong proliferative advantage
coinciding with the formation of early cobblestones on bone
marrow stroma. This enhanced proliferation was however
transient, because after 3 weeks of culture no progenitors re-
mained and all cells terminally differentiated along the my-
elomonocytic lineage. The involvement of ERK and p38
MAPK pathways in these phenotypes could be dissected, and
interestingly we observed that KRASS**V-induced prolifera-
tion and CAFC formation, but not differentiation, were medi-
ated at least in part via secreted factors.

SG12V

EXPERIMENTAL PROCEDURES

Cell Cultures and Cell Lines—Neonatal CB was collected
from healthy full-term pregnancies after informed consent
from the obstetrics departments of the Martini Hospital
Groningen and the University Medical Center Groningen
(UMCQG) in The Netherlands. The protocol was approved by
the Medical Ethical Committee of the UMCG. Mononuclear
cells were isolated using Lymphocyte Separation Medium
(PAA Laboratories, Coble, Germany) and CD34™ cells were
isolated using the Mini-MACS Separation System (Miltenyi
Biotec, Amsterdam, The Netherlands). For MS5 cocultures
and LTC-IC assays Gartner’s medium was used, consisting of
a-modified medium essential media (Fisher Scientific Europe,
Emergo, The Netherlands) supplemented with heat-inacti-
vated 12.5% fetal calf serum (Lonza, Leusden, The Nether-
lands) and heat-inactivated 12.5% horse serum (Invitrogen,
Breda, The Netherlands), penicillin and streptomycin (all
from PAA Laboratories), 57.2 uM B-mercaptoethanol (Merck

2 The abbreviations used are: CB, cord blood; FACS, fluorescent-activated
cell sorting; GO, gene ontology; CM, conditioned medium.
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Sharp & Dohme BV, Haarlem, The Netherlands) and 1 um
hydrocortisone (Sigma-Aldrich Chemie B.V., Zwijndrecht,
The Netherlands). The MEK inhibitor U0126 was from Pro-
mega Benelux B.V. Leiden, The Netherlands, the JNK inhibi-
tor SP600125, and the p38 inhibitor SB203580 were obtained
from VWR International (Roden, The Netherlands) and were
used in concentrations as indicated in the text.

Conditioned medium was collected from MS5 cocultures
initiated with either MiNR1 control or KRAS-G12V-trans-
duced CD34™" CB cells. After 1 week of coculture, medium
was harvested and filtered with 0.45-mm filters (Millipore
B.V., Amsterdam, The Netherlands). The filtered medium
was aliquoted and stored at —80 °C. The following antagoniz-
ing antibodies were used in the conditioned medium experi-
ments: anti-ANGPTL6 (A12/sc160957, Santa Cruz, Tebu-Bio,
Heerhugowaard, The Netherlands), anti-GDF15 (PAB3883,
Abnova, Heidelberg, Germany), anti-IGFBP5 (100-05, Pepro-
tech, Tebu-Bio), anti-IL1« (kind gift from Genzyme), anti-IL8
(AB208-NA, R&D, Abindon, UK), and anti-MCP1 (300-04,
Peprotech, Tebu-Bio). Concentrations used are indicated in
the text.

For CFC assays CD34™ cells or suspension cells from cocul-
tures (1-5 X 10° cells) were plated in duplicate in 35-mm
tissue culture dishes containing 1 ml assay medium consisting
of methylcellulose (StemCell Technologies, Grenoble, France)
supplemented with IMDM (PAA Laboratories, Coble, Ger-
many), 20 ng/ml IL-3, 20 ng/ml IL-6 (both of them from Gist-
Brocades, Delft, The Netherlands), 20 ng/ml G-CSF (Rhone-
Poulenc Rorer, Amstelveen, The Netherlands), 20 ng/ml c-kit
ligand (Amgen, Thousand Oaks), and 6 units/ml erythropoie-
tin (Janssen-Cilag B.V., Tilburg, The Netherlands). After 14
days of culturing colony-forming unit granulocyte-macroph-
age CFU-GM, burst-forming unit erythroid (BFU-E) and
colony-forming unit granulocyte-erythroid-macrophage-
megakaryocyte (CFU-GEMM) were scored. For LTC-IC lim-
iting dilution assays cells were plated in the range of 5-1000
cells per well in a 96 well plate in Gartner’s medium on MS5.
At week five methylcellulose supplemented with the same
cytokines as in the CFC assay was added to the wells. Two
weeks later wells containing CFCs were scored as positive or
negative and LTC-IC frequencies were calculated using ELDA
(24).

