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Abstract. The inositol hexakisphosphate kinase (IP6K) 1 
and  2  genes are localized at 3p21.31, a highly altered 
gene‑dense chromosomal region in cancer. The IP6Ks convert 
IP6 to IP7, which inhibits activation of the tumor‑promoting 
PI3K/Akt/mTOR signaling pathway. IP6K2 has been suggested 
to be involved in p53‑induced apoptosis, while IP6K1 may 
stimulate tumor growth and migration. The present study 
aimed to elucidate the role of the two IP6Ks in predicting 
outcome in patients with breast cancer. To the best of our 
knowledge, the role of IP6K was analyzed for the first time 
in tumors from three cohorts of patients with breast cancer; 
one Swedish low‑risk cohort, one Dutch cohort and the TCGA 
dataset. Analyses of gene ‑and protein expression and subcel‑
lular localization were included. IP6K2 gene expression was 
associated with ER positivity and nuclear p‑Akt. Improved 
prognosis was detected with high IP6K2 gene expression 
compared with low IP6K2 gene expression in systemically 
untreated patients in the Swedish low‑risk and Dutch cohorts. 
In the TCGA dataset, IP6K2 prognostic value was significant 
when selecting for tumors with wild‑type TP53. A multivari‑
able analysis testing IP6K2 against other cancer‑related genes 
at 3p.21.31, including IP6K1 and clinical biomarkers, revealed 
that IP6K2 was associated with decreased risk of distant 
recurrence. IP6K1 was associated with increased risk of 
distant recurrence in the multivariable test and protein analysis 
revealed trends of worse prognosis with high IP6K1 in the 
cytoplasm. The expression levels of IP6K1 and IP6K2 were 
associated to a high extent; however, a diverging prognostic 
value of the two genes was observed in breast cancer. The 

present data suggest that IP6K2 can be a favorable prognostic 
factor, while IP6K1 may not be.

Introduction

The PI3K‑Akt‑mTOR pathway is one of the most frequently 
altered signaling cascades in breast cancer (1). This pathway 
is targeted in several clinical studies (2). The inositol pyro‑
phosphate (IPP) IP7 is a small phosphate‑rich regulator of 
Akt, inhibiting membrane translocation and activation of 
Akt by competing with membrane‑bound phosphoinositide 
binding to the pleckstrin homology domain, and thereby 
disturbing the pyruvate dehydrogenase kinase  1 (PDK1) 
‑induced phosphorylation at the Akt‑threonine 308 site (3,4). 
The inositol hexakisphosphate kinases (IP6K) 1 and 2 are 
responsible for the conversion of IP6 to IP7 (5).

The IP6K1 and IP6K2 genes are localized at the 
chromosomal site 3p21.31, which is a gene‑dense region, 
including several putative tumor suppressor genes and some 
oncogenes (6,7). In the context of Akt inhibition, the IP6Ks 
would play a tumor suppressive role as Akt inhibition slows 
down tumor proliferation and increases apoptosis (8). Deletion 
and knock‑out studies have found diverging roles of isoforms of 
the two IP6Ks in tumors and between different phases of tumor 
progression. IP6K1 has been suggested to be an oncogene, 
stimulating early cytoskeletal changes, migration and tumor 
growth (9), whereas IP6K2 has been suggested to hold tumor 
suppressive features by inducing apoptosis in a p53‑dependent 
manner  (10,11). IP6K2 was important for the response to 
radiation and cytotoxic drugs in ovarian carcinoma cells, and 
loss of IP6K2 predicted higher prevalence of aero‑digestive 
carcinoma in mice fed with a carcinogen (12,13).

We have previous data indicating that other factors in the 
PI3K/Akt/mTOR pathway are altered in the Swedish low‑risk 
breast cancer cohort (14‑16). IP6Ks have been found in vitro 
to indirectly, through IP7, inhibit Akt. The hypothesis was 
that the IP6K would inhibit the PI3K/Akt/mTOR pathway 
and be protective factors in breast cancer. Therefore, in this 
study we evaluated the role of IP6K1 and IP6K2 by analyzing 
their impact on outcome in three separate cohorts of patients 
with primary breast cancer. Analyses of gene expression, 
protein expression and subcellular localization of proteins 
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were included. To our knowledge, the IP6Ks have never been 
evaluated in cancer patient cohorts, hence this is the first study 
in this respect.

