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Abstract (300 Words)

Most breast cancer (BC) deaths are caused by metastasis and treatment options beyond
radiation and cytotoxic drugs are urgently needed.

This study reanalyzed existing data from genome-wide association studies (GWAS) using a
novel computational biostatistics approach (muGWAS), which had been validated in epilepsy
and identified a potential drug against disruption of language development in autism. Compared
to many traditional bioinformatics approaches, muGWAS jointly analyzes several neighboring
single nucleotide polymorphisms while incorporating knowledge about genetics of heritable
diseases into the statistical method and about GWAS into the rules for determining adaptive
genome-wide significance in samples of 600—2000 subjects only.

Results from three independent breast cancer GWAS not only confirmed cell-cycle control and
receptor/AKT signaling, but, for the first time in GWAS, also consistently identified many endo-
/exocytosis (EEC) pathway genes, most of which had already been observed in functional and
expression studies of breast cancer, including genes that translocate (ATP8A1, ATP8B1, ANO4,
ABCAT1) and metabolize (AGPAT3, AGPAT4, DGKQ, LPPRT1) phospholipids entering the
phosphatidylinositol cycle, which controls EEC. These novel findings suggest scavenging
phospholipids via alpha-cyclodextrin (aCD) as a potential intervention to control packaging of
exosomes (which prepare distant microenvironment for organ-specific metastases) and
endocytosis of 1 integrins (which are required for mesenchymal migration of tumor cells).

Beta-cyclodextrin (BCD) had already been shown to be effective in vitro and animal studies of
breast cancer, but exhibits cholesterol-related ototoxicity. The smaller aCD also scavenges
phospholipids, but cannot fit cholesterol. An in-vitro study presented here confirmed
hydroxypropy! (HP)-aCD to be at least twice as effective as HPBCD against migration of human
cells of both receptor negative and estrogen-receptor positive breast cancer.

If the previous successful animal studies with BCDs are replicated with the safer and more
effective aCDs, clinical trials of aCDs are warranted in women with triple-negative breast cancer,
who have few treatment options and poor prognosis.

Author Summary @2 Words)

Although a family history of breast cancer (BC) substantially increases breast cancer risk, the
known mutations in BRCA1/2 explain only 5-10% of all cases. Patients with hormone-receptor
positive cancer initially respond well to anti-hormone therapy, but later have as limited treatment
options as women with triple-negative breast cancer. Taking advantage of increases in computer
memory since the advent of 32-bit operating system in 2001, we use a novel computational
biostatistics approach, which does not screen for individual genetic “letters” (SNPs, which would
typically be selected against if they increased risk), but for genetic “words” (combinations of
neighboring SNPs, for which selection is less effective). This “nonparametric” approach also
avoids false positive results due to unrealistic assumptions. Finally, we adjust decision criteria to
the specifics of the study. In combination, these methodological advances confirm hormone-
receptor signaling and transcriptional control consistently across three independent studies, but
also point to upregulation of tumor cell migration as a novel common risk factor. In an in vitro
study, alpha-cyclodextrin (aCD) was twice as effective as BCD in reducing migration of breast
cancer cells. Hence preventing metastases with aCD might reduce breast cancer deaths with
fewer side effects (including hair loss) than cytotoxic drugs and radiation.
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Introduction

Breast cancer (BC) is the most common cancer in women worldwide. #2018 |5 2016, 246,660
new U.S. cases were estimated.®*%® 2°'®) The highly penetrant, but rare mutations in BRCAT
and BRCAZ point to DNA repair deficiencies as a factor in breast cancer etiology, but explain
only 5 to 10 percent of all breast cancer cases. Patients with breast cancer positive for estrogen
receptor (ER) or human epidermal growth factor (GF) receptor type 2 (HERZ2) initially respond
well to anti-estrogen or anti-HER2 therapy, respectively, but inevitably become refractory.#&as"
2015 Moreover, triple-negative breast cancer, which also lacks expression of progesterone recep-
tor (PR), harbors an aggressive clinical phenotype with limited treatment options.

In women of European ancestry, 127 single nucleotide polymorphisms (SNPs) have been asso-
ciated with breast cancer ®"®" at the conventional fixed s = —log(p) = 7.3 level for genome-wide
statistical significance (GWS)®¥s" 212 (g is used throughout for significance). These SNPs map
to 51 genes with known function; all but 16 involved in three known pathways: 27 genes are as-
sociated with nuclear function (DNA repair, transcription, cell-cycle control). Six genes (FGFR2,
PTHLH, ESR1, ITPR1, KCNN4, TGFBR2) are involved in receptor signaling, ion channels, and
mammary gland development (KEGG Homo sapience pathway hsa04915) and two genes
(MAP3K1, TRAPPC?2) are associated with AKT signaling (hsa04064),endellen 2014)

The present evaluation is based on separate analyses of three independent populations of
women of European ancestry (about 50% cases in all populations, see Subjects). Two of the
populations (EPIC, PBCS) had never been analyzed individually, because their sample size was
deemed insufficient for conventional statistical approaches.

Most breast cancer death are not due to the primary tumor, but to metastases, often in the bone,
lung, liver, and brain. Our analysis generates a testable biological hypotheses and suggests a
novel treatment strategy, which is confirmed in an in-vitro analysis. Our results implicate dys-
regulation and dysfunction of endo-/exocytosis (EEC), which is involved in cell migration and
invasion, as well as organ targeting, and, thus, suggest overall downregulation of phosphoinosi-
tides (PI) via (derivatives of) alpha-cyclodextrin (aCD) as a potential avenue to prevent metasta-
ses without the side effects of radiation and cytotoxic therapies.

Materials and Methods
Ethics Statement

The study was approved by The Rockefeller University IRB on Aug 24, 2015 (ref# 330390, ex-
empt).