Retroviral Production and Transduction—Stable PG13
MiNR1 control and PG13 KRAS-G12V retroviral producers
were cultured in DMEM (Lonza, Leusden, The Netherlands)
supplemented with heat-inactivated 10% fetal calf serum and
penicillin/streptomycin. Viral particles for retroviral trans-
duction were collected after 8 —12 h of culturing virus produc-
ers in hematopoietic progenitor cell growth medium (HPGM)
(Lonza, Leusden, The Netherlands). Right before the trans-
duction supernatants were collected and filtered through
0.45-mm filters. 48 h before the first transduction round CB
CD34™ cells were pre-stimulated in HPGM supplemented
with stem cell factor (SCF; 100 ng/ml), Flt3 ligand (F1t3L; 100
ng/ml; both from Amgen, Thousand Oaks), and thrombopoi-
etin (TPO; 100 ng/ml; Kirin, Japan). Pre-stimulated CB cells
were transduced on retronectin-coated plates, (retronectin
from Lucron Bioproducts B.V., Gennep, The Netherlands) in
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3 consecutive rounds of 8 and 12 h with retroviral superna-
tant supplemented with the same cytokines and 4 ug/ml Poly-
brene (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Nether-
lands). After transduction, NGFR-positive cells were sorted
on a MoFlo (Dako Cytomation, Carpinteria, CA).

Flow Cytometry Analysis and Cell Sorting— Antibodies for
FACS analysis and for cell sorting were the following: CD34,
CD15, CD235a, CD271(NGFR) from BD Bioscience Breda,
The Netherlands and CD11b, CD14 antibodies were from
BioLegend Europe B.V. Uithoorn, The Netherlands. Cell sort-
ing of transduced cells was performed on the basis of NGFR
and the sort was performed on a MoFlo and FACS analysis
was performed on a BD FACS Calibur.

Cytokine Multiplex Array—Cytokine levels were deter-
mined by the Human 25-Plex panel (Invitrogen, Breda, The
Netherlands). The procedure was performed according to the
manufacturer’s recommendations using conditioned medium
from day 5.

Immunoblotting and Cytospins—Cytospins were stained
with May-Grunwald-Giemsa staining and images were taken
with an Leica DM 3000 microscope (Leica Geosystems B.V.,
Wateringen, The Netherlands) using a 40 X 1.3 numeric ap-
erture objective. For Western blot analysis we used control
and KRAS G12V-transduced CB CD34 ™ cells, which were
cultured in MS5 cocultures for 1 week. Cells were lysed in
Laemmli sample buffer and loaded on 10% SDS acrylamide
gel. Proteins were transferred to PVDF membranes (Milli-
pore, Etten Leur, The Netherlands) using semidry electro-
blotting. KRAS antibody was obtained from Tebu Bio BV,
Oosterhout The Netherlands, p-JNK, p-p38and p-ERK1/2
antibodies were from Cell Signaling Technology. Secondary
antibodies were purchased from Dako Cytomation (Dako Cy-
tomation, Glostrup, Denmark) and they were used in 1:3000
dilutions.

mRNA Analysis—The RNeasy kit (Qiagen Benelux B.V.
Venlo, The Netherlands) was used for total RNA isolation.
The procedure was performed according to the manufac-
turer’s recommendations from transduced and sorted CB
CD34™" cells. For genome-wide expression analysis Illumina
(Ilumina, Inc., San Diego, CA) BeadChip arrays (Sentrix Hu-
man-6; 46,000-probe sets) were used. Hybridization with the
arrays was performed according to the manufacturer’s in-
structions. Data were analyzed using the BeadStudio v3 gene
expression module (Illumina, Inc.) and Genespring (Agilent,
Amstelveen, The Netherlands).

Statistical Analysis—All values are expressed as means =
S.E. Student’s t test was used for all other comparisons. Differ-
ences were considered statistically significant at p < 0.05.

