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ABSTRACT

7KH &;;& JHQH HQFRGHV D WUDQVFULSWLRQDO DFWLYDWRU ZLWK D JLQF |
and high expression in human acute myeloid leukemia (AML) cells is associated with
adverse prognosis. We now characterized the biological context of CXXC5 expression
LQ SULPDU\ KXPDQ $0/ FHOOV 7KH JOREDO JHQH H[SUHVVLRQ SUR¢{OH RI $0/ F
from 48 consecutive patients was analyzed; cells with high and low CXXC5 expression
then showed major differences with regard to extracellular communication and
LQWUDFHOOXODU VLIJQDOLQJ :H REVHUYHG VLJQL,FDQW GLIITHUHQFHV LQ WI
status of several intracellular signaling mediators (CREB, PDK1, SRC, STAT1, p38,
STATS, rpS6) that are important for PI3K-Akt-mTOR signaling and/or transcriptional
regulation. High CXXC5 expression was also associated with high mRNA expression
of several stem cell-associated transcriptional regulators, the strongest associations
being with WT1, GATA2, RUNX1, LYL1, DNMT3, SPI1, and MYB. Finally, CXXC5
NQRFNGRZQ LQ KXPDQ $0/ FHOO OLQHV FDXVHG VLIJQL{FDQWO\ LQFUHDVHG
the potential tumor suppressor gene TSC22 and genes encoding the growth factor
receptor KIT, the cytokine Angiopoietin 1 and the selenium-containing glycoprotein
Selenoprotein P. Thus, high CXXC5 expression seems to affect several steps in human
leukemogenesis, including intracellular events as well as extracellular communication.

INTRODUCTION for differentiation of endothelial cells [3]. Furthermore,
we recently described that CXXC5 is expressed in

CXXC5 is a retinoid-responsive gene localized  primary acute myeloid leukemia (AML) cells; this
to the 5g31.3 chromosomal region [1] and encoding a expression shows a wide variation between patients and
retinoid-inducible nuclear factor (RINF) [2] that is a high levels are associated with an adverse prognosis
SURWHLQ FRQWDLQLQJ D &;;& W\SHAnd]ressaneato kkhemairrpytirguced apoptosis [4].
and acting as a transcription regulator [3]. Expression $QRWKHU VWXG\ UHFHQWO\ FRQ¢{(UPHG
studies as well as gene silencing experiments suggest CXXC5 expression was then of independent prognostic
that CXXC5 is important in normal myelopoiesis [2] and VLIQL¢{FDQFH LQ PXOWLYDULDWH DQI
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for age, white blood cell count, cytogenetic risk group, 51$ SXUL,{FDWLRQ DQG TXDQWLW
FLT3-ITD status, biallelidCEBPAmutations, as well as analysis of CXXC5 messenger RNA expression

mutations oNPM1, DNMT3AandASXL1[5]. Based on
these observations we suggest that CXXC5 should be
considered as a possible therapeutic target in human AML.
However, more detailed preclinical evaluation of CXXC5

7KH PHWKRGV IRU SXUL¢{¢FDWLRQ
complementary DNA synthesis and quantitative PCRs
as a possible therapeutic target is needed. In the present (dPCR) have been described in detail previously [4].
study we characterized the biological context of high ~ Relative messenger RNA (mRNA) expression was

CXXC5 expression and effects of CXXC5 knockdown in ~ normalized to ribosomal protein P2 (RPLP2) gene
human AML cells. expression in a two-colour duplex reaction.

MATERIAL AND METHODS RNA _pre_paratlon,_ labeling and microarray
hybridization for primary human AML cells

AML patients and preparation of primary AML Microarray analyses were performed using lllumina

cells L6FDQ 5HDGHU EDVHG RQ AXRUHVFHQ

labeled cRNA. Total RNA (300 ng) from each sample
. . ZDV UHYHUVHO\ WUDQVFULEHG DPSOL
The study was approved by the Regional Ethics ODEHOOHG XVLQJ OQO XPLQD 7RWDO3L
Committee I1l, University of Bergen, Norway). Samples i | ife Technologies, Foster City, CA, USA). Amount

yvelredcgllected aI'ter erc;[ttehn m:)ormedlcotnsaent,t'antd W'(:h and quality of biotin-labeled cRNA was controlled by
Inciuded consecutive and INEreby unselected patients wi NanoDrop spectrophotometer and by Agilent 2100

high peripheral blood plast counts (>7 X/L9 (Tablg D. Bioanalyser (Agilent Technologies, Santa Clara, CA,
These selections pf patients as well as the analys!s of FLT3 USA). Biotin-labeled cRNA (750 ng) was hybridized

and NPM1 mutations have been dgscrlbeq prewously [6, to HumanHT-12V4 Expression BeadChip according to
7]. AML cells were isolated by density gradient separation the manufacturer’s instructions. The HumanHT-12V4

alone. (Lé/mr;)rlloprte%,ssx:s-skhlelq,b(l)slf[), ?rc])rwayl? and BeadChip targets 47231 probe was based primarily
conta&ng l'a 'zas. o leu .?mlcdas tSh € ce'swire on genes in the National Center for Biotechnology
stored In liquid nitrogen until used In the experiments ' QIRUPDWLRQ 5HI6HT GDWDEDVH 5HO

[6]. CXXCS expression was d eterm.ined by PCR analysis edu.cn/pub/database/refseq/release/release-notes/archive/
for a cohort of 67 consecutive patients and global gene 5

| H H W
H[SUHVVLRQ SUR¢{OHV ZHUH DQDO\VH LG(yB Q/H?HB& FRKF&WW RI
consecutive patients; there was an overlap of 24 patients . .
between the cohorts (see later, Suppl. Fig. 1). In vitro culture of primary human AML cells
AML cell lines Drugs. Lenalidomide (Selleck Chemicals, Munich,
Germany) was used at 0.5 uM. The mTOR inhibitor
rapamycin was purchased from LC Laboratories (Woburn,

DSM;'“R)I%Z Ilelu.k%mic ceIL Iine;s Véere purchaszdffrom MA, USA) and the pan-PI3K inhibitor GDC-0941 from
( -11; Braunschweig, Germany) and from Axon Mechen (BV, Groningen, the Netherlands); both

the American Type Culture Collection (K562; Molsheim, W . . .
. ; ere used at 1.0 uM. 17-dimethylaminoethylamino-
France). UT7 5.3 cells were kindly provided by Isabelle GHPHWKR[\JHOGDQDP\FLQ 0g*

Dusanter-Fourt (Cochin Institute, Paris, France). K562 Pharmaceuticals, Cambridge, MA, USA) was used at
and lMV4-11dwereh clutljt;reg ": R'TfMI 1640 rlggg'umz 1.0 uM. Bortezomib was purchased from Jansen-Cilag
supplemented wit 6 fetal calf serum ( ), (Beerse, Belgium) and used at 25 nM. Ingenol-3 angelate

mM L-Glutgming, 50 U/ml pe.:nicillin.G and. 50 ug/ml (PEPOO05) was supplied by Peplin Ltd (Brisbane, Australia)
streptomycin (Life Technologies, Saint-Aubin, France). and used at 20 nM. Protein kinase inhibitors were all

UT7 5.3 cells were cultured in minimum essential

XUFKDVHG IURP %LDI;Q *PE+ .DVV
PHGLXP 0(0 . PHGLXP FRQWDLQLQ?. Hi(kd XVHG DW ‘6 ZKHUHDV 6%
mM L-Glutamine, 50 U/ml penicillin G and 50 pg/mli 63 ZHUH XVHG DW 0 $00 GUXJ \

streptomycin (Life Technologies, Saint-Aubin, France)

-0941 in dimethylsulphoxide (DM
and 2,5 ng/ul of GM-CSF (Myltenyi Biotech, France). GDC-0941 were prepared in dimethylsulphoxide (DMSO)

or ethanol; pilot experiments demonstrated that DMSO or
HWKDQRO DW WKH ¢QDO FRQFHQWUDW.L
did not affect AML cells.