Materials and methods

Swedish low‑risk cohort. Postmenopausal breast cancer 
patients at low risk, with a negative node status and a tumor 
not exceeding three cm were randomized to adjuvant tamox‑
ifen, 40 mg/day for two years or no tamoxifen (17). Patient 
entry to the studies was from November 1976 to May 1990, 
and follow‑up data was available to December 2004. In 1983, 
tamoxifen‑treated recurrence‑free patients were random‑
ized, if consenting, to three more years of tamoxifen or no 
tamoxifen. Patients were mainly of Caucasian ethnicity, 
and all female. Median age at diagnosis was 62.7, ranging 
from 45.8 to 76.8. Retrospective studies on archived tumor 
tissue, with the purpose to evaluate prognostic and treatment 
predicting factors, were approved by the ethics committee 
at Karolinska Institute in Stockholm, Sweden. Tumor tissue 
was collected on surgical removal of the primary tumor and 
incubated in formalin for fixation and paraffin embedded. 
Three cores of abundant cancer cell content were selected to 
represent each tumor on a tissue microarray (TMA). The ER, 
progesterone receptor (PgR) and HER2 status were assessed 
as previously described (18,19). Further data on p‑Akt and 
p‑S6K were available  (14,16). For all proteins detected, a 
portion of samples was missing. In the supplementary table of 
a previously published paper, missing samples were compared 
with the samples on TMA and with samples of the original 
cohort (20). The results show no bias in the missing cases 
with respect to tumor size, ER status, or tamoxifen treatment. 
The present study was designed and presented with regard to 
the reporting recommendations for tumor marker prognostic 
studies (REMARK) guidelines (21).

Online datasets. Gene‑expression data was drawn from a Dutch 
retrospective publicly available dataset of 295 breast cancer 
patients with a tumor not exceeding five cm at stage I and II, 
including node‑negative ‑and node‑positive disease (22). Time 
for diagnosis was during 1984 and 1995, including patients up 
to the age of 52. Patients were diagnosed in the Netherlands 
and were at diagnosis 52 years or younger. Follow‑up time, 
treatment regimens and gene‑expression data were downloaded 
from http://bioinformatics.nki.nl/data.php. Additional data used 
for analysis was available through personal communication.

Further, prognostic impact of IP6K1 and IP6K2 gene 
expression was tested in an additional breast cancer cohort, 
the Cancer Genome Atlas (TCGA), previously described (23), 
and accessed through cBioPortal for Cancer Genomics 
https://www.cbioportal.org/ (24). Patients in the TCGA cohort 
were both pre‑and postmenopausal. Twelve patients were 
male. Median age was 58, ranging from 26 to 90. Ethnicity 
distribution was previously published (25).

Expression of genes at 3p21.31. Formalin fixed and paraffin 
embedded (FFPE) tumors from 912 women in the Swedish 
low‑risk group were retrieved. Messenger RNA was later 
extracted from FFPE breast tumor tissue and 652 samples 
were available for microarray gene‑expression analysis using 

custom‑designed arrays, containing approximately 32.1K 
probes, detecting approximately 21.5K unique genes (Agilent 
Technologies, CA, USA) (26). The PAM50 intrinsic subtype 
analysis classifier was used as described in Parker et al (27). 
Expression levels of IP6K1 and IP6K2 were analyzed by 
quartiles with low expression defined by the first quartile (Q1). 
High expression was defined by the second to fourth quar‑
tile (Q2‑Q4).

The IP6K genes are localized in a gene‑dense region. We 
found six cancer‑related genes near the IP6Ks at 3p21.31. 
SETD2, PTPN23, PLXNB1 and RASSF1 are potential 
tumor‑suppressor genes and CDC25A and RHOA are predicted 
oncogenes according to their function in tumor cells. The 
prognostic value of the selected 3p21.31 genes was analyzed in 
quartiles of gene expression, as with the IP6Ks. The cut‑off for 
low expression was set at Q1.

Immunohistochemical staining of IP6K1 and IP6K2 proteins. 
Immunohistochemical analysis was used to detect IP6K1 
protein expression in 731 samples and IP6K2 protein expres‑
sion in 724 samples from the Swedish low‑risk group. Staining 
was evaluated at x400 magnification by two independent 
observers (J.S. and A.B.). Cytoplasmic protein expression was 
evaluated as negative, weak staining, moderate and strong 
staining, Fig. S1A‑H). For analysis of cytoplasm in two groups, 
negative and weak were set as low, whereas moderate and 
strong were regarded as high. Nucleus was graded as posi‑
tive when >10% of tumor cells showed staining. The PT‑link 
station was used for deparaffinization and antigen retrieval 
in a low‑pH buffer, starting at 65˚C, 96˚C for 20 min and 
cooled down to 65˚C (DakoCytomation, Glostrup, Denmark). 
Inactivation of endogenous peroxidase in 3%  hydrogen 
peroxide in water was followed by blocking in serum‑free 
protein block for 10 min (Spring Bioscience). TMAs were 
incubated in a moisturized chamber at 4˚C overnight with 
the IP6K1 and IP6K2 antibodies, diluted 1:800 and 1:500, 
respectively (IP6K1:HPA040825, RRID:AB_10960426 and 
IP6K2:HPA007532, RRID:AB_1851542, Merck  KGaA). 
Secondary rabbit antibody (DakoCytomation Envision+ HRP 
system) was applied for 30 min and protein staining was devel‑
oped with 3,3'‑diaminobenzidine chromogen and substrate 
buffer (DakoCytomation) and counterstained with hematox‑
ylin. All wash steps were in phosphate buffered saline including 
0.5% bovine serum albumin. The tissue was dehydrated, and 
cover glass was mounted with Pertex (Histolab). All slides 
were scanned with ScanScope AT (Aperio) and the images 
were assessed with Aperio Imagescope software v.12.4.3.