RESULTS

Expression of KRASS*?Y in Human CB CD34" Cells Results
in a Transient Proliferative Advantage, the Formation of
CAFCs and Myelomonocytic Differentiation—To study
KRASS'?V_induced phenotypes in human stem and progeni-
tor cells we inserted the KRASS'?Y gene into the murine stem
cell virus (MSCV) retroviral expression vector which con-
tained an encephalomyelocarditis virus-derived internal ribo-
somal entry site (IRES2) in front of the truncated neural
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growth factor receptor (MiNR1 vector, Fig. 1A4). Stable PG13
virus producer cell lines were generated and CB CD34 ™ cells
were transduced. After transduction cells were sorted and the
overexpression level of KRAS was determined by Western
blot analysis. KRAS protein expression was increased ~4-fold
in the KRASS'*V-transduced cells compared with control
MiNRI1-transduced cells (Fig. 1B). Transduced and sorted
MiNR1 control and KRASS'?Y cells were used to initiate MS5
cocultures and expansion and differentiation were analyzed
weekly. These experiments revealed that KRAS overexpres-
sion in CB CD34™ cells induced a massive proliferation within
the first weeks but after the second week KRASS'*Y-trans-
duced cells stopped proliferating. The strong initial expansion
in the KRASS'?V-transduced cultures coincided with the for-
mation of early cobblestones with high frequency within 5
days after plating (Fig. 1D).

To evaluate the changes in stem cell frequencies induced by
KRAS®'?Y, LTC-IC assays were performed in limiting dilu-
tion. These experiments indicated that LTC-IC frequencies
decreased dramatically upon KRASS'?Y overexpression (1/
1768 in MiNR1 versus 1/22760 in KRASS'?Y, Fig. 1E). CFC
assays revealed that progenitor frequencies were increased
6-fold in KRAS-transduced cells within 1 week after plating
on MS5, but this increase was transient. Progenitors were
exhausted by week 3 since no CFCs were observed in methyl-
cellulose assays. Also, less BFU-Es were observed in the
KRASS'?V_transduced cultures compared with MiNR1 con-
trols at week 1 (Fig. 1F). To determine the differentiation pro-
file in the cocultures cell surface markers were measured by
FACS analysis. These experiments showed increased CD14
and CD11b expression in the KRASS*?V-transduced cultures
compared with MiNR1 controls (Fig. 1G). Cytospins from
suspension cells of the cocultures confirmed these data and
indicated that KRASS'*Y-transduced cells were all terminally
differentiated along the myelomonocytic lineage by week 3
(Fig. 1H).

Inhibition of ERK Impairs Proliferation While Inhibition of
p38 Impairs Proliferation and Differentiation in CD34" CB
Cells Transduced with KRASS"?Y—To determine which sig-
naling pathways could be mediating KRASS'*V-induced phe-
notypes we first determined which MAPK signal transduction
pathways were activated downstream of KRASS'?Y by West-
ern blot analysis. These experiments revealed that both the
ERK/MAPK and p38/MAPK pathways were activated by
KRASS'Y in CB CD34" cells resulting in enhanced phos-
phorylation levels of ERK1/2 and p38 (Fig. 24). JNK was not
activated by KRASS'?Y, while PMA did induce phosphoryla-
tion of JNK (Fig. 2, A and B). Next, specific inhibitors against
MEK (U0126), p38 (SB203580) or JNK (SP600125) were used
in order to dissect the involvement of MAPK pathways in
KRASS'?V-induced phenotypes. Western blot analysis con-
firmed that the inhibitors effectively downmodulated the ac-
tivity of the designated pathways (Fig. 2, B and C). To deter-
mine the changes in growth, cobblestone formation and
differentiation CB CD34™ cells were transduced with either
control MiNR1 or KRASS'?Y vectors. Sorted cells were used
to initiate MS5 cocultures which were analyzed for 5 weeks.
Inhibition of MEK by U0126 reduced proliferation, both of
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FIGURE 1. KRASS'?" induces a transient growth advantage, early CAFC, and enhanced monocyte/macrophage differentiation. A, schematic repre-
sentation of the retroviral vectors used in this study. B, cord blood (CB) CD34 * cells were transduced with MiNR1 or KRAS®'?" vectors, cells were harvested
after 48 h and KRAS expression levels were measured by Western blotting. C, CB CD34" cells were transduced with MiNR1 or KRAS®'2Y vectors and cells
were cultured in long-term MS5 co-cultures. Data shows cell counts of weekly demidepopulation. The average of three independent experiments is shown.

D, to determine stem cell frequencies LTC-IC assays in limiting dilution were performed on MiNR1 and KRAS

2V_transduced CB CD34™" cells. E, cobblestone

area forming cells (CAFCs) induced by KRASS"?" in MS5 cocultures at week 2. F, from each culture at week 1 and week 3, 2000 cells were plated in CFC assays
in methylcellulose, colonies were evaluated after 2 weeks and total CFC numbers were calculated based on the cell number in the cocultures. G, FACS anal-
ysis on suspension cells from cocultures indicated monocytic differentiation in KRAS®'?" cocultures. H, MGG-stained cytospins from week 2.