Cell culture. Cells were cultured in StemSpan
serum-free medium supplemented with 100 pg/ml of
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gentamicin (Stem Cell Technologies Inc, Vancouver, NQRFNGRZQ zZzDV YHUL{HG ERWK DW W
%& &DQDGD > @ $09cel/@Pwere [ level for each cell line in every experiment.

FXOWXUHG DW 72& LQ D KXPLGL{HG DWRMOWBKHVYHRRI JOREDO JHQH H[SUH
Cytokine levels in supernatants were analysed by Luminex  After validation of RNA quality with Bioanalyzer 2100
PHWKRGRORJ\ DIWHU KRXUV RI FXuSivg Adiléht RMAGROG @aHd cHiXKt)D4D0 ng of total

cytokine group, Bio-Rad, Oslo, Norway) [7-9]. AML cell RNA was reverse transcribed following the Genechip
YLDELOLW\ DSRSWRVLV ZDV DQDO\VHGSBDXXRHBYWRMWHMWIWLW >$II\PHWUL]I %
11]. double strand cDNA was used fior vitro transcription

ZLWK 7 51%$ SRO $IWHU SXUL{FDWLRQ
Intracellular protein phosphorylation used for reverse transcription with random primers. The

F'1$ REWDLQHG ZDV WKHQ SXUL¢{HG D
control of fra ntation using Biganalyzer 2100, cDNA
SURWH L.Q S KR V SK R UNODWLRQ Z RIOXS elRoplgbélSj b!tlli‘iﬁ b t\n %S’%?Terminal Transferase
cytometry as described in detail previously [12-14]. (using the WT terminal labeling kit of Affymetrix). cDNA
. was then hybridized to GeneChip® Human Transcriptome
CXXC5 knockdown a_nd global gene expression Analysis 2.0 (Affymetrix) at 45°C for 17 hours. After
analyses of AML cell lines RYHUQLJKW K\EULGL]DWLRQ FKLSV ZH!

VWDWLRQ )6 IROORZLQJ VSHFL¢F SU

CXXC5 knockdown. K562 and UT7.3 cells were and scanned using the GCS3000 7G. The image was then
transduced with the pTRIP lentiviral vector that drives ~ @nalyzed with Expression Console software (Affymetrix)
the constitutive expression of GFP (Green Fluorescent WR RE WD LQ ,U bz _G bWD F H.O ¢OHV D
Protein) for cell sorting, and either a short-hairpin RNA ~ Controls. Minimum information about a microarray
[shRNA] targeting RINF sequence (shRNA-RINF) or egperlment (MIAME)—compllant documenta}tlon.of the
a non-relevant sequence (non-target-shRNA control) ~Mmicroarray experiments have been deposited in Array
as described in detail previously [1]. K562 and MV4- ([su H VV DW WKH (XURSHD Q_ %LRLQIRUI
11 were also transduced with the previously described ~WWW.ebi.ac.uk/arrayexpress). The Affymetrix HTA2
pLKO.1/shRNA-RINF and pLKO.1/shRNA-nontarget dataset analys'ls was performed by GenoSphge technqlogy
that drives the expression the puromycine resistant gene (WWw.genosplice.com). Data were normalized using
for the selection of the cells [1]. Lentiviral plasmids quantlle' norm'allzauo.n. Background corrections were
(pLKO.1/short hairpin RNA [shRNAJ/RINF) targeting made Wlth antlgenpmlc probes and prope; were selected
RINF expression were purchased from Sigma-Aldrich ~ @ccording to their %GC, cross-hybridization status
(MISSION shRNA Bacterial Glycerol Stock), and control ~ @nd potential overlap with repeat region as previously
vectors (pLKO.1/TRC and pLKO.1/shRNA/scramble described [15, 16]. Only probes targeting exons aqd exon-
controls) were kindly provided by David Root and H[RQ MXQFWLRQV DQQRWan¥#sE IURP
David M. Sabatini (both from Massachusetts Institute of UHOHDVH . IDVWGEB B ZH U H VHOHF
7HFKQRORJ\ &DPEULGJH 0% $G G JHISNES &BEsyasl ingijeast one compared condition were
DQG %ULHA\ SURGXFWLRQ RI o39aWged-yTp Becensidsredyq kesxpigssaq ghe DABG
performed by transient cotransfection (with Fugene HD) 3 YDOXH KDG W R EH” IRU DW OHDVW
of HEK 293T cells with the second generation packaging V& performed an unpaired Student's t-test to compare
system (e.g., packaging plasmid psPAX2 and envelope 9€n€ intensities between shRINF and shCTRL cells.
plasmid pMD2.G) developed by D. Trono’s laboratory *HQHV ZHUH FRQVLGHUHG VLJQL(FDQW
(Ecole Polytechnique Fédérale de Lausanne, Lausanne, FK D.Q JH ZDV - ) D IROG FKDQJH QRWLF
Switzerland; Addgene plasmids 12260 and 12259). for which we have valldated.the knock-down by g-RT-
9LUDO VXSHUQDWDQWY ZHUH KD U YI-R@A eeseiyllotangly§isi uHc  GD\v
posttransfection and then applied to growing cells for
spin infection (2400 rpm for 1 hour at room temperature), Analyses of the data
ZKLFK zZzDV FDUULHG RXW LQ SUHVHQFH RI J P/ SURWHDPLQH

sulfate. Two days after infection, AML cells were selected For statistical comparisons between different groups
for at least 2 days with puromycine (Sigma-Aldrich) at1 e ysed the Mann-Whitney U-test, for analyses of paired
J P/ observations the Wilcoxon’s signed rank test was used and

2XU PHWK R GV IRU NQRFNGR z Q fof EbHéw‘a'tign[%\M\é&@QNe%éed/\fH@ Bearson’s correlation
knockdown at the protein and mRNA level, and analy5|s WHVW 'LIITHUHQFHV ZHUH UHJDUGHG DV

of the effects of knockdown on proliferation and apoptosis  gijginformatical analyses of gene expression data were

have been described in detgll in our previous pub!lcatlon performed using the J-Express (MolMine AS, Bergen,

[4]. The knockdown alone did not affect proliferation or Norway); whereas our analysis of protein functions was
YLDELOLW\ RI WKH $0/ FHOO OLQHV gBQHEAVKH MWEkRLEREWRHWKKRwws zz:
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5HDFWRPH KWWS ZZZ UHDFWRPH RddrdelatiGnDestD EDV HV
We did a Gene Set Enrichment Analysis (GSEA)
where we compared the 15 patients with the highest and
the 15 patients with the lowest CXXC5 expression, and
ZH WKHQ LGHQWL¢HG *2 WHUPV ZLW
*OREDO JHQH H[SUHVVLRQ SUR (;CLUQ-\'XXC‘(/HSLOWG?J?RHXUS E[+)$(§°?/G<2 iﬁdﬁgﬁg\\fvf-HHueH F
. . : ¢
AML cells with high and low CXXC5 expression EHORQJHG WR WKH OHDGLQJ HGJH IRL
terms. When these 571 genes were used in a hierarchical
FOXVWHULQJ DQDO\WLYVY ZH LGHQWL
corresponding to the original CXXEB' and CXXCH!cH