IP6K1 ‑and IP6K2 antibody validation. Antibodies were 
validated by knock‑down of the specific genes in breast cancer 
cell lines (Fig. S2). The cell line ZR751 (RRID:CVCL_0588) 
was transfected with two IP6K2 siRNAs (1. s224205 and 2. 
s195221, Ambion by ThemoFisher Scientific, MA, USA) and 
BT474 (RRID:CVCL_0179) and T47D (RRID:CVCL_0553) 
were transfected with IP6K1 siRNA (s18957, Ambion by 
ThemoFisher Scientific). Protein detection with western 
blotting showed specific bands at the expected 50 kDa that 
were downregulated after siRNA transfection. All cell lines 
were transfected with a scrambled siRNA (AllStars Negative 
Control, 102728, Qiagen) and GAPDH siRNA (4390849, 
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Ambion by Themo Fisher Scientific) and GAPDH antibody 
(ab185059, Abcam) served as loading control. Cell line 
passage number was kept low. Cells were regularly confirmed 
negative for mycoplasma and authenticated by morphology, 
karyotyping and STR‑assay (ATCC).

Statistical analysis. The Kaplan‑Meier product limit method 
was used to estimate the cumulative probabilities of distant 
recurrence‑free interval. For univariable and multivariable 
analysis of event rates and P‑values, Cox proportional hazard 
regression was used. Associations between different vari‑
ables were assessed by Pearson χ2 test. P‑values <0.05 were 

considered statistically significant. Statistical analyses were 
performed with Statistica 13.5 (TIBCO Software Inc.).

Results

Low IP6K2 gene expression predicts impaired prognosis in 
independent cohorts. The prognostic value of gene‑expression 
levels was tested in the systemically untreated subset of the 
Swedish low‑risk cohort with distant recurrence‑free interval 
as end point. Patients with high IP6K2 expression had a better 
outcome than patients with low IP6K2 expression (HR: 0.55, 
95% CI: 0.35‑0.86, P=0.0086, Fig. 1A). This was confirmed 

Figure 1. IP6K gene expression as a prognostic biomarker. Gene expression levels of (A) IP6K2 and (B) IP6K1 in the Swedish low‑risk cohort with the 
multivariable Cox proportional hazard model corrected for tumor size, and ER, PgR and HER2 status. Gene expression levels of (C) IP6K2 and (D) IP6K1 in 
the Dutch cohort with the multivariable model corrected for node, ER and HER2 status. Prognostic data was produced from systemically untreated patients 
with primary tumors of the two cohorts. Gene expression levels of (E) IP6K2 and (F) IP6K1 in the TCGA cohort with the multivariable model corrected for 
node, ER, PgR, HER2 and TP53 status. IP6K, inositol hexakisphosphate kinase; ER, estrogen receptor; PgR, progesterone receptor; HR, hazard ratio; TCGA, 
The Cancer Genome Atlas; multiv, multivariate.
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in a multivariable analysis (HR: 0.48, 95% CI: 0.29‑0.79, 
P=0.0038). IP6K1 expression (Q1 vs. Q2‑4) showed no signifi‑
cant prognostic value in the univariable analysis (P=0.56), or 
in the multivariable analysis correcting for tumor size, ER, 
PgR and HER2 status (P=0.14, Fig. 1B). Testing IP6K gene 
expression in relation to clinicopathological characteristics 
and PI3K/Akt/mTOR‑pathway variables we found IP6K2 gene 
expression to be associated with small tumor size (P=0.019), 
ER (P=0.00051), nuclear p‑Akt (P=0.0058) and nuclear p‑S6K 
(P=0.0063) and IP6K1 gene expression to be associated with 

ER (P=0.014), nuclear p‑Akt (P=0.0058) and with nuclear 
p‑S6K (P=0.045). In addition, IP6K2 and IP6K1 expres‑
sion distribution according to PAM50 intrinsic subtypes are 
presented (Tables I and II). IP6K1 and IP6K2 gene expression 
were strongly associated (P<0.00001).

A Dutch set available online with gene‑expression data on 
breast tumors from systemically untreated patients together 
with clinical data was used to test the prognostic value of the 
IP6Ks in an independent cohort (22). In line with our gene 
expression results from the Swedish low‑risk cohort high 

Table I. IP6K2 gene and protein expression, clinicopathological variables and PI3K/Akt/mTOR‑related variables in the Swedish 
low‑risk cohort.