KRASS'?Y as well as MiNR1-transduced cells (Fig. 2D). Inhi-
bition of p38 using SB203580 also impaired the expansion of
KRASS"?V-transduced cells, but to a lesser extent compared
with cells treated with the MEK inhibitor (Fig. 2E). Surpris-
ingly, MiNR1 control cells treated with the p38 inhibitor pro-
liferated slightly better compared with controls (Fig. 2E). As
expected, no effects were observed on the growth of either
MiNRI1 control cells or KRASE2Y cells treated with the JNK
inhibitor SP600125 (data not shown). FACS analysis was used
to determine the effects of ERK and p38 on KRASS?V-in-
duced differentiation. As observed earlier, KRASS'?Y en-
hanced the differentiation toward CD11b and CD14-positive
myelomonocytic cells, which was not affected by inhibition of
MEK (Fig. 2F). In contrast, inhibition of p38 by using the in-
hibitor SB203580 did significantly impair KRAS®"*V-induced
myelomonocytic differentiation (Fig. 2G).

Conditioned Medium from KRAS®'?Y-transduced Cells Is
Sufficient to Induce Proliferation and Formation of Early
CAFCs in CB CD34™" Cells—To our surprise, when MS5
cocultures were initiated with non-sorted MiNR1 control
and KRASS'?Y transduced CB CD34* cells, we observed
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that the non-transduced cells in KRASS'?V-initiated cocul-
tures displayed a proliferative advantage as compared with
non-transduced cells in MiNR1-initiated control cocul-
tures. A representative experiment is shown in Fig. 34, us-
ing MiNR1 and KRASS'?V-transduced CB cells with initial
transduction efficiencies of 52 and 25%, respectively.
Cocultures were weekly demi-depopulated, expansion and
differentiation of NGFR™ and NGFR ™ cells were monitored,
and cumulative expansion data is shown in Fig. 34. NGFR™
KRASS'?V_transduced cells displayed a strong proliferative
advantage over MiNR1 as observed previously. Unexpectedly,
the NGFR ™~ cells in KRASS'?V-transduced cocultures also
displayed a proliferative advantage over NGFR™ cells from
MiNRI1 control cocultures with almost similar kinetics as
NGF* KRASS'*V-transduced cells (Fig. 34, lower panel). In
contrast, the myelomonocytic differentiation induced by
KRASS'?Y was only observed in transduced cells, and not in
non-transduced NGFR™ cells in these cocultures.

To further substantiate these findings, conditioned medium
(CM) was harvested from KRASS'?Y and MiNR1-transduced
CB CD34™" cells, which was then used in MS5 cocultures initi-
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FIGURE 2. Inhibition of ERK impairs proliferation while inhibition of p38 impairs proliferation and differentiation in CB CD34™ cells transduced
with KRASS'2Y, A, Western blots of MiNR1 and KRAS®'?V-transduced CB CD34 " cells. B, UT7 cells were treated with PMA for 15 min, and cells were pre-
treated with the JNK inhibitor SP600125 as indicated after which lysates were prepared for Western blotting. C, Western blots on transduced cells as in A,
but now cells were pretreated with the MEK inhibitor U0126 or the p38 inhibitor (SB203580) as indicated. D, proliferation of MiNR1 or KRAS®'? cells in MS5
coculture in the presence of MEK inhibitor (U0126). Cultures were demi-depopulated weekly and cumulative cell counts are shown. In the right panels, the
relative effects of the inhibitor are shown whereby the untreated MiNR1 and KRAS®'2" cell counts were normalized to 100% every week. £, As in D, but now

MSS5 cocultures were performed in the presence of p38 inhibitor (SB203580). F, FACS analysis of cultures described in E. G, FACS analysis of cultures de-
scribed in E.
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FIGURE 3. Conditioned medium from KRAS®'?V-transduced cells induces a proliferative advantage and the formation of CAFCs but not my-
elomonocytic differentiation in freshly isolated CB CD34" cells. A, MS5 cocultures were initiated with non-sorted, MiNR1, and KRAS®'?V-transduced CB
CD34™ cells. The cumulative expansion of NGFR™ as well as NGFR™ populations is shown. B, experiment as in A, but now cultures were analyzed by FACS.
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with MGG from suspension cells of cultures described in C. G, FACS data of cultures described in C.