Subjects

This reanalysis is based on data from three GWAS in women of European ancestry:

(a) the NHS cases from the Nurses’ Health Study as part of the Cancer Genetic Markers pro-
ject (CGEM, phs000147/39389-2/GRU, 1145 cases / 1142 controls), (Hunter2007: Haiman 2011)

(b) estrogen-negative (ER-neg) cases from the nested case-control study of the European Pro-
spective Investigation into Cancer (EPIC, phs000812/39395-2/HMB-PU, 511 cases /500
Controls),(Siddiq 2012)

(c) ER-neg cases from the Polish Breast Cancer Case-Control Study (PBCS, phs000812/
39397-2, 543 cases / 511 controls),$9%42012)

The study was approved by The Rockefeller University IRB on Aug 24, 2015 (ref# 330390, ex-
empt).
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Statistical Methods

In this analysis, conventional single-SNP GWAS (ssGWAS) are complemented with a computa-
tional biostatistics approach (MuGWAS, GWAS using muStat Wtowski 2012)) that incorporates
knowledge about genetics into the method (Wittkowski 2010, Sections 4.3.4 and 4.4.2; Wittkowski 2013) and knowl-
edge about the nature of GWAS into the decision strategy.Vtowski2014)

Statistical methods tend to have higher power if they are based on more realistic assumptions,
which, in biology, tend to be weak. In contrast, methods based on stronger assumptions, such
as additivity of allelic effects and independence of SNPs within an LD block (LDB), may gener-
ate more significant results when errors happen to fulfill these assumptions than for true effects.
With millions of test statistics calculated, even a rare false positive result due to model-mis-
specification (1/10,000 tests, say), may result in the 100 most significant results all being false
positives. U-statistics for multivariate data in GWAS (muGWAS) rely only on weak, realistic as-
sumptions, but require large amounts of memory and GPU enabled cloud instances, which be-
came available only after 2001 and 2009, respectively.

After excluding non-informative or low-quality SNPs and SNPs in high LD with an immediate
neighbor (°aidis 2009 (50_2594) to avoid “loss of power [when] including irrelevant SNPs”. (- 2012)
an initial traditional ssGWAS was performed, using the u-test for univariate data. M 1947 Wicoxon
1954; Kruskal 1957) The same data was then analyzed using a u-test for genetically structured multi-
variate data.\Vtkowski 2013) | _statistics avoid model-misspecification biases by replacing lin-

ear/logistic"" ?°'® with non-parametric kernels.'*°'?

Below, we describe the assumptions about genetics and GWAS that are implemented in the sta-
tistical method and decision strategy and refer to published empirical validation of this approach.

1.1 Heterodominance: The degree of dominance at a particular SNP is not assumed to be ei-
ther recessive (aA = aa), additive (aA = (aa+AA)/2 ), or dominant (aA = AA), but merely mono-
tonic (aa < aA < AA). Accordingly, the information contributed by a particular SNP is represented
as a matrix containing for each of the nxn pairs of n subjects whether the genetic risk carried by
the row subject is lower, the same, or higher than the risk of column subject, or unknown (“?”) in
case of missing data in one or both of the subjects. Below, the possible genetic risk constella-
tions (left) are compared to models with different degrees of dominance (right). While the left
matrix is similar to the matrix for dominant effects (all non-zero elements are *+2), the inequalities
are not (numerically) equivalent. In effect, the single-SNP results based on the adaptive u-
scores for aa, aA, and AA are similar to results from the Cochran-Armitage test for additive co-

dominance, (Cochran 1954; Amitage 198%) \yhich uses fixed scores 0, 1, and 2.

X~Y|aa aA AA ?? X=Y aa aA AA ??
aa | = < < ? aa +0 +2/+1/+0 42 ?
aA | > = < ? aA | +0/-1/-2 +0 +2/+1/40 ?
AA | > > = ? AA -2 +0/-1/-2 +0 ?
0?7 ?? ?? ? ? ? ?

1.2 LD-structure: A basic assumption underlying GWAS, in general, is that a disease locus
should be in LD with both neighboring SNPs (unless they are separated by a recombination
hotspot). Hence, the information from two neighboring SNPs is AND-ed (but not ADD- ed) using
the function A, where A(x,y) is “?” if x and y are conflicting (“<”, ”) or both “?”, else “=” for a
combination of “=”, and “?”, else “<”/“>” for a combination of “ ”/“ 7, =", or
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Sk < < £ < = = == > > > > 7?72 7?77
Skt < = > 7?7 < => 7 < =5> 7?2 < = >7?
b1 =NSuSui) < < 2 < < = > =2 > > > < = > ?

Non-informative SNPs are added between LDBs to prevent intervals from spanning LDBs.

1.3 Cis-epistasis, including compound-heterozygosity: To account for interactions between
functional polymorphisms,#siPekvan 20132) 5 natyral extension of A is then used to combine infor-
mation from corresponding elements of the nxn matrices containing information about neighbor-
ing pairs. Assuming, for the sake of simplicity, the case of only four SNPs within in the same LD
block, the aggregated diplotype information for one pair of subjects is

Nlcks, o lezse3) = NMN(Sky Skit), N(Skats Skiz)s NSy Skis)) # NS -y Skaa) ),
which can be one of the following:

T kst <><>" <<<<<<<<<==============>>>>>>>7
R S >S<<><<<===7277<<<====>>>?2?7??===>>>7?"7
lks2.k43 >< >S< <=7<=7<=727<=2<=>7?7=>%?<=>7>=7=>7?77

From the above inequality, the results typically differ when SNPs from the same tag sets appear
in different permutations, which increases the resolution over methods assuming commutativity.