RESULTS

CXXC5 expression was analyzed by PCR for
a total of 67 patients who were included in the study
(Table 1). When comparing the 34 patients with low  patient subsets (Suppl. Fig. 2).
and the 33 patients with high CXXC5 expression we 7KH *2 DQOQRWDWLRQV LGHQWL¢{HG
FRQ{¢UPHG WKDW PRQRFVWLF GLITHUH@PW KD\ LERQ FROIDW ¥ H, B B XINHWPR FWKUHH P
cells (FAB-M4/M5) was associated with low expression  communication (9 annotations), intracellular signaling and
compared with neutrophilic differentiation (FAB-M2) WUDI¢GFNLQJ DQQRWDWLRQV DQG
[4], whereas CXXCHCH and CXXC5°W patients did JURXS LQFOXGLQJ UHJXODWLRQ RI FH
QRW GLIIHU VLIQL{FDQWON IRU DQ\ &hiviKekbbli6 ledpshEel iMbrhkhotatiQrs QA SuBple@éntary
the percentage of patients with at least one risk factor Table 2). Firstly, CXXCB%" and CXXC53°W patients
for chemoresistance (i.e. secondary leukemia, relapsed differed with regard to extracellular communication
disease, adverse cytogenetic abnormalities or Flt3- |LQFOXGLQJ F\WRNLQH SURGXFWLRQ
ITD). Similar results were observed when comparing  mediated signaling and expression of immunoglobulin
CXXCBHIGH and CXXC5°W patients in the microarray superfamily members (i.e. a family including adhesion
FRKRUW Q GDWD QRW VKRZQ (oRiKs FaRK RBytbkiné keQdptor®)G Bdgondly, the
consecutive and thereby unselected patients and 24 L QWUDFHOOXODU VLJQDOLQJ DQG WL
patients were included in both cohorts; a strong correlation  the wide terms Response to zinc and Lysosome, but in
was then observed for these patients when comparing DGGLWLRQ WHUPV UHAHFWLQJ GLIIHUH
CXXC5 levels determined by PCR and microarray by Toll-like receptor-linked pathways, MAP kinases and
DQDO\VHV 6XSSO )LJ u S $5) *7BHDPVWIWRTGIY GLIIHUHQFHV LQ LQWL

Panther Protein Class

Genes identified in the 38 GO-terms enriched in CXXC5'*w
{(n=571)

Genes expressed in correlation with CXXC5
{n=200)

YLIXUH

LQ *6($ DQDO\VLV OHIW

1 Receptor

2 Hydrolase

3 Defense/immunity protein

4 Signaling molecule

5 Enzyme madulatar

6 Mucleic acid binding

7 Transferase

8 Kinase

9 Protease

10 Cell adhesion molecule

11 Transcription factar

12 Transporter

13 Cytoskeletal protein

14 Extracellular matrix protein

15 Oxidoreductase

16 Membrane traffic protein

17 Calcium-binding protein

18 Transferfcarrier protein

19 Ligase

20 Phosphatase

21 Cell junction protein

22 Transmembrane receptor
regulatory/adaptor protein

23 Structural protein

24 Chaperone

25 Surfactant

1 Nucleic acid binding.

2 Transcription factor

3 Hydrolase

4 Enzyme modulator

5 Transferase

6 Ligase

7 Cytoskeletal protein

8 Oxidoreductase

9 Protease

10 Receptor

11 Kinase

12 Signaling molecule

13 Transporter

14 Cell adhesion molecule

15 Chaperone

16 Phosphatase

17 Calcium-binding protein

18 Defense/immunity protein

19 Lyase

20 Membrane traffic protein

21 Transfer/carrier protein

22 Cell junction protein

23 Transmembrane receptor
regulatory/adaptor protein

3URWHLQ FODVV DQDO\VLV RI WKH JHQH V"% it CXRCE-W IpatiehtsH Q W L D C
JHQHV LGHQWL¢;HG DQG VLPLODULW\ SUR;OLQ

FRUUHODWLRQ EHK®QJIHDHNYAHYE DQDO\]HG DFFRUGLQJ WR WKHLU IXQFWLRQDO S
pantherdb.org/) database. The various protein classes were ranked according to the number genes included in each of the classes.
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7TDEOH &OLQLFDO DQG ELRORJLFDO FKDUDFWHULVWLFV RI WKH $0/ SDWLH

. [High CXXC5
3DUDPHWHU All 67 patients IégwgéﬁgS expression expression
P 33 patients
Age (years; median/range) \HDUV \ HIHDW V \ I-W)WDS U(2V7
Gender distribution (female/male) 30/37 13/20
SBHUFHQWDJH RI SDWLHQWV ZLWK
AML secondary to chemotherapy 12% 3%
AML secondary to myeloid malignancies (MOQ34% 30%
chronic myeloid neoplasia)
de noveAML 70% 67%
Relapse at the time of examination 21% 15% 27%
)$% FODVVL{FDWLRQ
MO/M1 36% 24%
M2 26% 27% 26%
M4/M5 49% 26%
Expression of CD34 (>20% positive AML cells) 54% 54% 54%
Cytogenetic abnormalities
Normal 59% 54% 64%
Good 17% 0
Intermediate 9% 4% 12%
Adverse 27% 25% 30%
Flt3 internal tandem duplication (ITD) 32% 29% 37%
NPM-1 mutations 45% 45% 45%
JDYRXUDEOH F\WRJHQHWLF DEQRUPDOLWLHY LQFOXGH LQY w DQG
w GHO DQG GHO
CXXC5-WT1 CXXC5-GATA2 CXX5-MLL
p<0.0001, r=0.5403 p<0.0001, r=0.6592 p=0.0029, r=0.4205
S 12+ G
L]
] .' . '3'
& h 104 .* . ‘.
i *e S 4 - 4 . %o
= '.'oi'o g y .‘ﬁ? g . 1.!.\-: .
T « e28R: “ .t 1 - .
L . c.' .
© :'; 1'0 1.2 1‘4 ¢ 5 1.0 1'2 1'4 ¢ a 1.0 1'2 1‘4
CXXC5 CXXC5 CXXC5
CXXC5-RUNX1 CXXC5-LYL1 CXXC5-DNMT3B
p<0.0001, r=0.6372 p<0.0001, r=0.7434 p<0.0001, r=0.5308
11+ 14 G
104 . 13 . .
- taf *» o & F B
,5‘ ab.}d't ; 124 i."? E * .. ::::
[ . ) - s .(: - . °® :"..o
7 . 114 ™ . . 0
% 5 %0 = it S S S ) % F = n
CXXC5 CXXC5 CXXC5

J)LIXUH &;;& 5,1) H[{SUHVVLRQ LV FRUUHODWHG ZLWK WKH H[SUHVVLRQ RI

KXPDQ $0/ FEI®REDW JHQH H[SUHVVLRQ DQDO\VHV ZHUH SHUIRUPHG IRU FRQVHFXW
expression of CXXC5 with the expression of WT1, GATA2, MLL, RUNXZ, LYL1 and DNMT3B.
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7TDEOH
RI LPSRUWDQW SURWHLQV HQFRGHG E\ WKH
$QDO\WLV 6XSSOHPHDRHDBS NTYBUSIURWHLQ FODVVL,FDWLRQ