ated with freshly isolated non-transduced CB CD34™" cells. As ~ weeks of coculture of CB CD34™ cells in the presence of
shown in Fig. 3C, the KRASS'?Y CM was sufficient to induce ~ KRASS'?Y CM, which persisted throughout the culture pe-

a robust proliferative advantage compared with cells treated riod (Fig. 3E). In line with what was observed in the non-
with MiNR1 CM. The observed proliferative advantage was sorted MS5 coculture experiments, no pronounced accelera-
also much less transient as compared with directly transduced  tion of myelomonocytic differentiation was observed in
KRASS'?Y-transduced CB CD34 ™" cells. The proliferative ad-  cultures treated with KRASS**>Y CM and morphological anal-

vantage coincided with enhanced progenitor frequencies as ysis (Fig. 3F) as well as analysis by FACS (Fig. 3G) revealed
determined by CFC assays, which persisted for over 6 weeks normal myeloid differentiation. Thus, these data indicate that
of coculture (Fig. 3D). Also, CAFCs were formed within 2 a KRASS'?V-induced secreted factor strongly contributes to
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TABLE 1

GO term annotations of KRAS G12V-upregulated genes in CB CD34*
cells

KRAS(G12V) Signaling in Human CD34™ Cells

TABLE 2

Subset of genes up-regulated by KRAS®'2P in human CB CD34* cells
associated with the GO term “secreted”

GO term p value FDR

GO:0030154~cell differentiation 1.96E-08  3.75E-05
GO0:0005624~membrane fraction 1.16E-06  1.80E-03
hsa04510:Focal adhesion 1.48E-05 1.85E-02
GO:0006915~apoptosis 1.22E-05  2.33E-02
GO:0008219~cell death 1.29E-05  2.47E-02
GO0:0048468~cell development 1.60E-05  3.06E-02
GO0:0012501~programmed cell death 1.64E-05  3.14E-02
GO:0000074~regulation of progression through ~ 8.47E-05  1.62E-01

cell cycle
GO:0051726~regulation of cell cycle 9.68E-05  1.85E-01
IPR014393:Dual specificity protein phosphatase 1.18E-04  2.27E-01

(MAP kinase phosphatase)
GO:0030099~myeloid cell differentiation 2.96E-04  5.65E-01
GO0:0008283~cell proliferation 3.75E-04  7.16E-01

expansion and CAFC phenotypes, while the induction of my-

elomonocytic differentiation is induced via intrinsic pathways.

Identification of KRAS®*?" Target Genes in Human CB
CD34™" Cells—To identify KRASS'?Y target genes a genome-
wide gene expression profiling study was performed using
[llumina BeadChip arrays. CB CD34* cells were transduced
with KRASS'?Y and MiNR1 control vectors and transduced
cells were sorted. RNA was isolated from each sorted popula-
tion after 24 h, and the RNA was used for hybridization with
[llumina Bead Chip arrays. 2258 differentially expressed
probesets (>2-fold) upon KRASS*?Y overexpression were
identified, of which 1167 probesets were up-regulated and
1091 were down-regulated (supplemental Table S1). Gene
ontology (GO) analysis revealed that the KRASS'2V-
up-regulated gene list was enriched for genes associating
with differentiation, membrane fraction, adhesion, apopto-
sis, and regulation of the cell cycle (Table 1). The list of
up-regulated genes involved in cell cycle regulation in-
cluded CyclinD1, CyclinD3, p19, and p21. Furthermore,
various transcriptional regulators, including CITED2,
FOSB, HOXB2, HOXB5, GSK3, JUN, ID2, MAFA, MAFB,
MEIS3, and TRIB1 were up-regulated by KRASS'?Y,
Whereas genes associating with myelomonocytic differen-
tiation such as CD14 were also up-regulated, no effects of
RASG12V were observed on the expression of GM-CSEFR,
CSFR, CEBPa, or PU.1. The list of down-regulated genes
upon overexpression of KRASS'?Y was enriched for tran-
scriptional regulators as determined by GO analysis (data
not shown), and included HOXA5, HOXA9, NMYC, LEF1,
as well as many erythroid-associated genes (supplemental
Table S1).