	 IP6K2 mRNA	 Cytoplasmic IP6K2	 Nuclear IP6K2
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Low, 	 High, 		  Low, 	 High, 		  Negative, 	 Positive, 	
Variables	 n (%)	 n (%)	 P‑value	 n (%)	 n (%)	 P‑value	 n (%)	 n (%)	 P‑value

Tamoxifen									       
  No tamoxifen	 71 (23)	 242 (77)		  61 (17)	 289 (83)		  296 (85)	 54 (15)	
  Tamoxifen	 93 (27)	 247 (73)	 0.169	 87 (23)	 286 (77)	 0.050	 315 (84)	 58 (16)	 0.964
Size, mm									       
  <20	 114 (23)	 386 (77)		  116 (21)	 433 (79)		  451 (82)	 98 (18)	
  >20	 47 (32)	 98 (68)	 0.019	 27 (17)	 131 (83)	 0.265	 147 (93)	 11 (7)	 <0.001
ER									       
  Negative	 47 (37)	 81 (63)		  25 (16)	 133 (84)		  139 (88)	 19 (12)	
  Positive	 112 (22)	 400 (78)	 <0.001	 121 (22)	 427 (78)	 0.087	 459 (84)	 89 (16)	 0.195
PgR									       
  Negative	 74 (28)	 194 (72)		  53 (18)	 248 (82)		  262 (87)	 39 (13)	
  Positive	 74 (23)	 247 (77)	 0.204	 81 (24)	 260 (76)	 0.056	 295 (87)	 46 (13)	 0.842
HER2									       
  Negative	 132 (24)	 408 (76)		  127 (22)	 461 (78)		  494 (84)	 94 (16)	
  Positive	 20 (34)	 38 (66)	 0.095	 10 (13)	 68 (87)	 0.072	 72 (92)	 6 (8)	 0.054
Cyto p‑Akt									       
  Negative	 52 (24)	 164 (76)		  71 (26)	 202 (74)		  220 (81)	 53 (19)	
  Positive	 106 (28)	 272 (72)	 0.292	 73 (17)	 354 (83)	 0.004	 373 (87)	 54 (13)	 0.015
Nucl p‑Akt									       
  Negative	 87 (32)	 188 (68)		  67 (22)	 237 (78)		  272 (89)	 32 (11)	
  Positive	 71 (22)	 248 (78)	 0.010	 77 (19)	 319 (81)	 0.400	 321 (81)	 75 (19)	 0.002
Cyto p‑S6K									       
  Negative	 58 (23)	 191 (77)		  81 (27)	 215 (73)		  247 (83)	 49 (17)	
  Positive	 95 (27)	 252 (73)	 0.260	 63 (16)	 331 (84)	 <0.001	 340 (86)	 54 (14)	 0.299
Nucl p‑S6K									       
  Negative	 110 (29)	 263 (71)		  85 (19)	 352 (81)		  380 (87)	 57 (13)	
  Positive	 43 (19)	 179 (81)	 0.006	 59 (23)	 193 (77)	 0.218	 206 (82)	 46 (18)	 0.065
PAM50									       
  Basal like	 25 (40)	 38 (60)		  5 (9)	 48 (91)		  48 (91)	 5 (9)	
  Luminal B	 35 (27)	 94 (73)		  23 (20)	 90 (80)		  105 (93)	 8 (7)	
  HER2 enriched	 21 (36)	 37 (64)		  9 (18)	 41 (82)		  46 (92)	 4 (8)	
  Luminal A	 73 (21)	 269 (79)		  55 (19)	 229 (81)		  239 (84)	 45 (16)	
  Normal like	 10 (17)	 50 (83)	 0.003	 11 (24)	 34 (76)	 0.377	 34 (76)	 11 (24)	 0.017

Pearson's χ2 test was used. IP6K, inositol hexakisphosphate kinase; PI3K, phosphatidylinositol 3 kinase; Akt, protein kinase B; mTOR, mecha‑
nistic target of rapamycin.
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IP6K2 expression predicted better outcome than low IP6K2 
expression (HR: 0.45, 95% CI: 0.27‑0.76, P=0.0026 and multi‑
variable HR: 0.38, 95% CI: 0.21‑0.68, P=0.0011, Fig. 1C). 
Likewise, the distant recurrence‑free interval among these 
patients did not differ based on the IP6K1 levels (univariable 
P=0.60 and multivariable P=0.73, Fig. 1D).

Similar results were obtained in the TCGA cohort, 
although no treatment data was available and overall survival 
was used as end point. High IP6K2 expression indicated better 
prognosis in univariable (P=0.013) but not in multivariable 

analysis correcting for node‑, ER‑, PgR‑, HER2‑ and TP53 
status (P=0.21), whereas IP6K1 did not have prognostic value 
(Fig. 1E and F). Subgrouping on TP53 mutational status indi‑
cated the importance of a functional TP53 for IP6K2 to be 
a prognostic biomarker in the TCGA cohort (Table III). No 
TP53 mutation data was available in the other cohorts.