1.4 Test statistic: From the resulting nxn matrix W (say), one calculates each subject’s risk U-
score u; (—n < u; < n) as the number of subjects having lower risk, minus the number of subjects
having higher risk, i.e., #(w; = “<"); - #( w; = >”); . These scores are then compared between
cases and controls using a standard linear score test. e 197)

1.5 Regularization: Since it is unknown a priori, whether a minor allele is dangerous, irrelevant,
or protective, all combinations of (-1, 0, +1) “polarities” are applied to the SNPs Sy, ..., S.3, re-
sulting in many highly dependent test statistics being calculated for the diplotypes surrounding a
given SNP. The test statistic chosen is the one that has the highest u(-log(p), /C) score, where
the information content (IC) is the proportion of pairwise orderings in W that can be decided
(#“?”) for a given choice of “polarities”. With this approach to avoid “over-fitting”, highly signifi-
cant results based on a small subset of highly unusual subjects are avoided without the need to
choose arbitrary regularization cut-offs. (Frommiet 2016)

2.1. Adaptive genome-wide significance: The traditional p-value cut-off of s=7.3 for GWS
has been widely criticized as overly conservative,Peason 2008 Panagiotou 2012) y ot fayy glternatives
have been formally derived. Here, we replace a fixed cut-off for GWS with an empirical Asiekyan
20133) adaptive (study-specific) cut-off (aGWS) that automatically accounts for the specifics of the
population studied, the chip used, differences in MAF/content, and the non-randomized nature
of GWAS, Witkowski 2014) As previously discussed,V™owski 2014 the expected distribution in a
ssGWAS QR plot is a mixture of univariate distributions whose carriers vary by minor allele fre-
quency (MAF), because the most significant result possible depends on the minor allele fre-
quency (MAF) when outcomes are bounded (allele counts 0, 1, 2). Hence, it is a convex curve,
rather than a straight line.V™o¥ski 2019 This can be seen, for instance, in CGEM chromosomes
14—17, 19, and 22 (S1 Fig 2). In a whole genome (WGQG) plot, this curvature is not always appar-
ent (see Fig 1), because some chromosomes’ QR curves are concave due to true association,
which is expected in a familial disease, or systematic unrelated differences in some chromo-
somes between non-randomized populations. Hence, an apparently straight line in a WG plot
may be due to concave curves in chromosomes with true positives and convex curves in others
canceling each other out. With muGWAS (or IrGWAS, based on logistic regression with sequen-
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tial interaction terms (Witkowski 2013)) “\where many dependent tests are performed at overlapping

window positions, the expected QR curve (see S1 Fig 3) may be even more convex. The ex-
pected distribution curve is estimated from the 50% of chromosomes with the fewest outliers
rising above a convex fit."V"owski 2014 Tha empirical adaptive (study-specific) aGWS cut-off is the
median apex (highest point) of a convex curve fitted against these chromosomes’ QR plot. For
the purpose of validation, results are considered “replicated” if they are significant at the
aGWS/2 level.

2.2. Replication: Complex diseases may involve different SNPs in high LD with causal variants
across populations, P! 2016 gnistasis between several SNPs per locus, several loci per gene,
and several genes per function, with risk factors differing across populations (see above).
Hence, we will consider SNPs within a locus, loci within a gene, and genes with a direct mecha-
nistic relationship (paralogs, binding partners, ...) for replication. (e 2010: Aslibekyan 2013a)

Validation: The above approaches have been validated in two published analyses, where pre-
vious analyses using ssGWAS and fixed GWS also had identified not more than a few appar-
ently unrelated SNPs.

« In epilepsy,Witkowski 2019) 1 GWAS confirmed the Ras pathway and known drug targets (ion
channels, IL1B). In that analysis, muGWAS was also compared with a parametric analogue,
logistic regression with interaction terms for neighboring SNPs (IrGWAS). muGWAS pro-
duced fewer apparent false positives (isolated highly significant results far away from coding
regions) (Witkowski 2013, Suppl. Fio 2) ang higher sensitivity for genes downstream of Ras, which are
involved in more complex cis-epistatic interactions, "/ owski 2013 Fig 3. blue) than jon channels,
which were also implicated by IrGWAS. (\Vitkowski 2013, Fig 3, red)

« In autism,Witkowski 201 1y ,GWAS identified sets of mechanistically related genetic risk factors
for mutism in autism (independently confirmed in functional studies 9™ 20'% gand g path-
way network analysis V" 2'%)) |n this analysis, adaptive GWS was validated against three
analyses with randomly permutated phenotypes. Only one gene (DMD, not aGWS) ap-
peared in one of the other analyses (also not aGWS). Moreover, there is no noticeable over-
lap between aGWS genes between breast cancer and either mutism V™¥si201%) o gpilepgy
(Witkowski 2014, Suppl. Fig 7) " \while there is considerable functional overlap between mutism in au-
tism and epilepsy.

In vitro Assay

A 24-well plate (CBA-120, Cell BioLabs Inc., San Diego, CA) with CytoSelect Wound Healing
Inserts was warmed up at room temperature for 10 min. A cell suspension used contained 0.5—
1.0 x 10° cells/ml in media containing 10% fetal bovine serum (FBS) was prepared and 1 mL of
this suspension was added to each well. Cells were then incubated for 12 h, after which time the
insert was removed and cells were washed with new media to remove dead cells and debris.
FBS with/without CDs (Sigma-Aldridge, St. Louis, MO) was added to start the wound healing
process. Cells were incubated for 2 h, washed with PBS, fresh control media was added, and
cells were incubated for another 12 h. After removing the fixation solution, 400 uL of Cell Stain
Solution were added to each well and incubated for 15 min at room temperature, after which
stained wells were washed thrice with deionized water and left to dry at room temperature. Cells
that migrated into the wounded area or protruded from the border of the wound were visualized
and photographed under an inverted microscope to determine migrated cell surface area.
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Results
Additional ssGWAS CGEM results complement known breast cancer risk factors

The original CGEM analysis had identified the fibroblast GF receptor FGFR2 Enez Gene 2263
(rs1219648: s = 5.49, rs2420946: 5.46),"e" 2007 which affects mammary epithelial cell growth
and migration.©#inska 2014) Tha second SNP identified in that analysis was subsequently located
to a long variant of the mitotic checkpoint protein BUB3°'®* (rs10510126: 6.25, >1 MB apart from
FGFR2). These two genes are also the only genes in the present analysis with one and two
SNPs, respectively, slightly above the diagonal in the summary ssGWAS quantile-rank (QR, of-
ten: QQ) plot (Fig 1 left), although the QR plots of several individual chromosomes show evi-
dence for association in chromosomes 4 (the SNCA-MMRN1%%°'* region), 5 (breast cancer as-
sociated transcript BRCAT54 '°%°%%¢7* ‘non-coding), 6 (PARK2°°"", the Parkinson’s disease [PD]
ubiquitin ligase Parkin), and 9 (LPPR1 >*® phospholipid [PL] phosphatase-related 1) (S1 Fig
2).