We specifically focused on KRASS'?V-up-regulated genes
encoding secreted factors. 74 genes were identified that asso-
ciated with the GO term “secreted”, and a number of these
genes is shown in Table 2. Among others, this list included
chemokine/cytokine members such as ANGPTL6, CCL2/
MCP1, CCL5, IL8, IGFBP5, TNF, and VEGFA. A number of
these genes have been previously identified as targets of MEK
activation as well (25). To further verify whether up-regula-
tion KRASS'?V target genes encoding chemokines/cytokines
indeed resulted in actual secretion of these factors, a 25-plex
cytokine array analysis was performed on CM from by
KRASS'?Y and MiNR1-transduced CB CD34™" cells. We were
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Fold
Gene name Definition change
ANGPTL6 Angiopoietin-like 6 5.1
CCL2/MCP1 Chemokine (C-C Motif) Ligand 2 67.1
CCL23 Chemokine (C-C Motif) Ligand 23 2.3
CCL3L3 Chemokine (C-C Motif) Ligand 3-like 1 4.6
CCL5 Chemokine (C-C Motif) Ligand 5 4.4
COL7A1 Collagen, Type VII, Alpha 1 428.0
COL9A2 Collagen, Type IX, Alpha 2 2.7
ECM1 Extracellular Matrix Protein 1 2.4
ENPP3 Ectonucleotide Pyrophosphatase/Phosphodiesterase 3 2.3
GDF15 Growth Differentiation Factor 15 8.4
IFNA10 Interferon, Alpha 10 2.1
IGFBP5 Insulin-like Growth Factor-binding Protein 5 348.0
ILIRL1 Interleukin 1 Receptor-like 1 2.6
IL8 Interleukin 8 13.2
TNF Tumor Necrosis Factor (TNF Superfamily, Member 2) 4.7
VEGFA Vascular Endothelial Growth Factor 3.3

TABLE 3

KRAS G12V-induced cytokines and growth factors in human CB
CD34" cells (25-plex multiarray)

Symbol MiNR1 KRAS
pg/ml pg/ml

IL-1B 1,00 6,51
IL-1RA 27,93 3757,36
IL-8 1,50 10010,62
IL-12p40 2,00 199,83
MIP-1a (CCL3) 4,00 27,24
MIP-1b (CCLA4) 0,40 88,59
IP-10 (CXCL10) 0,00 60,71
RANTES (CCL5) 2,00 35,04
MCP-1 (CCL2) 19,41 2145,37

able to confirm that the KRASS'*Y secretome included IL8,
IL12p40, CCL2,-3,-4, and 5, and IL1RA. These data are
summarized in Table 3. Next, we wished to test whether
inhibiting these factors using antagonizing antibodies
would be sufficient to impair the enhanced growth and
CAFC formation imposed on CB CD34™ cells exposed to
KRASS'?V_conditioned medium. Polyclonal antibodies
against ANGPTL6, GDF15, IGFBP5, IL1a, IL8, and CCL2/
MCP1 could be obtained and tested. As shown in Fig. 4, of
these tested secreted factors particularly inhibition of
ANGPTLS6 strongly impaired the enhanced proliferation
imposed on CB CD34™" cells by the KRASS'*V-conditioned
medium. Also the formation of CAFCs upon exposure to
KRASS"V-conditioned medium was severely impaired (data
not shown). We also determined whether stimulation with
only ANGPTL6 would be sufficient to enhance proliferation
and CAFC formation, but we only observed a modest increase
in expansion of CB CD34 ™ cells on MS5 cocultures in the
presence of up to 4 ug/ml ANGPTL6 (data not shown). Thus,
our data argue that ANGPTLS6 is required as an essential
component of the KRASG12V secretome, but as a single
growth factor ANGPTL6 might not be sufficient to impose
long-term growth on human stem/progenitor cells.

DISCUSSION

The effects of KRAS mutations on hematopoiesis have been
studied extensively in murine model systems, and the effects
on proliferation and myeloid commitment have been ana-
lyzed in substantial detail. Yet, KRAS-induced phenotypes in
the human system have been poorly described, and little in-
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FIGURE 4. The proliferative advantage imposed on CB CD34 " cells by KRASS'?V-conditioned medium is impaired by anti-ANGPTL6. Conditioned
medium was collected from MS5 cocultures initiated with MiNR1 and KRAS®'?V-transduced CB CD34 " cells. Freshly isolated CB CD34 ™" cells were cultured
on MS5 in the presence of MiNR1 and KRASS'2Y CM as indicated. Furthermore, antibodies against Angiopoietin-like 6 (2 wg/ml), GDF15 (2 ug/ml), IGFBP5 (5
rg/ml), IL1a (5 wg/ml), IL8 (2 wg/ml), or MCP1 (5 ng/ml) were added. As controls, cells were left untreated. Cumulative cell counts of a representative exper-

iment are shown.