&RPSDULVRQ RI $0/ FHOOV VKRZLQJ KLJK DQG ORZ &;;& H[SUHVVLR
JHOQHV LGHQWL,{HG IURP WK

J)LIXUH LGH(

proteins, the table describes the most important subclasses within the 4 main protein classes. The main classes are

QXPEHUHG DFFRUGLQJ WR WKH FODVVL{FDWLRQ LQ )LIJXUH

&/$66 5(&(3725 WRWDO SURWHLQ FODVV KLWYV

D* SURWHLQ FRXSOHG UHFHSWRU JHQHYV

(ADORA3, ADORA2, AADORAZ2B)

The largest subset was chemokine receptors (CCR1/2/7, CXCR1/4, CX3CR1); three adenosine|receptors

E &\WRNLQH UHFHSWRU JHQHYV

/,/15 DQG &/(& UHFHSWRUV ZHUH DOVR LQFOXGHG LQ WKLV WH

fUP VHH E

" QWHUOHXNLQ UHFHSWRUV ,/ 5 /5 [/ 5% .,/ 5%$3 ,/

2WKHUV )$6 71)56) %

&/$66 +<'52/$6(6 WRWDO SURWHLQ FODVV KLWYV

D 3KRVSKDWDVH JHQHV

Including the INPPL1 (phosphatidylinositol 3,4,5-triphosphate 5 phosphatase 2) together with A base
(ATPB6VOE172), one receptor-type (PTPRJ) and one no receptor (PTPNG6) tyrosine-protein phosphat

subunits
hse.

E SURWHDVHYV JHQHYV

7KH FRPSOHPHQW V\VWHP & &' &)% &) &) &5

&DWKHSVLQV &76% &76% &76' &76* &76. &76/

&76/ &766| &76=

2WKHUV &DVSDVH ODWUL[ PHWDOORSURWHDVH DQG

CLASS 3. DEFENSE/IMMUNITY PROTEMNSW DO SURWHLQ FODVV KLWYV

D ,PPXQRJOREXOLQ UHFHSWRU VXSHUIDPLO\ JHQHV

+/$ PROHFXOHV +/$ $ +/$ % +/$ & +/$ ( +/%)

(LILRA1-3, LILRB2/3/5).

C-type lectin receptors (CLEC1A, CLEC5A, CLEC7A), Leukocyte Immunoglobulin Like Recs

ptors

2WKHUV &'' &' )DFH UHFHSWRUV )&*5 $ )&*5 %

&/$66  6,*1$/,1* 02/(&8/( 7RWDO SURWHLQ FODVV KLWYV

D &\WRNLQH JHQHV WKH PDLQ VXEVHWY EHLQJ

&KHPRNLQHV &&/ &; &/

Receptor for G-CSF

7KH  QWHUIHURQ V\VWHP )1$% ,)1$ ,) 1%

7TKH  QWHUOHXNLQ V\VWHP

L ,/ DQG LWV GRZQVWUHDP WDIUJHWYV ,/ 67 I

Lymphotoxin A and TNF

E OHPEUDQH ERXQG VLIQDOLQJ PROHFXOHYV JHQHYV

LQAOXGLQJ

NOTCH2
(LILR and CLEC, see 1b above)
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involved endocytic uptake. Finally, the third group with CXXC5 expression; those genes with a known
included responses to pH as well as responses to infections function according to the PubMed and Gene databases are
(related to Toll like receptor signaling), regulation of listed in Supplementary Table 2. A large subset of these
LQADPPDWLRQ DQG UHJXODWLRQ R lgghkes@s@npoKadtSdd gene transcription, the largest group
We did an alternative bioinformatical analysis of EHLQJ JLQF ¢QJHU SURWHLQV DQG WK
W KH JHQHV LGHQWL;HG DERYH A@otHeSagd fubsgtWds geney indpoitaht for intracellular
2); we then used the Panther database and the genes were signaling including cell surface molecules as well as
DQDO\HG ZLWK UHJDUG WR FODV Vihtraceulat imedators ] Alstiatively, @é-disGihvEstigated
SURWHLQV )LJXUH OHIW WRWD O tsdJfRnidtiehalQmpadt@neeVofkiheproteins encdded by
four main classes had the following characteristics (Table the 200 genes showing the strongest correlation with
&;;& H[SUHVVLRQ LQ WKH VLPLODULW
Defense/immunity proteins. 7KH P D MR UL WWheR this analysis was based on the Panther database we
genes with different expression were C-type lectin-like FRQ,;UPHG WKDW D PDMRULW\ RI WKH
receptors (CLEC), HLA molecules (especially class |  that are important for transcriptional regulation (Figure
molecules), and leukocyte immunoglobulin-like receptors 1, right). The importance of transcriptional regulation
(LILR). CLECs and HLA-class | molecules seem to ZDV IXUWKHU FRQ/{¢UPHG E\ DQ DOWHL
have functional interactions [19] and HLA-molecules are  on the Reactome database, and this last analysis in
ligands for LILR [20]. addition suggested that the function of SMAD3 and
Hydrolases. The different expression of SMAD4 is altered. The SMAD-signaling pathway
phosphatidylinositol 3,4,5-triphosphate 5 phosphatase RSHUDWHY GRZQVWUHDP RI WKH WUDQ
2 was the only phosphatase suggesting a difference in  7*) VXSHUIDPLO\ RI OLJDQGV LW VH
VSHFL¢{¢F VLIQDOLQJ SDWKZD\V 7K HorPregulgtion. BfSrirchall Bri@d \WosgillE #$d Vieukemic
in this class was the hydrolases; differential expression hematopoietic stem cell functions including regulation
was then seen for several genes encoding members of of proliferation, differentiation and apoptosis [26-32].
the complement system, cathepsins that are important Finally, some of the terms from the Gene Set Enrichment
for lysosomal functions [21, 22], and the Matrix Analysis were as expected also detected at a lower
Metalloprotease 9 that causes proteolytic cleavage of frequency in the similarity analysis (see Figure 1, right
FKHPRNLQHV H J &;&/ &;&/ DQG parRHUHE\ PD\ EH
involved in leukemogenesis [23]. A subset of AML patients with adverse prognosis
Receptors. The functions of several cytokine shows high expression of certain hematopoietic stem
receptors differed, including both the chemokine and the and progenitor cell-associated transcription factors
interleukin system as wells as Fas and the G-CSF and [33-35], especially the heptade SCL, LYL1, LMOZ2,
TNF receptors. We also observed altered expression of GATA2, RUNX1, FLI1 and ERG [34]. With regard to
adenosine receptors that may have a role in regulation of this heptade we observed strong correlations between

apoptosis in human AML [24, 25]. CXXC5 expression and expression of the four genes LYL1
Signaling moleculed he expression of cytokines is S u *$7% S u
also altered, including members of both the chemokine, 581 S U DQG (5* S
interferon and interleukin systems (especially IL6 U WKH FRUUHODWLRQV GLG QR
signaling). for the two factors SCL (p=0.1076, r=0.2352) and FLI1
7KXV WKH PDMRU GLIITHUMQFHY BHWZHHQ &;;& )LIXUH DQG HYHQ WHK
and CXXC5°W AML include the following functional HISUHVVLRQ GLG QRW VKRZ DQ\ VLJ
QHWZRUNV 7DEOH L +/$ FODVVZLWK (WKH5H[SUHVVLRQ RI WKH ODVW

the chemokine-chemokine receptor system (including r=0.1041) it showed a strong correlation with expression
MMP9); (iii) the interleukin system; (iv) the complement of LYL1 that is necessary for recruitment of LMO2 to

system; and (v) the lysosomal function and thereby DNA [36, 37]. Furthermore, CXXC5 expression also
possibly also regulation of autophagy and cell viability VKRZHG VLIQL{FDQW FRUUHODWLRQV