In the present analysis, a total of 22 genes and BRCAT49"* '3 reached aGWS in CGEM (Fig
1, left, blue). A total of 21, 11, and 24 genes with known function or relation to breast cancer ex-
ceeded muGWAS aGWS in CGEM, EPIC, and PBCS, respectively.

Novel ssGWAS aGWS results in EPIC and PBCS complement CGEM results.

In EPIC, the two most (statistically) significant SNPs (rs4791889, 5.66 and rs9596958, 5.42) are
located 4.5 kB upstream of the chromodomain helicase DNA binding protein CHD3 "% and the
transcription factor (TF) SOHLH2%*%¥ respectively (see S1 Table 2 and S1 Fig 5).

In PBCS, the two most significant SNPs (rs2297075, 5.83, rs943628, 5.55, 100 kB apart) are
located in DOCK8 8'"**, a guanine nucleotide exchange factor for Rac1, which drives mesen-
chymal cell movement."¥a"0 201%) Gignificance of FGFR2 relies on the above two previously re-
ported and a third SNP (rs11200014) within intron 2. 2°'® Gignificance in BUB3 is driven by
three SNPs in high LD (rs10510126, rs17663978, rs7916600, spanning 30kB). These findings
are consistent with significance of the top five genes in ssGWAS depending on a single poly-
morphism each. Lack of evidence in the other populations (S1 Table 2) is consistent with differ-
ent variations developing in different parts of Europe (Iceland vs. Sicily, Portugal vs Azerbaijan).


https://doi.org/10.1101/152405

VWO NOOOPRPWN —

—_

bioRxiv preprint doi: https://doi.org/10.1101/152405; this version posted June 20, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

KNUT M. WITTKOWSKI (2017-06-19) -9-

CGEM - ssGWAS CGEM - muGWAS -

o 0o -
P
-
2 N — | ]]| | 17 S I P D A DR
&
PS5 < 8
%‘1% S $ = Tx e $ <' o~
Soo& = = & <0 YOl Tk om0
o0 oo | ORERNT © CENLT o e e mmg =9
si=iee s 2 iR e Rt enata s
>=>- >
ZH—Z3110 §z§mm80<<n_<rnmmn$ -mn w/m éNQiEmS >§w2 = mzZ (S E(Dn_ Lm0
QI\I\N(\I Q- \—N(\Imm\—ool\‘mg Ng‘—&@"“’mN‘D‘_WNVNwmmNVIO‘O OIS N~ O N N O OO T O] OO~ NSt DD oM NGN|jotod o
o -~ ! — e S IS e | N ™ ~ |v v «
sRICRBuIInINss SRIsensrenosTIResaasRab | | /sansnRsssscassmas Ty anenEyISTRe SEERs SRREE
mmmmmmmmmmmmmmmm‘vv B A A A A A A I A A I A B B Al o] st sttt st < < DWW DN DWW mmmmmu‘)uﬁu‘lmmmu’)mlﬂmm OO0 W
o o

EPIC - ssGWAS EPIC - muGWAS

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ BT Il
o o J__l__‘.al’(
~ |
49 - N D> ot B R
2 a
s (o)
53 % 2 |
92 9 ,\mg & 83‘ 8 o’)g
DXAN (e3=0 (D__ID.D}_'_ < oot INISEE EZCL TolalN
U S 8585 TIoChS = NeBs B3 ghal o]
CER SUT s G O zéwami§ Seipizy || %z cleizant "8%a§4x§<%% 7
_wDooowawn—§|—§m0a&u—wE<o< 7o) SO %:\: §8§®omuzzu.|ao<wo<m—»— OrE| S ERHOZD
y X
5888 =NRLRQQNT; 89‘)8558$8‘°R"‘ BIHB| SNV BBEBBR TS IRICRBBIBNS N%@l“ﬁ%%"@mﬁ%ﬁg
mmmmmmmmmmmmmmm AR ASAS A A A A A A A A A AT A A A A TolTo) i lTollelTelTollelTolTolTolTolTolTollslTolTolle o TolTo o To ol TolTolTolTolTo)] TollolTeli{elteUe Nelelteteloe]

PBCS - ssGWAS PBCS - muGWAS -

,,,,,,,,,, mf“”
<
3.84 O
2 |
- ggg INLe] = 0] § = = < 2 U
NDIOH = = ] )
S__ ~ §%%m9§§u“ i . ﬁﬁ@*%—% 89 o I ‘_u')u) 2‘953%3%9“-‘-288‘-&*0«) S53=8 “—§§><
"'%5'_8 »—Zﬁém %) mm&ms%ﬁﬂézéfgzggro o r—o 5&552 u.Z<( gné'—'— 502§&&§$§6&§%5§8J &0080
EU)QBQ: n_wéu_ Ow%ﬁg%éONmUM—wOOD(mDﬂLOO 5 n:8 IT—= DNNDL O(DLU—EEU) o8<n:n_§nﬁu.m_0l—<mwn—nﬁ 00&055 8
mr\agv Memg&92|8mm@mcovojmmcogrvmm‘—vm8mv(\, [lete)) «y@w@r\w@vgrmgml\wg “""\'Smﬁggg“"”’“’gwﬂNg"’@ﬁgﬁ"’
}m IBBBHEFE SEEC2TCENRRBATTIILLBHBS 823 45558_5588%388@8888;3_ CIERENNHESBBIBOL BEINRRBY
MMM mmmmmmmmm T T T T T LT OO0 VVVV?VVVVL{) OO I!)I!)L{)LOL(JL()LOLDLI’JIDLOL{)LOLDU)LO (OOWOOOOON

Fig 1: GWAS Quantile-Rank (QR) plots.