Roles of IP6K1 and IP6K2 diverge in relation to 
cancer‑related genes at 3p21.31. The chromosomal location 
of IP6K1 and IP6K2 is at a gene‑dense region including 

Table II. IP6K1 gene and protein expression, clinicopathological variables and PI3K/Akt/mTOR‑related variables in the Swedish 
low‑risk cohort. 

	 IP6K1 mRNA	 Cytoplasmic IP6K1	 Nuclear IP6K1
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Low, 	 High, 		  Low, 	 High, 		  Negative, 	 Positive, 	
Variables	 n (%)	 n (%)	 P‑value	 n (%)	 n (%)	 P‑value	 n (%)	 n (%)	 P‑value

Tamoxifen									       
  No tamoxifen	 78 (25)	 235 (75)		  74 (21)	 276 (79)		  142 (41)	 208 (59)	
  Tamoxifen	 86 (25)	 254 (75)	 0.912	 77 (20)	 304 (80)	 0.756	 173 (45)	 208 (55)	 0.187
Size, mm									       
  <20	 126 (25)	 374 (75)		  120 (22)	 432 (78)		  212 (38)	 340 (62)	
  >20	 36 (25)	 109 (75)	 0.927	 28 (17)	 135 (83)	 0.207	 98 (60)	 65 (40)	 <0.001
ER									       
  Negative	 43 (34)	 85 (66)		  27 (17)	 130 (83)		  101 (64)	 56 (36)	
  Positive	 118 (23)	 394 (77)	 0.014	 122 (22)	 431 (78)	 0.187	 207 (37)	 346 (63)	 <0.001
PgR									       
  Negative	 76 (28)	 192 (72)		  57 (19)	 247 (81)		  158 (52)	 146 (48)	
  Positive	 77 (24)	 244 (76)	 0.228	 68 (20)	 269 (80)	 0.649	 123 (37)	 214 (63)	 <0.001
HER2									       
  Negative	 132 (24)	 408 (76)		  134 (22)	 465 (78)		  251 (42)	 348 (58)	
  Positive	 20 (34)	 38 (66)	 0.095	 4 (5)	 72 (95)	 <0.001	 40 (53)	 36 (47)	 0.075
Cyto p‑Akt									       
  Negative	 48 (22)	 168 (78)		  98 (35)	 183 (65)		  121 (43)	 160 (57)	
  Positive	 104 (28)	 274 (72)	 0.155	 47 (11)	 381 (89)	 <0.001	 182 (43)	 246 (57)	 0.888
Nucl p‑Akt									       
  Negative	 85 (31)	 190 (69)		  75 (24)	 240 (76)		  182 (58)	 133 (42)	
  Positive	 67 (21)	 252 (79)	 0.006	 70 (18)	 324 (82)	 0.047	 121 (31)	 273 (69)	 <0.001
Cyto p‑S6K									       
  Negative	 53 (21)	 196 (79)		  82 (28)	 211 (72)		  127 (43)	 166 (57)	
  Positive	 95 (27)	 252 (73)	 0.090	 60 (15)	 337 (85)	 <0.001	 171 (43)	 226 (57)	 0.943
Nucl p‑S6K									       
  Negative	 103 (28)	 270 (72)		  105 (24)	 334 (76)		  230 (52)	 209 (48)	
  Positive	 45 (20)	 177 (80)	 0.045	 37 (15)	 213 (85)	 0.004	 67 (27)	 183 (73)	 <0.001
PAM50									       
  Basal like	 19 (30)	 44 (70)		  7 (13)	 48 (87)		  41 (75)	 14 (25)	
  Luminal B	 39 (30)	 90 (70)		  19 (17)	 93 (83)		  53 (47)	 59 (53)	
  HER2 enriched	 20 (34)	 38 (66)		  6 (12)	 45 (88)		  35 (69)	 16 (31)	
  Luminal A	 75 (22)	 267 (78)		  52 (19)	 229 (81)		  96 (34)	 185 (66)	
  Normal like	 11 (18)	 49 (82)	 0.070	 13 (30)	 31 (70)	 0.164	 12 (27)	 32 (73)	 <0.001

Pearson's χ2 test was used. IP6K, inositol hexakisphosphate kinase; PI3K, phosphatidylinositol 3 kinase; Akt, protein kinase B; mTOR, mecha‑
nistic target of rapamycin.
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several genes with expected impact on cancer development 
(Fig.  2 and Table  IV). We tested gene expression of the 
IP6Ks in relation to six closely located genes and clinical 
biomarkers in a multivariable Cox regression analysis in three 
cohorts (Table V). In the Swedish low‑risk‑ and the Dutch 
cohort IP6K2 expression remained a protective factor, with a 
significantly reduced risk of distant recurrence (Swedish low 
risk: HR: 0.54, 95% CI: 0.32‑0.90, P=0.018, Dutch: HR: 0.29, 
95% CI: 0.15‑0.56, P=0.0003), whereas high levels of IP6K1 
significantly increased the risk of distant recurrence (Swedish 
low risk: HR:  2.07, 95%  CI:  1.07‑4.02, P=0.032, Dutch: 
HR: 2.20, 95% CI: 1.02‑4.75, P=0.045).