[21, 22]. several other transcriptional regulators, including WT1
S u '107 % S u
CXXC5 expression is correlated with the MLL (p=0.0029, r=0.4205), SPI1 (p=0.0001, r=0.5222),

H[SUHVVLRQ RI VHYHUDO KHPDW RER (PROQAO0% wOAE36) \epd) CRMY (0110,

IDFWRUV WKDW DUH DVVRFLDWHG %34)K DGYHUVH SURJQRVLV
‘H ¢QDOO\ LOQOYHVWLIDWHG WKH D

&;;& H[SUHVVLRQ DQG WKH RYHUDOO
6LPLODULW\ SUR{OLQJ ZDV XV H Gf R thahdéi¥tton! tacterhiegeae W hen analyzed
JOREDO JHQH H[SUHVVLRQ GDWD DtReGexgrEksiof & QIVY lirat&riptidri<tblctors for the 15
genes whose expression showed the strongest correlation AML patients with the highest and the 15 patients with
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the lowest CXXC5 expression (Figure 3), and we did  these genes for patients with good and adverse prognosis,
a clustering analysis of these 30 patients based onthe DQG EDVHG RQ WKLV FRPSDULVRQ WK
HISUHVVLRQ SUR¢{OH RI WKH I D F WaRsddiated With avénddpito@nosiK HightwobtBelde genes
signature separated the patients into two main subsets were among the 650 highest ranked genes in the similarity

corresponding to the CXXE5H and CXXC5°Y subsets. SUR¢{;OH DQDO\VLY DQG WKXV VKRZHG
Thus, clustering analysis shows that CXXC5/RINF  with CXXC5 expression (GPR56, ANGPT1, SLC9A7,
expression shows a strong correlation with several other *2/*$ 78* [2& 3,. & % 5%$%*$3
transcription factors involved in hematopoiesis, including S IRU DOO DQG &;;& H[SUHVV

several members of the transcription factor heptade ZHDNHU EXW VWLOO VLIJQL¢{¢FDQW FRUI
(GATA2, RUNX, ERG, the LMO2 recruitment factor additional genes (Figure 4). We compared the expression
LYL1) that is associated with adverse prognosis in AML  of these 35 genes for our 15 patients with the highest and

[35]. the 15 patients with the lowest CXXC5 expression (Figure
%DVHG RQ WKLV FOXVWHULQJ DQD
High CXXC5 mRNA expression is associated PDLQ SDWLHQW VXEVHWYV LQFOXGLQJ

ZLWK D VWHP FHOO VLJQDW XU HCXXGIF \WnckOXXC58Y @atients, Yespectvely. Thus,
prognostic impact high CXXC5 expression is also associated with this stem

cell signature that has an adverse prognostic impact.

(SSHUW HW DO > @ LGHQWL G4y EXRTEY ARRis show only

signatures for normal hematopoietic and AML stem cells, . . : : . ;

DOG WKUHH JHOH VXEVHWYV zHUH WHRY differenges i fheif,gytokine segretion,,

showing differential expression in leukemic stem cells

(LSC-related); (ii) genes showing differential expression Our GSEA analysis suggested that regulation of

in normal hematopoietic progenitor/stem cell (HSC- F\WRNLQH UHOHDVH HVSHFLDOO\ ,/
related) with a subset of these genes also being highly between CXXCH®" and CXXC5°Y patients, and several
expressed in AML stem cells; and (iii) a subset of genes of the membrane receptors or intracellular pathways
driving the expression of HSC-related genes in AML stem  showing differential expression are also important for

cell. Thereafter they compared the AML cell expression of  regulation of cytokine release (see Table 2). For this

ERG
| TAL1
LYL1
RUNX{
FLI1

|%|r LMO2
0 BcaTa
-2 -.1 0 1 2

JLIXUH ([SUHVVLRQ RI &;;& YHUVXV WKH H[SUHVVLRQ RI WKH WUDQVFULS)

581; )/, DQG {be"expression of these transcription factors is associated with adverse prognosis [34]. We compared the
SDWLHQWYV ZLWK WKH KLJKHVW DQG WKH SDWLHQWY ZLWK WKH ORZHVW &;;& H

unselected AML patients. We did a hierarchical clustering analysis; based on this transcription factor signature the clustering analysis

LGHQWL{HG WR PDMRU V XE YV HWNYartdrRCMXCHVY SaRepiGubQeds. Whis \E XX 58 xplession is not only associated

with the expression of single transcription factors but also with the overall heptade signature.

BEEEE

Distance metrics: Eucidean  gmam am
Linkage: COMPLETE -
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reason we compared the constitutive cytokine release for CXXC5-°% patients and showed a similar wide variation

the 10 patients in the PCR-analyzed patient cohort withn  IRU ERWK JURXSV ZLWKRXW DQ\ VW]
the highest and the 10 patients with the lowest CXXC5 differences (Supplementary Table 3). Secondly, we also
expression in their AML cells. Lenalidomide was also did unsupervised hierarchical clustering analyses; the
investigated because this drug is used in the treatment of two groups then differed in their constitutive cytokine

patients with myelodysplastic syndrome (MDS) and the release clustering and the most striking difference was
del(5q) abnormality that leads to loss of one CXXC5 gene a very close chemokine clustering (especially CCL2-4

and low CXXC5 expression (1). Firstly, the constitutive DQG ,/ &;& GHWHFWHG"PRafedts IRU &;
cytokine release did not differ between CXX€5 and (Supplementary Figure 3). The variations between patients

JLIXUH ([SUHVVLRQ RI &;;& YHUVXV WKH H[SUHVVLRQ RI D VWHP FHOO V
$0/ SDWLHQWYV UHFHLYLQJ LOQWHRH SYHYERKHP? R'WKEUBD\SASSH@W HW DO LGHQWL
by leukemic stem cells and associated with an adverse prognosis. We compared the 15 patients with the highest and the 15 patients with
WKH ORZHVW &;;& H[SUHVVLRQ LQ RXU JOREDO JHQH H[SUHVVLRQ SUR¢{;OLQJ IRU
DQDO\WLV %DVHG RQ WKLV DQDO\WLV RI WKH VWHP FHOO VLIJQDWXUH ZH LGHQWL¢F
patients showing high CXXC5 expression in their leukemic cells (13 out of 15 patients; left main cluster) whereas the other main subset
LQFOXGHG WKH PDMRULW\ RI SDWLHQWYV ZLWK ORZ &;;& H[SUHVVLRQ DOVR RXW
with the expression of single stem cell associated genes but also with the overall leukemic stem cell signature. All genes included in this
DQEQDO\VLYV VHH ULJKW SDUW RI ¢(JXUH VKRZHG D VWDWLVWLFDOO\ VLIQL,{FDQW FR
GPR21, LOX, MEF2C, NEK9, NIPAL2, PRPF6, RTN2, SLC25A32, TRIP10.
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U-test, p=0.0464). Our gene expression studies suggested
GLIIHUHQFHV LQ ,/ DQG 71). UHOHDVH
was thus supported by our protein studies. However, we
release of individual cytokines (Supplementary Table conclude that the differences in cytokine clustering and