Left: ssGWAS, right: muGWAS (each point represents the most significant result among all diplotypes centered at the
same SNP) Results are ranked by significance (bottom). For the most significant results and other results of interest,
the location of SNPs to genes is shown in S1 Fig 5. Upper curve (red): convex fit against points; dashed extension:
projection; lower curve (blue): population-specific expectation. Vertical lines between curves connect the highest s-
values (-log1o p) of a gene (dot) with its expected value for genes with known function. Light gray vertical lines indi-
cate genes omitted from the list due to low reliability (either low pIC or reliance on a single SNP), respectively. Genes
to the right of the vertical dark line are above the aGWS cut-off. See S1 Fig 1 for Manhattan plots. The horizontal
solid line at highest point at the end of the expected curve indicates the estimate for adjusted GWS (aGWS). All
points above the horizontal line (and genes to the right of the vertical blue line) are “significant” at the aGWS level.
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muGWAS aGWS results are cross-validated across CGEM, EPIC, and PBCS.

In CGEM, the top gene was the PL/diacylglycerol (DAG)-dependent protein kinase PRKCQ °°%®
(chr10: 6,540,724-6,573,883), which induces cell migration and invasion. (Belouise 2012: Zafar 2014) T g
same SNP (rs661891) was also implicated in EPIC. The three most significant SNPs and the
most significant regions in mMuGWAS were all located within the same 34 kB LD block. The sec-
ond most significant gene was a long EST of the transient receptor potential cation channel
TRPM38%%% which controls oncogenic autophagy in renal cell carcinoma, 2" supported by a
part of the promoter region of the shorter main form in PBCS. BUB3 was also significant in -
muGWAS, followed by the endo-/lysosomal receptor SCARB2 **° and the nuclear RNA poly-
merase subunit POLR1A?®% (rs10779967).

In EPIC, the top gene in muGWAS (and in ssGWAS, see above), was the transcription factor
(TF) SOHLH2, followed by AGPAT3 *%*** (rs8132053 in CGEM and EPIC), whose paralog
AGPAT4 °**% is included in Fig 1 (4.94, right panel). CELF2'*° a RNA binding protein, and
STARD13'%*8 3 breast cancer tumor suppressor that regulates cell migration and invasion 2"
2019) also reached aGWS. CHD ***%%® depends entirely on SNP rs4791889 (see Statistical Meth-
ods, 2.2. Replication, for replication criteria).

In PBCS, the top gene in muGWAS, as in ssGWAS, was DOCK8®'"*, followed by the nuclear
receptor coreceptor NCOR2 %', which has been implicated in tamoxifen resistance in breast
cancer, Van Agthoven 2009 Zhang 2013b) CACNATC 7" (3") is highly up-regulated in breast cancer.V"
201%8) The multiple epidermal GF-like domains protein 11 (MEGF1134%° 4™ ) like MEGF10 3%
an ortholog of C. elegans Ced-1 and the Drosophila draper, had been implicated in colorectal
cancer. (Cicek 2012)

Both CGEM and EPIC have a significant P-type ATPase, which import phosphatidylserine (PS,
ATP8B1%2%) and phosphatidylcholine (PC, ATP8A1'%%)  respectively, the substrates for phos-
phohgase D (PLD) to produce phosphatidic acid (PA) for the synthesis of phosphatidylinositol

teke 2007 BMP7655 (ss: 4.24) and its receptor BMPR1B%% (ss: 4.47) are significant in EPIC
and CGEM, respectively, and BMP signaling is known to regulates mitotic checkpoint protein
levels in human breast cancer cells, including levels of BUB3 (see above).™" 22 DGKQ %%
(rs2290405) which converts DAG into PA, was replicated in CGEM and PBCS, while LPPR1
°488¢ \which is involved in the conversion of PA into Pl was replicated in CGEM and EPIC.

As expected in samples from the general population, the known risk factors for rare early-onset
breast cancer (BRCA1/2572%75 HER22%¢* RB1%%%%) do not show association and many receptor-
related genes are absent in ER neg. populations. Except for the genes with highest significance
in ssGWAS (BUB3 in CGEM, SOHLZ2 in EPIC, and DOCK8 in PBCS), all of the aGWS genes in
muGWAS have support in least one of the other two populations (2" block of S1 Table 2). This
observation is consistent with muGWAS identifying primarily old cis-epistatic variations, rather
than de novo mutations favored by ssGWAS. S1 Table 2 gives an overview about the signifi-
cance and replication of the genes identified and supportive evidence in the literature.

muGWAS results confirm known disease pathways in breast cancer

Consistent with the published results in the NHGRI-EBI catalog, a total of 16, 15, and 18 genes
among the aGWS results in CGEM, EPIC, and PBCS, respectively, are involved in the three
known disease pathways, such as membrane-associated receptor signaling (G protein—coupled
receptors [GPCR], Fc receptors [FcR], hemagglutinin [HA], receptor tyrosine kinases [RTK], or
ion channels), MAP kinases, and in nuclear proteins involved in cell cycle control, transcription,
or splicing in breast cancer (Table 1).
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Table 1: Breast cancer genes associated with pathways by Study.
Each block of columns shows the genes identified sorted by s-values in muGWAS (s6) down and ssGWAS (s1) up;
top: genes above aGWS in muGWAS (CGEM: 5.29, EPIC: 5.71, PBCS: 5.13); bottom: genes with SNPs above
aGWS in ssGWAS only (CGEM: 4.03, EPIC: 4.00, PBCS: 3.84, ssGWAS results for genes also implicated in muG-
WAS are shown next to the muGWAS results); center: other genes shown in Fig 1; Mbrn (green): membrane-
associated genes (GPCR, FcR, HA, RTK, lon channels), PI/EC (pink): Pl cycle/EEC, MPK (violet): MAP kinases, Ncls
(blue): nucleus (cell cycle control, transcription, splicing). See S1 Table 1 for Entrez Gene identifiers and S1 Table 2
for replication across populations, which is indicated in bold.
CGEM EPIC PBCS