IP6K1 and IP6K2 protein expression. Cytoplasmic and 
nuclear protein detection was successful in 731 and 724 tumors 
for IP6K1 and IP6K2, respectively. No significant prognostic 
value of IP6Ks in the cytoplasm was detected in systemically 
untreated patients (Fig. S3A and B). However, cytoplasmic 
IP6K1 tended to indicate a worse prognosis with higher 
levels of expression (P=0.080) in the univariate analysis. 
Therefore, we divided the IP6K1 expression in three groups; 
low, medium and high, where a worse prognosis was seen with 

increasing expression in the univariable analysis (HR: 1.52, 
95% CI: 1.07‑2.16, P=0.019), and a trend in the multivariable 
analysis correcting for ER, PgR and HER2 status and tumor 
size (HR: 1.39, 95% CI: 0.95‑2.05, P=0.093, Fig. 3). No signifi‑
cant prognostic value was detected with nuclear expression; 
however, a minor trend of worse prognosis was seen in patients 
with tumors lacking IP6K in the nucleus (Fig. S3C and D).

Testing protein expression of all tumors in relation to 
clinicopathological and PI3K/Akt/mTOR‑pathway variables 
IP6K2 cytoplasmic expression was significantly higher in 
tumors with high levels of cytoplasmic p‑Akt (P=0.0044) and 
cytoplasmic p‑S6K (P=0.00027, Table I). IP6K2 nuclear posi‑
tivity associated with small tumors (P=0.00084) and p‑Akt in 
the nucleus (P=0.0022). IP6K1 cytoplasmic expression asso‑
ciated with HER2 overexpression (P=0.00049), cytoplasmic 
p‑Akt (P<0.00001) and cytoplasmic p‑S6K (P=0.00004, 
Table II). IP6K1 nuclear positivity associated strongly with 
small tumor size, ER, PgR and the PI3K/Akt/mTOR‑pathway 
markers p‑Akt and p‑S6K in the nucleus, as well as with the 
PAM50 luminal molecular subtype. IP6K1 and IP6K2 protein 
expression were highly associated in cytoplasm (P=0.0011) 
and in nuclei (P<0.00001).

Table III. IP6K2 and IP6K1 gene expression from RNA sequencing and TP53 status in The Cancer Genome Atlas cohort.

	 TP53 wt (n=799)	 TP53 mutated (n=300)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 HR	 95% CI	 P‑value	 HR	 95% CI	 P‑value

IP6K2 (Q1 vs. Q2‑4)						    
  Univariable	 0.49	 0.32‑0.75	 <0.01	 0.84	 0.48‑1.48	 0.55
  Multivariable	 0.51	 0.28‑0.94	 0.03	 1.40	 0.63‑3.11	 0.41
IP6K1 (Q1 vs. Q2‑4)						    
  Univariable	 0.80	 0.52‑1.24	 0.32	 0.92	 0.52‑1.62	 0.76
  Multivariable	 0.89	 0.46‑1.72	 0.73	 1.33	 0.58‑3.05	 0.51

In multivariable analyses data was corrected for estrogen receptor, progesterone receptor, HER2 and node status. The end point used was 
overall survival. First quartile was used as reference with HR 1.0. Risk is presented as HR with a 95% CI. 95% CI, 95% confidence interval; 
HR, hazard ratio; IP6K, inositol hexakisphosphate kinase; wt, wild‑type.

Table IV. Genes associated with cancer at the chromosomal region 3p.21.31.

Gene	 Functions

SETD2	 Tumor suppressor gene coding a histone methyltransferase involved in transcription. Interacts with
	 p53 and regulates its downstream genes.
PTPN23	 Tumor suppressor gene coding a tyrosine phosphatase suppressing tumor cell motility and invasion.
CDC25A	 Oncogene coding a phosphatase, activating CDK2 in G1 to S phase transition.
PLXNB1	 Tumor suppressor gene coding a cell‑surface receptor for semaphorin, controlling cell adhesion.
IP6K2	 Potential tumor suppressor gene coding a kinase involved in cell adhesion and p53‑regulated apoptosis
	 and through generation of the Akt inhibitor IP7.
RHOA	 Oncogene coding a Ras super family member regulating cell motility and invasion.
IP6K1	 Gene coding a kinase involved in α‑actinin and FAK regulated cell migration. Potential role in cancer
	 through generation of the Akt inhibitor IP7.
RASSF1	 Tumor suppressor gene coding the Ras‑association domain family 1 protein, downregulated by Akt, 
	 inhibiting accumulation of cyclin D1 and induces cell cycle arrest.
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Discussion

In this study we present data on IP6K1 and IP6K2 in tumors 
from three large sets of patients with follow up after primary 
breast cancer. We investigated the prognostic potential of 
these genes because of their coupling to the PI3K/Akt/mTOR 
pathway that has been previously studied in our group. Recently 
reviewed results are varying and exclusively generated from 
in vitro and animal studies (28).