sight has been obtained regarding the molecular mechanisms
that are involved. Here, we describe that retroviral introduc-
tion of KRASS**Y in human CB CD34™" resulted in increased
proliferation coinciding with the formation of early cobble-
stone areas underneath the stroma, followed by terminal dif-
ferentiation along the myelomonocytic lineage. Importantly,
we identified the ERK/MAPK pathway as an extrinsic media-
tor of KRAS“**V-induced phenotypes, whereby a growth ad-
vantage as well as the capacity to form CAFCs underneath
bone marrow stromal cells could be imposed on both trans-
duced cells as well as on non-transduced cells in a paracrine
manner. In particular, ANGPTL6 was identified as an impor-
tant factor in the KRASS'?Y secretome that mediated en-
hanced proliferation of human CB CD34 ™" cells. KRASS'?V-
induced myelomonocytic differentiation was predominantly
regulated via intrinsic pathways mediated via p38/MAPK.
RAS-induced activation of the ERK/MAPK pathway has
been linked to enhanced cell cycle progression in various tis-
sues. Among others, this has been associated with an up-regu-
lation of cell cycle genes such as CyclinD1,-2, and -3 (25-27).
Indeed, we also observed an up-regulation of these positive
cell cycle regulators in KRASS'*Y-transduced CB CD34™"
cells. However, besides these direct effects of the RAS-ERK
pathway on the regulation of cell cycle progression, our data
now indicate that secreted factors that mediate KRASS*>V-
induced proliferation in an autocrine/paracrine manner must
exist as well. In untransduced cells in non-sorted cocultures,
as well as in freshly isolated CB CD34 ™ cells that were treated
with conditioned medium (CM) harvested from KRASS2V-
transduced cells, we observed a striking proliferative advan-
tage over cells that had not been cultured in the presence of
KRAS®'?V-expressing cells or CM. Not only the proliferation
was enhanced by CM, also the formation of CAFCs was dra-
matically increased. Experiments whereby KRASS*V-trans-
duced cells were grown in cytokine-driven cultures revealed
that the proliferative advantage of KRASS'*V-expressing cells
compared with controls was not as dominant as observed in
MS5 bone marrow stromal cocultures (data not shown).
Thus, these data suggest that the formation of CAFCs plays
an important role in the autocrine/paracrine proliferative ad-
vantage induced by KRASS'?V, Genome-wide gene expres-
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sion profiling allowed the identification of various chemo-
kines, cytokines and growth factors as target genes of
KRAS®'?Y, and a number of these were indeed confirmed as
being secreted by KRASS'?Y-transduced cells as determined
by 25-plex cytokine arrays. Some of the most pronounced
up-regulated factors were CCL2, IGFBP5, ANGPTL6, GDF15,
and IL8. In line with our observations, it was recently re-
ported that expression of KRASS'?Y in various human cell
lines up-regulated a number of growth factors and chemo-
kines, including VEGF, IL6, CXCL1, and CXCLS8 (IL8) (28).
Up-regulation of IL8 and a number of these chemokines by
activation of the RAS/ERK pathway was reported by others as
well (25, 29). Importantly, deletion of CXCR2, the common
receptor for chemokines such as IL8 reduced oncogenic RAS-
driven tumorigenesis in mice, indicating that RAS-induced
secretion of these factors indeed participates in the process of
transformation (28). Nevertheless, we observed that addition
of anti-IL8 did not reduce the enhanced proliferation imposed
on CB CD34" by treatment with KRASS'*V conditioned me-
dium. Reversely, the addition of IL8 to freshly isolated CB
CD34™" cells growth on MS5 was also not sufficient to en-
hance proliferation or induce CAFC formation. In contrast,
the addition of antibodies against angiopoietin-like 6
(ANGPTL6) was sufficient to severely impair KRASS'2Y
CM-induced growth and CAFC formation of CB CD34™
cells. Although little has been revealed about the function
of ANGPTL6 in hematopoietic cells, it has been shown that
ANGPTLS is involved in angiogenesis and lipid, glucose, and
energy metabolism (30, 31). Also, ANGPTL6 might play a role
in wound healing, and might mediate adhesion by interacting
with integrin receptors (32). No information is currently
available on the effects of ANGTPL6 on hematopoietic stem
cells, but it is intriguing that other angiopoietin-like family
members have been reported to expand mouse as well as hu-
man long-term hematopoietic stem cells (33, 34). While we
were able to show that ANGPTL6 is an important component
of the KRASS'?Y secretome, stimulation of CB CD34" cells
with only ANGPTL6 induced a rather modest increase in ex-
pansion, suggesting that most likely a multitude of the
KRASS'?V_secreted factors act in collaboration. Regardless, it
remains remarkable that cells that do not express an onco-
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gene are strongly affected via autocrine signaling provided by
neighboring cells that express KRASS'Y. In this respect it is
interesting to note that FOSB was also up-regulated by
KRASS'?Y in CB CD34™" cells. Recently, a number of genes
were identified in a stem cell activity screen that could en-
hance repopulation activity in a non-cell-autonomous man-
ner, and one of these was FOS (35). It will be interesting to
determine whether FOS also mediates the expression of
KRASS'?V-induced chemokines and growth factors.