4); for the CXXC5°V group lenalidomide caused a the lenalidomide-induced alterations should be regarded as
VLIQL;FDQW UHGXFWLRQ RI ,/ ‘Hinar diffe@eGees i cgtéKine release; the main difference

whereas for the CXXC®" group a decrease was seen for  between individual patients being the wide variation in
i 71). ,/ DQG ,/ 5% 7KH SHUFH Q \&idkire réledss grier/thdanidold for several cytokines,

RI WKH F\WRNLQH OHYHOV GLIIHU H Gee\Sugpmentaly QaleCB) tHaHs\Whdeddhnd@niufiCHXC5
WZR JURXSV RQO\ IRU ,/ HE'H G X FaxpteRspnlR U & ;; &
YHUVXV | R®Y @atiets, Mann Whitney

could not be explained by differences in spontaneous
apoptosis/viability during culture (data not shown).
Thirdly, we compared the effect of lenalidomide on the

JLIXUH 7KH LQWUDFHOOXODU SKRVSKRU\ODWLRQ VWDWXV DQG SKRVSKR |
IURP SDWLHQWYV ZLWK KLJK DQG ORZ FRQVW L WtxtalNof 22 ldatierisivrelingl@dedsn thgseH [SU H
VWXGLHV DQG WKH SKRVSKRSURWHLQ VWDWXV ZDV H[DPLQHG E\ ARZ F\WRPHWU\
21 patients with the highest and the 21 patients with the lowest CXXC5 expression. The results are presented as the mean and standard
GHYLDWLRQ IRU WKH 0), YDOXHV 6LJQL,FDQW GLIIHUHQFHYVY EHWZHHQ WKH WZR JUR
compared the phosphorylation responsiveness for the 7 patients with lowest CXXC5/RINF expression and the 10 patients with the highest
CXXC5/RINF mRNA levels. The leukemic cells were cultured with 7 exogenous cytokines (see left margin), and median fold alteration
(see right margin) for each cytokine/mediator is presented for each of the two groups. (C) The fold change of STAT5 phosphorylation was
also compared for the 21 CXXE% and CXXC5'®" patients; these results are presented as the fold change.
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CXXC5MeH and CXXC5-°W AML cells differ and the 7 patients with the lowest CXXC5 expression.
in their intracellular protein phosphorylation We detected increased phosphorylation also of several
SUR¢;OH LQFOXGLQJ SKRVSKR Ua\d@t@'w intraeplluirmediatpss fPILCRXES patients
transcriptional regulators IRU DOO )LUVWO\ 678$7 <
was increased; this mediator has an overlapping repertoire
with STAT3 [49] and is a downstream target of Akt
Our global gene expression studies suggest that [46]. Secondly, STAT6 (Y694) phosphorylation was
patients with high and low CXXC5 expression differ in  increased. STATS is activated by IL4/IL13 that reduce the
their intracellular signaling. We therefore examined the  constitutive release of several cytokines by primary human
phosphorylation status of 19 intracellular mediators in  AML cells [51, 52]. STAT6 is also a regulator of normal
primary human AML cells derived from 42 unselected
patients in our global gene expression patient cohort.
The intracellular mediators and the exogenous cytokines
added during incubation were selected based on previous
observations. Firstly, the intracellular phosphoprotein
networks investigated (pathways or single mediators
integrating signaling through several pathways) are
important for downstream signaling from growth factor
receptors commonly expressed by primary human AML
cells [12, 13]. Secondly, ligation of these growth factor
receptors by exogenous cytokines not only initiates
alterations in protein phosphorylation but also increases
> @ SULPDU\ $0/ FHOO SUROLIHUDWLRQ DQG RU PRGXODWHYV
F\WRNLQH GHSHQGHQW SUROLIHUDWLRQ > @ IRU D PDMRULW\ RI
patients when tested in standardizegitro models.
The patients showed an expected wide variation of
CXXC5 expression in their AML cells. As explained above
all the 19 intracellular mediators can be constitutively
phosphorylated and/or become phosphorylated in
response to cytokine exposure of primary human AML
FHOOV EXW RXU KLJK WKURXJKSXW ARZ F\WRPHWU\ WHFKQLTXH
required an incubation prior to analysis in culture medium
containing insulin and transferrin [12, 13, 42]. This
medium was used because it is suitable for extended
in vitro culture of primary human AML cells [43, 44].
Our basal phosphorylation status thus refers to the
SKRVSKRSURWHLQ SUR¢{¢OH XQGHU WKH LQAXHQFH RI WKHVH WZR
mediators but without additional hematopoietic growth
factors. The comparison of the basal phosphorylation for
the 21 patients with the highest and the 21 patients with
the lowest CXXC5 expression showed several differences
in intracellular signaling and transcriptional regulation
with increased phosphorylation of CREB (S133), PDK1
6 6UF < 67%7 < 67%7 6 S
< DQG US6 6 | RYY paticrnits & ;; &
(Figure 5A). Several of these mediators are involved in
PI3K-Akt-mTOR mediated signaling, including PDK1
[45], Src [46], rpS [47], and the transcription factor CREB
WKDW LV D GRZQVWUHDP WDUJHW RI WKH SDWKZD\ > @ 67%7
can also can be activated by Src in addition to g-protein
UHFHSWRUV > @ JLQDOO\ S LV DFWLYDWHG E\ VHYHUDO
cytokines and is an important regulator of hematopoiesis ~ Figure 6: The effect of pharmacological inhibition on
through transcription factor activation [50]. &;;& 5,1) P51% H[SUHVYV ey ukaiH O V
We also did a similar comparison based on the AML cells were cultured with GDC0941 for 5 hours before

PCR analysis of the gPCR cohort; we then compared the CXXC5/RINF mRNA levels were compared for drug-free

SKRVSKRSURWHLQ SUR¢OHV IRU WKHCO”tr$§\é\V aﬁwygz%?WW%%ﬁe%WW)ﬂr\?\ﬁ“

for pa
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hematopoiesis [53] and several genetic loci encoding
chemokines and adhesion molecules contain STAT6-
binding motifs [54]. Finally, ERK1/2 phosphorylation
(T202/Y204) was altered and CREB is one of its
downstream targets [55].

‘H ¢QDOO\ FRPSDUHG WKH
phosphorylation status when cells were incubated with
7 exogenous cytokines. The overall phosphoresponse
differed between CXXCH*H and CXXC5°W patients
from the PCR cohort, the most striking difference being
that only CXXCB5%W patients showed an increased
phosphorylation of STAT3(S727), rpS6(S235/6) and
STAT5(Y694) in response to GM-CSF (Figure 5B). Only
minor differences were detected for other mediators
LQ UHVSRQVH WR ,/ JOW [/ 6&)
Similar GM-CSF-induced alterations were detected when
comparing the 21 CXXC%*" and the 21 CXXC®ZW
patients in the microarray patient cohort (Figure 5C).
CXXC5

Inhibition  of expression

by

*OREDO JHQH H[SUHVVLRQ SUR¢Ol
for cells transfected with knock-down vectors and emty
FRQWURO YHFWRUV )RXU JHQHV ZHU
WR WKH IROORZLQJ FULWHULD L EH
with highest expression in CXXE@S"OW patients
G appierEentaky TaRIE€S\B and &); and showing either (iia)
>2-fold alteration after CXXC5 knockdown for one cell
line or (iib) >1.5-fold alteration for two different cell lines.