Previous studies have reported both common and 
separate roles for the two kinases. Both are important for 

the generation of IP7 and cell migration. IP6K2 is most 
prominent in apoptosis in a variety of cells and more 
often mentioned in association with cancer, while IP6K1 
is reported to be a kinase important for insulin secretion 
in pancreas (11,29,30). The IP6Ks are known to interfere 
with the PI3K/Akt/mTOR pathway through generation of 
the Akt inhibitor IP7 (3). IP6K1 and IP6K2 gene expres‑
sion as well as protein nuclear expression associated here 
with PI3K/Akt/mTOR activity in the nucleus, not in the 
cytoplasm. However, high cytoplasmic protein expression 
of the IP6Ks associated with an active PI3K/Akt/mTOR 

Figure 2. 3p21.31 region with genes commonly deregulated in cancer. In a 
highly altered chromosomal region, six genes with the nearest location to 
IP6K2 and IP6K1 that had been previously suggested to be deregulated in 
cancer were selected. The genes are presented in order of chromosomal loca‑
tion. IP6K, inositol hexakisphosphate kinase.

Figure 3. IP6K1 cytoplasmic protein expression in three groups. Prognostic 
data were produced from systemically untreated patients with primary 
tumors of the Swedish low‑risk breast cancer cohort. The multivariable Cox 
proportional hazard model corrected for tumor size, estrogen receptor, pro‑
gesterone receptor and HER2 status. IP6K, inositol hexakisphosphate kinase; 
HR, hazard ratio; multiv, multivariate.

Table V. Distant recurrence‑free interval analyzed by multivariable Cox regression. 

	 Swedish low risk (n=261)	 Dutch (n=165)	 TCGA (n=340)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 HR	 95% CI	 P‑value	 HR	 95% CI	 P‑value	 HR	 95% CI	 P‑value

SETD2	 1.01	 0.54‑1.89	 0.97	 0.54	 0.29‑0.99	 0.05	 0.98	 0.47‑2.02	 0.95
PTPN23	 0.73	 0.44‑1.23	 0.24	 1.01	 0.49‑2.06	 0.98	 1.56	 0.61‑4.00	 0.35
CDC25A	 1.25	 0.69‑2.26	 0.46	 1.21	 0.63‑2.33	 0.56	 1.45	 0.66‑3.20	 0.36
PLXNB1	 1.33	 0.73‑2.42	 0.35	 0.84	 0.43‑1.65	 0.61	 1.21	 0.50‑2.94	 0.67
IP6K2	 0.54	 0.32‑0.90	 0.02	 0.29	 0.15‑0.56	 <0.01	 0.66	 0.29‑1.50	 0.32
RHOA	 1.40	 0.73‑2.69	 0.31	 0.77	 0.41‑1.43	 0.41	 1.10	 0.44‑2.77	 0.84
IP6K1	 2.07	 1.07‑4.02	 0.03	 2.20	 1.02‑4.75	 0.05	 1.69	 0.61‑4.65	 0.31
RASSF1	 0.64	 0.38‑1.07	 0.09	 1.73	 0.88‑3.37	 0.11	 0.89	 0.41‑1.94	 0.77
ER	 0.60	 0.29‑1.24	 0.17	 1.24	 0.61‑2.49	 0.55	 0.92	 0.26‑3.19	 0.89
PgR	 2.00	 1.11‑3.59	 0.02	 ‑	 ‑	 ‑	 1.09	 0.37‑3.25	 0.87
HER2	 2.41	 1.21‑4.81	 0.01	 3.43	 1.78‑6.62	 <0.01	 0.78	 0.30‑1.97	 0.59
Node status	 ‑	 ‑	 ‑	 1.56	 0.81‑3.00	 0.19	 1.97	 1.00‑3.87	 0.05
Tumor size	 2.48	 1.50‑4.09	 <0.01	 ‑	 ‑	 ‑	 ‑	 ‑	 ‑

Analysis of 3p.21.31 gene expression and clinicopathological variables in tumors from systemically untreated patients in the Swedish low‑risk 
and Dutch cohorts, and overall survival of patients with unknown systemic treatment regimen in The Cancer Genome Atlas cohort. First 
quartile in gene‑expression variables, size <20 mm, ER, PgR, HER2 and node negativity were used as reference with HR 1.0. Risk is presented 
as HR with a 95% CI. CI, confidence interval; HR, hazard ratio.
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pathway in the cytoplasm. This was not in line with the 
expected effect of IP6Ks on the PI3K/Akt/mTOR activity, 
thus reflecting that other factors may be involved.