s6 s1 Othr Mbrn PIIEC MPK Ncls s6 s1 Othr Mbrn PI/EC MPK Ncls s6 s1 Othr Mbrn PI/EC MPK Ncls
6.70 PRKCQ 8.58 5.42 SOHLH2 7.74 583 DOCK8
6.26 TRPM3 6.59 4.73 AGPAT3 6.63 NCOR2
6.20 6.20 BUB3 6.51 4.11 CELF2 6.59 4.95 CACNA1C
6.02 SCARB2 6.48 4.56 STARD13 6.39 4.07 MEGF11
6.00 5.57 FGFR2 6.37 PCSK5 6.22 4.82 GPC6
5.95 4.89 POLR1A  6.33 4.68 mirLET7B 6.14 PTENP1
5.89 GNG7 6.26 4.87 ATP8A1 6.06 4.60 CDH4
5.86 VWA3B 6.13 5.66 CHD3 6.05 CLLUA
5.85 SYK 5.88 4.19 TNS1 5.97 5.80 RGS3
5.81 MSL3 5.85 4.36 TRAPPC9 5.70 TMCC3
5.79 CALN1 5.82 4.34 CDKAL1 5.63 SSTR4
5.58 ATP8B1 5.43 EDN1
5.49 TCF15 5.6 TAS2R1 5.39 ANAPC13
5.48 4.65 LPPR1 5.50 TMEM132C/D 5.35 4.86 TRPC3
5.44 4.63 HAS2 5.49 4.05 SIX2 5.34 4.15 COL11A1
5.42 NUP54  5.40 GLB1 5.33 PRH1
5.38 4.46 BRCAT49 5.35 4.13 SPATA19 5.32 4.27 EEA1
5.38 KCND3 5.33 ASTN2 5.22 4.46 RBM23
5.37 MDGA1 5.27 CHMP7 5.22 413 HAPLN3
5.36 SYT17 5.26 PRKCQ 521 508 PTPRG
5.30 SYNJ2 5.24 E2F3 5.21 RNASE11

5.23 NEFL/M 5.17 4.42 ANXA4
5.22 MACROD2 5.21 NCCRP1 5.14 CADM2
5.14 SHANK2 5.21 FLT3 5.13 4.39 CDK18
5.13 4.24 AK5 5.16 EPHBT1
5.12 LYZLA 5.15 4.12 CFAP36 5.12 SLC13A3
5.09 4.95 MMRN1 5.14 4.08 GRIAT 5.11 KIF25
5.08 CTNNBL1  5.13 RASD2 5.07 MMD2
5.06 SAMHD1  5.08 COL3AT1 5.05 TRIM36
5.06 MEGF11 5.08 RARB 5.05 PAX2
5.04 NLRP4 5.06 SLC43A3 5.02 GLIS2
5.03 DMRTB1 5.05 VAV3 5.02 CYB5RL
5.02 ZMAT4  5.05 HMGXB4 5.00 3.83 ISM1
5.00 ALPP 5.04 VWC2L 4.99 4.45 BCL10
4.99 ABCA1 5.03 4.32 PRKAG2 4.98 4.19 ZNF98
4.98 SCMH1  5.02 LZTS1 4.98 ZFAT
4.98 LPHN3 5.00 LARGE 4.95 SDK1
4.97 HNF1B  5.00 LSMD1 4.95 4,29 TRMT11
4.97 SMARCAL1 4.98 IGSF9B 4.92 HDAC4
4.95 4.81 BRCAT54 4.93 ACAN 4.91 MDFI
4.94 AGPAT4 4.90 FKBP1A SDCBP2 4.91 TFAP2A
4.94 ZBTB20 4.88 KPNA3 4.91 HLA-C
4.52 4.47 PTCD3 4.77 4.77 OR52K2 4.61 4.48 FHIT
4.89 4.47 BMPR1B 4.64 4.26 GPHN 491 4.41 UNC13C
4.29 4.29 FBXO38 4.83 4.24 BMP7 4.42 4.41 CHIT1
4.86 4.24 PARK2 4.22 4.22 RAPGEF4 4.38 4.38 SYNDIGT
421 4.1 ANO4 3.68 4.20 NFRSF10A 4.74 4.28 SLC25A26
4.24 419 ABO 4.20 4.20 MICAL2 484 414 RAB32
497 4.18 DGKQ 3.90 4.18 SFRS8 4.12 4.12 A2BP1
4.28 4.19 DAP 3.57 4.16 PNOC 459 4.07 N4BP3
4.59 4.11 STXBP1 4.81 4.06 USP44
4.49 4.07 MRGPRE
4.82 4.06 NTSR1

4.04 4.04 MRPL35


https://doi.org/10.1101/152405

—_

a s~ 0N

©oo~N O

10
11

13

14
15
16
17
18
19

20
21

22

23

24
25
26
27
28

29
30
31

bioRxiv preprint doi: https://doi.org/10.1101/152405; this version posted June 20, 2017. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

KNUT M. WITTKOWSKI (2017-06-19) -12-

muGWAS results highlight Endo-/Exocytosis (EEC) as a pathway in breast cancer.

The cell's major fibronectin-binding integrin (a5B1) is key to the survival and migration of tumor
cells. (Poaynkiewiez 2012) Ragyjlts of various expression and functional studies have pointed to EEC of

B1 integrins as a functional component of “derailed endocytosis” in cancers, including breast
cancer (Fig 2) (Mosesson 2008; Morgan 2009; De Franceschi 2015)

Recycling
endosome

e Long loop
RAB11

% RAB25

o B1 integrin

(active)

_—
Advancing

lamellipodium

Trailing
edge
g Short loop

RAB4
B1integrin

Internalization
DNM1/2
CAV1

B1 integrin

Fig 2: EEC of B1 Integrin underlying mesenchymal tumor cell migration and invasion.

Cell migration necessitates trafficking of b1 integrin, whose internalization is controlled by dynamin. Both clathrin- and
caveolin 1 (CAV1)-coated domains of the plasma membrane are involved. Once in early endosomes (EE), integrins
may be sorted for degradation in lysosomes, recycled to the plasma membrane through a RAB4-dependent route, or
transported to the recycling endosome (RE). Recycling from the RE requires Rab11 family members, such as RAB25

which is often aberrantly expressed in human tumors, including luminal B breast cancer.M" 29 (adopted from
(Mosesson 2008; Morgan 2009; De Franceschi 2015) )

Among the 15 genes not associated with known pathways in the NHGRI-EBI catalog (excluding
the ambiguous locus between MDM4*'%* and PIK3C2B>?%"), only four GWS genes are involved
in EEC (PDE4D, SNX32, STXBP4, DNAJC1, marked with “*” in S1 Table 1), all from ssGWAS of
a combined analysis of 9 studies,. M4 2019 jnclyding the three studies analyzed separately
here. A String"/sting-dbord) gnalysis of the subset of aGWS genes that are not part of the above
three pathways identified two separate clusters related to EEC:

« Function of EEC: PARK2, PTEN (from PTENP1), SYNJ2, STXBP1, UNC13 (consistent
with previous functional studies, see S1 Table 3))

« Regulation of EEC: AGPAT3 and DGKQ (S1 Fig 4).

muGWAS identified genes causing dysfunction of EEC, a known BC risk factor.