KRAS**V-induced myelomonocytic differentiation was
predominantly mediated via p38/MAPK, and not via the
ERK/MAPK pathway. Since our experiments using KRASS'*Y
conditioned medium revealed that only proliferation but not
myelomonocytic differentiation was affected, we conclude
that the p38/MAPK-mediated differentiation in KRASS*Y
cells involves activation of intrinsic pathways. The GO term
myeloid cell differentiation was significantly enriched in the
list of KRASS**Y up-regulated genes, and it is possible that a
number of these genes are activated via the p38/MAPK path-
way. In line with previous observations (19, 36), we find that
activation of RAS impairs erythropoiesis, and the reduction of
BFU-Es in KRAS®*?V-transduced cells coincided with a re-
duction in expression of erythroid genes. The JNK pathway
does not appear to play a major role in the observed pheno-
types since we did not observe phosphorylation of JNK in
KRASS'?VY_transduced cells and treatment with the JNK in-
hibitor SP600125 neither affected proliferation or differentia-
tion. Recently, it was reported that HRASS'*Y can also induce
phosphorylation of p38 (26). This induction of p38 activity
was attributed to HRASS'?Y up-regulation of reactive oxygen
species (ROS) as treatment with the antioxidant diphenylene-
iodonium impaired phosphorylation of p38. Furthermore, the
induction of ROS associated with enhanced proliferative ca-
pacity of HRASS'?V-transduced cells and the increase in pro-
liferation could be counteracted by treatment with antioxi-
dants (26). Whether differentiation of HRASS'?V-transduced
cells was also affected by treatment with antioxidants is cur-
rently unclear. Remarkably, while inhibition of p38 impaired
the differentiation, and also to some extent the proliferation
of KRAS®?V_transduced cells in our studies, we observed
that MiNR1 controls cells produced significantly more prog-
eny in bone marrow cocultures. It was reported that ROS-
induced p38 activity resulted in stem cell exhaustion and that
inactivation of p38 extends the lifespan of HSCs in serial
transplantation assays (37). Possibly, immature HSC/MPPs
were better maintained in our MiNR1 cultures treated with
SB203580 resulting in the production of more progeny. We
do not know whether KRASS*?Y also up-regulates ROS levels
in CB CD34 ™" cells as was observed in HRASS'*Y-transduced
cells where it was associated with enhanced proliferation (26),
but it is well possible that the production of ROS induced by
RAS initially results in enhanced proliferation, but that ulti-
mately hyperactivation of p38 in KRAS<"*V-transduced cells
induces exhaustion of the stem cell pool as we indeed ob-
served in our studies.

While RAS mutations are frequently observed in human
leukemias, it is remarkable that we do not find long-term
stem cell self-renewal or transformation phenotypes in our
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human CB CD34* model systems. In line with our observa-
tions, it was reported that expression of NRASS'*< enhanced
engraftment in NOD-SCID mice, but could not induce leuke-
mia (23). Also in mouse models, KRAS mutations were able to
generate a myeloproliferative disease, but not leukemia (21,
38, 39). Thus, oncogenic RAS might require additional muta-
tions in order to induce overt leukemia, and indeed in a num-
ber of model systems it was shown that RAS mutations can
effectively cooperate with additional hits (22, 40, 41).

In summary, our data demonstrate that overexpression
of KRASS'?Y in CB CD34" cells enhances proliferation
transiently, increases early cobblestone formation, reduces
LTC-IC frequencies and initiates monocytic differentia-
tion. We observed that KRASS'?Y activates both ERK and
p38MAPK pathways but not JNK in CB CD34 ™ cells. Activa-
tion of the ERK pathway correlated with proliferation which
was mediated at least in part via secreted factors that can act
in an autocrine/paracrine manner, and ANGPTL6 was identi-
fied as an important component of the KRASS*?Y secretome.
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