For IP6K2, the hypothesized protective role in breast 
cancer was supported in gene‑expression analyses in three 
independent breast cancer cohorts of which two had systemi‑
cally untreated patients. Studies point out IP6K2 as a potential 
tumor suppressor. Morrison et al (12,13) showed that cells with 
overexpressed IP6K2 had a better response to radiation treat‑
ment than controls and IP6K2 K‑O mice exposed to an oral 
carcinogen developed oral cancer four times more often than 
controls. Interestingly, the protective role of IP6K2 remained 
true only when the TP53 was intact in the TCGA cohort, 
suggesting that the function of IP6K2 as tumor suppressor 
is over‑ruled by the oncogenic features generated by TP53 
mutation. The p53 expression is regulated by IP7 through 
catalytically active IP6K and in addition nuclear IP6K2 binds 
p53 and controls the transcription towards cell repair inhibition 
and apoptosis activation (11,31). We suggest that in the TP53 
mutated cells, this regulation has no effect, as we do not see 
a prognostic effect of IP6K2 in patients with TP53 mutated 
tumors.

The IP6K1 and IP6K2 genes are located closely together 
on 3p21.31, with several other genes commonly deregulated 
in breast cancer  (7). Results seen with gene expression 
could reflect characters of other genes located close to the 
IP6Ks. Therefore, we searched the region and found six 
cancer‑related genes of interest, namely; SETD2  (32‑34), 
PTPN23 (35), CDC25A (36), PLXNB1 (37), RHOA (38,39), 
and RASSF1 (40,41). Interestingly, IP6K1 and IP6K2 gene 
expression show consistent results in multivariable tests 
of prognostic value in the two cohorts with systemically 
untreated patients and tendencies in the same direction in the 
TCGA cohort. Correcting for the expression of the six genes 
and clinical biomarkers, the IP6K2 decreased the risk of 
recurrence, as expected of a tumor suppressor gene, and IP6K1 
increased the risk of recurrence, as expected of an oncogene. 
Apart from the previously known prognostic factors; HER2, 
tumor size and node status, that came out significant in the 
analysis, only SETD2 indicated a significant prognostic value 
as tumor suppressor in one cohort. These results suggest that 
gene‑expression analysis can be a useful method to detect 
prognostic value of individual genes in this gene‑dense region.

Analyzing the molecular profile of the IP6K1/2 loci in the 
large cohort TCGA the mutational burden in these genes was 
very low. Frequent copy‑number variation with more loss than 
amplification was seen. Copy number and gene expression 
shows high degree of association for both genes. However, gene 
expression can be additionally regulated (23). In squamous cell 
carcinoma of head and neck no promoter methylation of the 
CDC25A gene was found, while this was frequent in other 
genes in the region, such as RASSF1A (6).

IP6K2 protein localization has been explored in functional 
studies showing that the heat‑shock protein HSP90, which often 
is active in tumor cells, binds directly to IP6K2, not IP6K1, and 
inhibits its nuclear translocation (42). The nuclear IP6K2 binds 
p53 and direct the response of DNA damage towards apop‑
tosis rather than cell cycle arrest and repair (10,11). Apoptotic 
functions of IP6K2 have also been described in neuronal 
cells (43‑45). In our study we detect no prognostic value of 

IP6K2 protein levels, although nuclear IP6K2 was more 
common in small tumors and a minor trend of worse prognosis 
when tumors lack nuclear IP6K2 was noticed. Localized to the 
cytoplasmic compartment of the tumor cells IP6K1 tends to 
take an oncogenic role, and significantly when further dividing 
the expression in three groups, indicating worse prognosis. 
This is in line with previous findings describing that IP6K1 
is a driver of cell migration (30,46,47). In addition, we found 
high IP6K1 protein expression in the cytoplasm to be more 
common in HER2‑positive disease and associated with high 
activity in the PI3K/Akt/mTOR pathway. Nuclear IP6K1 had 
no significant prognostic value, however in contrast to when 
found in the cytoplasm the nuclear IP6K1 was more common 
in small tumors and ER ‑and PgR positive tumors.

Data presented here represents new insight in the role of the 
IP6K1 and IP6K2 as prognostic biomarkers in breast cancer. 
Gene expression of IP6K2 was the most prominent prognostic 
marker, demonstrating its protective role in independent 
cohorts. IP6K1 stood out as an independent prognostic marker 
of worse outcome in relation to other cancer‑related genes on 
3p21.31. Targeting the IP6Ks has potential as breast cancer 
treatment, although precise selection of patient groups and 
isoform specific molecules are of importance as the IP6K1 and 
IP6K2 seem to diverge in breast cancer.
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