All four genes showed high levels for CXX@! patients
increased levels after CXXC5 knockdown, and their
relevance for carcinogenesis/leukemogenesis is described
in detail in Suppl. Table 7 and summarized below.

Increased levels of the potential tumor suppressor
gene TSC22D1This gendTSC22 domain family, member

&) &hows @daseg) lévels after CXXC5 knockdown and

encodes a transcriptional regulator [56] that is a potential

tumor suppressor in human AML [57]; it can also
contribute to induction of apoptosis in human gastric and

breast cancer cells and increase cancer cell sensitivity to
DQWLFDQFHU GUXJV > @ DQG UDGLDWI

SKDUPDFRORJLFDO LQWHUYHQW LR Qlncreased levels of the cell cycle regulator SEPP1.

We investigated pharmacological effects on CXXC5
expression for primary human AML cells after 5 hours of
in vitro exposure. CXXC5 expression showed a difference
RI
GDCO0941 (Figure 6, p=0.0479). We observed divergent

HITHFWV ZLWKRXW VWDWLVWLFDOO kY lsHdds increday |&,Qs

PKC agonist PEP0O05, lenalidomide, the proteasomal
inhibitor bortezomib, the mTOR inhibitor rapamycin,
the HSP90 inhibitor 17-DMAG, the HSP70 inhibitor
9(5

RQO\ ERUGHUOLQH VLJQL:,FDQFH

DQG WKH SURWHLQ NLQDVHAH@F%-

The encoded mediator (Selenoprotein P.plasma.l) is a
secreted glycoprotein containing extracellular selenium
[59]. Selenium and its metabolites are involved in
regulation of apoptosis and proliferation/cell cycle

pro ression [60
InWéﬁé‘éd&Qp%s%on o#—t@&réd:ebtw RBMihe stem
cell factor (KIT) and for A 0|et|n 1 (ANGPT1
oUé?ﬁé/Mde QY11 Hat W K H

is expressed by primary human AML cells for most

patients but its expression has no prognostic impact for

atients recelvmg intensive chemotherapy [61].
QtYl ﬁ is a Tie2 agonist that shows

SB202190 and SP600125 (data not shown). These data mcreased expressmn in CXX@S' cells. Angiopoietin

suggest that CXXC5 expression integrates signaling
through various pathways, and the contribution of each
pathway differs between patients.

Effects of CXXC5 knockdown on gene expression
in human AML cells

CXXC5 was knocked down by lentiviral vectors
in three different AML cell lines; one vector with
pyromycine selection was used for MV4-11 (759 genes
upregulated and 744 genes downregulated at least 1.
IROG DQG FHOOV

based on GFP sorting was used for knockdown in K562

(356 genes upregulated and 457genes downregulated at

least 1.5 fold) and UT7 cells (1291 genes upregulated
DQG
knockdown was documented both at the mRNA and
protein level for all experiments. These genes were
compared with the 50 genes showing highest mRNA
expression in the CXXC%" and CXXC5°Y patient
subset (see Supplementary Tables 1 and 2).

JHQHV X
genes downregulated at least 1.5 fold) and another vector

JHQHV GRZQUHJXODWHG DW OHDVW

1 is a regulator of angiogenesis without any prognostic
impact by itself in human AML, whereas extracellular
levels (serum, bone marrow plasma) of the potential
Tie2 antagonist Angiopoietin 2 has an adverse prognostic
impact in human AML [62-64]. Finally, ANGP1 is also

a member of the leukemic stem cell gene expression
signature that has been associated with adverse prognosis
in human AML [33]. The extracellular release of
Angiopoietin 1 showed a wide variation duriimgvitro
FXOWXUH PHGLDQ SJ PO UDQJH

5 pg/ml) and a correlation was seen between the level of

WRNA ebogj,‘%slon and the level of protein
re ease 0 001

The expression of the transcriptional regulators
showing correlated mRNA expression with CXXC5 was
not altered by the knockdown (see above).

IROG &;;
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CXXC5 expression increases during progression SUR¢{OHV RI WKH WUDQVFULSWLRQ IC
of chronic myeloid leukemia to blast phase with adverse prognosis (Figure 3); and (i) the overall
signature of 35 stem cell-associated genes used to identify
i i i AML patients with high-risk disease (Figure 4). CXXC5
We prewously described that CXXC5 is H[SUHVVLRQ OHYHOV DOVR VKRZHG VL.
expressed in AML as well as acute lymphoblastic  geyeral genes included both in the transcription factor
leukemia cells [4]. In our present study we compared SWDGH DQG LQ WKH VWHP FHOO J
CXXCS expression in chronic myeloid leukemia cells; 11,5 the association between high CXXC5 expression
we then used previously published global gene expression 54 aqverse prognosis is seen in a biological context of
data [65]. CXXC5 expression was low for CML bone D VSHFL{F WUDQVFULSWLRQ UHJXODW

marrow cells in chronic phase, the levels increased during  gyem cell-associated expression signature. The hypothesis
accelerated phase and were highest for patients in blast .+ cxxcs is a part of a larger transcription-regulatory
phase (Fig. 7). Thus, high/increasing CXXC5 expression network is also supported by our similarity gene

is associated with more aggressive disease not only in o, hression analysis and the corresponding protein function
AML but also in CML. analysis (Figure 1).
2XU FRPSDULVRQ RI JHQH H[SUHV
DISCUSSION contrasting CXXCH5%" and CXXC5 SDWLHQWYVY LGHQ!
571 genes with different expression (Supplementary
The CXXC5 gene seems important during both  Figure 2). The analysis of corresponding protein functions
normal and leukemic hematopoiesis [2]. High expression v XJJHVWV WKDW WKHVH WZR FRQWUD
in the leukemic cells is an independent adverse prognostic  differences with regard to communication between cells,
factor in AML [5] and possibly associated with adverse e, expression of various cell surface molecules (including
prognosis also in other myeloproliferative diseases, €.g. cytokine receptors) and release of soluble mediators
CML [66]. (Figure 1, Table 2). However, there was also an overlap
CXXCS5 encodes a transcriptional regulator [3]. Our EHWZHHQ SURWHLQ IXQFWLRQV LGHQW
present studies suggest that this protein is a part of a larger  similarity expression analysis and the GSEA analysis of
transcription-regulatory network that differs between  contrasting patient subsets (Figure 1, left part).
CXXC5% and CXXC8'"" patients and includes several We compared the constitutive cytokine release for
stem cell associated transcription factors as well as a primary human AML cells with high and low CXXC5
heptade of transcription factors associated with an adverse expression but could not detect any difference when
prognosis in human AML [34]. Our bioinformatical comparing single cytokine levels (Supplementary Table 3)
analyses demonstrated that CXXC5 expression showed put only with regard to cytokine clustering (Supplementary
a strong association both to (i) the overall expression  Figure 3). The effect of lenalidomide on cytokine release

JLIXUH &;;& 5,1) LV LQFUHDVHG GXULQJ WKH SURJUHVVLRQ RI FKURQLF P
F U L Whk Microarray data have been performed by Radich JP et al. [65]. The CXXC5/RINF gene expression data were extracted from

D JHQH OLVW VXSSRUWLQJ WDEOH RU 7TDEOH [OV DYDLODEOH RQOLQH DW WK
'& &3 FKURQLF SKDVH Q $3 DFFHOHUDWHG SKDVH E\ EODVW FRXQW FULWHUL
FKDQJHV Q %& EODVW FULVLV Q
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also differed between the subsets, and these effects could phosphorylation) and adverse prognosis, whereas a recent
QRW EH H[SODLQHG E\ D QRQVSH F ktydy ddddribédvimpvorded Rupuivad fon patidhts showing

altered viability because a similar effect on all cytokines
would then be expected. However, the wide variation

high STAT3 Y705 and S727 phosphorylation in their AML
cells in response to cytokine stimulation [74]. This last

LQ FRQVWLWXWLYH UHOHDVH LV G bhsé&JatidiiOcongiskert wittiRovMpresdhSoRde AT oY

difference between AML patients and this variation is
similar for CXXC5'®" and CXXC%°W patients; the
differences in cytokine clustering and lenalidomide effects
should only be regarded as minor differences.