Further subset analyses and a literature review by the authors identified additional aGWS genes
related to EEC function (genes in parenthesis replaced in the String search by binding partner
with known function in String). They include endocytosis (hsa04144): DNM1 (from MEGF11),
EEA1, PDE4D, SNX32, NEDD4(from N4BP3) (FDR = .018) and synaptic vesicle cycle
(hsa04721): STXBP1, UNC13C, VAMPZ2; (FDR = .0001).

Fig 3 integrates the genes identified in the present GWAS analysis (pink, see S1 Table 1 for de-
tails) with results from expression and functional studies of B1 integrin EEC in breast cancer
(see S1 Table 3 for details).
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Fig 3: Endo-/exocytosis pathway.

Pink: genes identified in this analysis,
most of which have been implicated in
breast cancer (S1 Table 1), by stage of
EEC: Formation of clathrin-coated vesi-
cles, E3 ubiquitination, separation of inac-
tive integrin (fast recycling) from active
integrins (slow recycling), sorting between
secretory, lysosomal, and (slow) recycling
pathway, and lysosomal degradation. Red
and green genes are known breast cancer
promoters and suppressors, respectively
(S1 Table 3).

Clathrin-mediated  endocytosis (CME)
begins with co-assembly of the hetero-
tetrameric clathrin adaptor complex AP-2
with clathrin at PI(4,5)P2-rich plasma
membrane sites. AP-2 in its open confor-
mation recruits clathrin and a number of
additional endocytic proteins, many of
which also bind to PI(4,5)P-.

CCP maturation may be accompanied by
SHIP-2-mediated dephosphorylation of
Pl1(4,5)P2 to PI(4)P. Synthesis of PI(3,4)P2
is required for assembly of the PX-BAR
domain protein SNX9 at constricting CCPs
and may occur in parallel with Pl(4,5)P;
hydrolysis to PI(4)P via synaptojanin,
thereby facilitating auxilin-dependent vesi-
cle uncoating by the clathrin-dependent
recruitment and activation of PISKC2a, a
class Il PI3-kinase. PI(3,4)P> may finally
be converted to PI(3)P en route to en-
dosomes by the 4-phosphatases
INPP4A/B, effectors of the endosomal
GTPase Rab5. Adapted from (oser2019)

In the early endosome, B1 integrins are
sorted. Inactive integrins undergo fast
“short loop” recycling; active integrins go
to the late endosome / multivesicular body
for slow “long group” recycling (RAB11),
lysosomal degeneration (unless rescued
by RAB25/CLIC3), or secretion via the
trans-Golgi-network (TGN) mediated by
RABS.

Fast recycling of e1pidermal GF receptor
drives proliferation, ™™ 2™ 5o one would
expect gain-of-function mutations in the
upper part of the Figure.

Lysosomal and synaptic vesicle exocyto-
sis share many similarities. Endo-
lysosome-localized Pls may regulate ly-
sosomal trafficking.($a™e 2014

(derived, in part from Kegg pathways
hsa04144 and hsa04721).
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muGWAS identifies Pl cycle dysregulation as novel breast cancer risk factor

In relation to EEC regulation, both CGEM and EPIC identified a PL-translocating ATPase,
ATP8B1 (PE) and ATP8A1 (PS), respectively. AGPAT3 is the second most significant gene in
EPIC (mu: 6.59, ss: 4.73); AGPAT4 is among the supportive genes in CGEM (Fig 1, mu: 4.94).
Both acyltransferases transform LPA into PA. CGEM identified the scramblase ANO4 '2'%" (ss:
4.21), a PS exporter, and the plasma membrane PC/PS efflux pump ABCA71 ' (mu: 4.99). After
including the latter two genes, String identified functional enrichment in

ATP8A1, ATP8B1, ANO4, ABCA1
GO:0097035 (biol. process) Regulation of membrane lipid distribution: FDR = 0.012
GO:0015914 (biol. process) phospholipid transport: 0.0407
G0:0005548 (mol. function) phospholipid transporter activity: 0.00968

As shown in Fig 4 (upper left corner), 8 (including 6 aGWS) genes are involved in providing the
Pl cycle with its substrate, Pl (and the MAPK signaling pathway with PA.("s204072)),

LPPR1| - » MAPK | GPCR]J|FcR|[HA|[RTK]| lon Channels
LpAl- _PA _ DAG S R DAG / IP;
ﬁgiﬂé >0« | DGKQ == PLC > Ca?*
1% 7y [
ATX v PIP v
2
LPC cos|[Po = PI(4,5)P,
LCAT
Q [PIKFYVE] PI3K (1)
PC —[ATP8B1 > PC 5% 10%
—[ATP8A1 > WE SYNJ
PS [ ANO4 PS MTMR1 SYNJ2 LPPR1
ABCA1 " [INPPL1/5X PTENP1
myo-inositol PTEN
O ~.[CDIPT/PIS||.. = _ PIPs
oy 22 p = PI(3,5)P, = PI(3,4,5)P;
AGPAT4|" PlaKx2x| @ !
AGPAT3| 4 10% 5% 5% :
' SYNJ1
1-acyl GPI SYNJ2 |
INPPL1/5x | |
v
2 2 PR Cell Cycle
PIBK (111,111 5 PISK ranscription
_________________________________ » Splicing