We compared the intracellular phosphoprotein
status for CXXC8®°H and CXXC5°" AML cells. Our
high-throughput technique requires an incubation step for
antibody binding [14]; we then used a medium suitable
for immature hematopoietic cells and containing insulin
and transferrin but no hematopoietic growth factors [43,
44] and we refer to this as basal phosphorylation status. In
addition we compared growth factor-induced alterations
of protein phosphorylation. The low-risk CXXE%
patients showed increased basal phosphorylation of
several mediators. Additional differences were induced
by exogenous growth factors, especially GM-CSF/
IL3-induced increase of STAT5 phosphorylation. Thus,
variation in CXXC5 expression is associated with
differences in intracellular signaling targeting downstream
transcription factors.

Our studies suggest that signaling though PI3K-
Akt is important for CXXC5 expression, and several
of the mediators showing different phosphorylation for
CXXCBEHeH and CXXCH5®W patients are downstream
targets to PI3K-Akt-mTOR (see above). Some of the

an association between high STAT3 phosphorylation for
lowrisk CXXCB°W patients. One possible hypothesis
IRU WKHVH DSSDUHQWO\ FRQALFWLQJ
that the prognostic impact of STAT3 in human AML is
not (only) mediated by its phosphorylated form, but by
WKH XQSKRVSKRU\ODWHG IRUP DQG LW
signaling [72]. This hypothesis is also consistent with the
previously described associations between phosphorylated
forms of STAT3 and antiproliferative/proapoptotic effects
in human cancer cells [75] and stem cells [76], during
murine carcinogenesis [77] and in STAT3 knock-down
PRGHOV > @

STAT5 phosphorylation/activation can also
mediate proapoptotic effects through activation of
growth inhibitory and proapoptotic genes depending
on its biological context [79], and this may also explain
the association between the CXXE% phenotype and
increased STAT5 phosphorylation after GM-CSF/IL3
exposure. Finally, increased CREB phosphorylation was
observed for CXXC%W patients, but this may be less
important because animal models suggest that CREB only
FROQWULEXWHYVY WR WKH $0/ SKHQRW\S
IRU OHXNHPLF WUDQVIRUPDWLRQ > C
phosphorylation of these intracellular mediators for
lowrisk CXXCB°W patients may contribute to the good

JHQHV LGHQWL{HG LQ WKH &;;& VpRdnosB bt théese Bdtidhis Gue @ ihedbidldgical context,

also important for this pathway (Supplementary Table
2A). All these observations suggest that the pathway is
important for regulation of CXXC5 expression. Finally,
pharmacological inhibition of other intracellular pathways
had divergent effects, these observations then being
consistent with the hypothesis that regulation of CXXC5
MRNA expression differs between patients and depends
on several/various intracellular signaling pathways.
Previous studies suggest that high constitutive
signaling through the PI3K-Akt-mTOR pathway [67,
@ DQG DFWLYDWLRQ RI
[69] is associated with adverse prognosis in human
AML. However, a recent study suggested that AML
patients are heterogeneous and signaling through this
pathway can cause growth inhibition as well as growth
enhancement in primary AML cells [70]. STAT3 shows
an extensive and cell type-dependent variation in its
preference to potential DNA binding sites [71, 72], and
a similar variation between biologically heterogeneous
AML patients may explain the different biological effects
of PI3K-Akt-mTOR-STAT3 signaling between AML
patients [73]. Furthermore, the possible prognostic impact
of STAT3 activation in human AML is also controversial.
Benekli et al. [69] described an association between
high constitutive STAT3 activation (i.e. high Y705

i.e. crosstalk between pathways or interactions with other
WUDQVFULSWLRQDO UHJXODWRUV > @
Based on the knockdown experiments and analysis
RI JOREDO JHQH H[SUHVVLRQ SUR;OHV
DQG ZH LGHQWL{HG IRXU JHQHV W
by CXXC5 knockdown and whose expression showed
a strong correlation with CXXC5 expression in primary
AML cells. These genes were increased by CXXC5
knockdown; this can be explained by an inhibitory effect
of CXXC5/RINF on their expression and stimulatory

LWV G R 2fieutd) Uy bitier wabstriptibal i@guiators that show

strong correlation with CXXC5 expression (see above).

Those genes showing high expression in CXX€5
SULPDU\ KXPDQ $0/ FHOOV DQG EHLQJ
(i.e. increased ) after CXXC5 knockdown included

one potential tumor suppressor (TSC22), the cytokine
Angiopoietin 1, a selenium transport protein and the
hematopoietic growth factor receptor KIT. The three
cUVW PD\ EH LPSRUWDQW IRU UHJXOD
cycle progression in human malignant cells, whereas

the KIT receptor mediates growth-enhancing effects in

human AML cells although it does not have any impact

on chemosensitivity/prognosis (Supplementary Table 7).

Thus, these knockdown experiments further support a role

of CXXC5/RINF in AML chemosensitivity.
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To summarize, CXXC5 expression shows a wide
variation in primary human AML cells and high levels
are associated with an adverse prognosis. Our present
results suggest that CXXC5 integrates several intracellular
signaling events and thereby have effects of several steps
in regulation of leukemogenesis or chemosensitivity in
human AML.
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.QDQFLDO

Bruserud O, Hovland R, Wergeland L, Huang TS and
*MHUWVHQ %7 )OW PHGLDWHG VLJQDC(
P\HORJHQRXV OHXNHPLD $0/ EODVW!'
characterization of FIt3-ligand effects in AML cell
populations with and without genetic FIt3 abnormalities.
+DHPDWRORJLFD

+DW¢{HOG .- +RYODQG 5 2\DQ $0 .DOOD(
$ *MHUWVHQ %7 DQG %UXVHUXG 2 5HOF
by primary human acute myelogenous leukemia cells is
associated with mutations of nucleophosmin, increased

by MogeSnrRalbWiy strpddR ¢ells \AWhK pbssibly antagonized

E\ KLJK VIVWHPLF DQJLRSRLHWLQ OHY

YBU XNHHUKIGY H G- M X QVAALHY % Th i@ G YRQ 9
culture of human acute myelogenous leukemia (AML)
FHOOV LQ VHUXP IUHH PHGLD VWXGLH\
and AML cell lines. J Hematother Stem Cell Res. 2000;

6WDSQHV & 5\QLQJHQ $ +DW¢ HOG 2\
&RUEDVFLR 0 .DOODQG .+ *MHUWVHQ ¢
JXQFWLRQDO FKDUDFWHULVWLFV DQG
of primary acute myeloid leukaemia cells identify patient
subgroups that differ in susceptibility to histone deacetylase
LOKLELWRUV ,QW - 2QFRO

DQG *DEULHO ODWKHUDW IRU WKHLU WI—&Bﬁ@bEDJrO %LW\PY%DQKQG( V*FI\}F#M %7 I

discussions.
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