1% 5%

Fig 4: Functional relation of the PI/EC genes. Pl is synthesized from myo-inositol (imported by HMIT) and PA (via
CDP-DAG) which can be synthesized from lysophosphatic acid (LPA), PC, or PS, or salvaged from IP; and DAG. It
can also be synthesized from 1-acyl GPI. Arrows: Pls are phosphorylated at a 3-, 4-, or 5- position by Pl-kinases (left
to right) and hydrolyzed by phosphatases (right-to-left). Genes associated with breast cancer in this GWAS are high-
lighted in pink (bold: aGWS). See Table 1 for other box colors. Colored arrows in the center indicate the sequence of

Pls involved in EEC (Fig 3). Percent values indicate approximate proportion of PLs.(1242016),
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Results for EEC regulation and function are consistent across populations

All three populations show aGWS association with EEC genes (CGEM: 4 in ssGWAS only / 4 in
muGWAS only / one in both ; EPIC: 1/0/3; PBCS: 3/1/3). Most are validated in at least one of
the other two populations, either by the same SNP involved (AGPAT3, DGKQ), the same region
(SYNJ2, PDE4D), the same gene (see S1 Fig 5), or a functionally related gene (AG-
PAT3/AGPAT4, LPPR1/DGKQ, ATP8A1/ATP8B1, STXBP1/UNC13C, TNS1/PTENP1, see S1
Table 2 for detalils).

Pl supply into the Pl cycle as a drug target in breast cancer

After loss-of-function in PTEN and gain-of-function in PI3K suggested a mechanism for upregu-
lation of PI(3,4,5)P; in cancer, blocking PI3K with Wortmannin ¥ %) or drugs with similar
function MeNamara 2011) \yare considered for treatment of cancers, including breast cancer. Upregu-
lation in PI1(3,4)P, (gain-of-function in SYNJ1/2 or INPPL 1BU"Y 2010y and P|(3)P (gain-of-function
in INPP4B),Weo'ey 2013 have also been associated with breast cancer. Recently, components to
lower PI(3,4)P, by inhibiting SYNJ2 have been identified.®e™ et 2019)

Targeting individual phosphotransferases is unlikely to succeed due to the robustness of the PI
cycle.Pos 1999 Al Pl regulating EEC, except for the evolutionarily recent MTMR1 link (Fig 4),
are regulated by both three kinases and three groups of phosphatases. Given the plethora of
genes involved in EEC (Fig 3) identifying the appropriate set of phosphotransferase to interfere
with endocytosis or to correct for functional deficits in exocytosis may be impractical.

Regulating EEC through the availability of PLs, however, while leaving functional interactions
within the PI cycle intact, may be feasible. In fact, adding of either exogenous PS or PE led to
an enhancement of endocytosis." 29 %99 Ag EEC is an essential and highly conserved mecha-
nism for tissue morphogenesis (Eme" 2006: Bokel 2014) 5nq neuronal migration, (Vison 2010 Cosker 2014;
Kawauchi 2015) | 5ss-of-function mutations would likely terminate embryonal development. Accord-
ingly, the overall effect of the variations identified (S1 Table 3) is expected to be gain-of-function.

HPaCD is more effective than HPbCD against migration of breast cancer cells

In 2014, it was reported the benefit attributed to the neurosteroid allopregnanolone in the treat-
ment of Niemann-Pick type C (NPC) disease was, in fact, due to the expedient, 2-hydroxy-
propyl-beta-cyclodextrin (HPBCD). Cyclodextrins are hydrophilic rings of 26 starch molecules
(Fig 5). The lipophilic cavity can transport lipid drugs, such as allopregnanolone. Empty CDs, at

therapeutic doses, formoa pool in the aqueous phase into which, in the case of BCDs cellular
htani 1989

Vance 2014)

cholesterol is extracted,' ) the mechanism of action in NPC.!

Fig 5: Structure of cyclodextrins.

Cyclodextrins are toroids formed of six (n=4, aCD),
seven (n=5, BCD), or eight (n=6, yCD) starch molecules.
The cavity is lipophilic, while the surface is hydrophilic.

Given the focus on cholesterol in NPC, it has often been overlooked that CDs also scavenge
PLs. The above GWAS results (Table 1), however, suggested defects in PL, rather than choles-
terol function so that the efficacy of HPBCD in breast cancer might rather be due to its ability to
scavenge PLs.
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HPBCD is known to inhibit migration of human MDA-MB 231 breast cancer cells. (- 2007: Donatello

2012; Guerra 2016, Figure 38) T determine whether inhibition of migration is caused by HPBCD depleting
cholesterol, as assumed by the authors, or by it depleting PLs, as implicated by the above ge-
netics results, the published activity from wound healing experiments comparing HPRBCD against
control was replicated, and complemented with novel activity results comparing HPaCD against
control. Both comparisons were done in both MDA-MB 231 (ER") and MCF-7 (ER*) human
breast epithelial cell lines.

100 HPaCD HPbCD _dextrins in breast cancer cell
] : E  lines.
80 -
N - Cells were grown in triplicates for
60 L 12 h and incubated with either of
] F  the CDs for 2 h at the concentra-
40 T tion indicated (0—4 mM), before a
9 . F 0.9 mm wide gap was opened and
o 20 - cells were allowed to migrate into
f= ] L the “wound” for 12 h.
© ] C
:(I]:, 0 - — HPBCD is more than 10x as toxic
> MCF-7 MCF-7 as HPaCD, which at <100 mM
5 . HPaCD HPbCD _ does not affect eplthellal cell vi-
§ 100 ] - ab|I|ty. (Leroy-Lechat 1994; Roka 2
80 - Dashed horizontal line indicates
] E inhibition of wound healing in
60 - HPaCD at 1and4mM respec-
] C tively..
40 L ANOVA results:
20 - - indep: HPaCD vs HPBCD (fixed)
0 3 L block: MCF-7/MDA-MB-231 (fixed)
| | | | | | | |

dep: %change in wound healing

1mMavs 1mM B, p = .0001 ***
1mMavs 2mM B, p = .0252 *
4mMavs4mMB, p=.0442"

Dose [mM] .0252

Fig 6 shows that 1 mM HPaCD is more effective than 2 mM HPBCD against migration of both
ER™ and ER" tumor cells (p=.0252) while more than 10x less toxic, irrespective of cell
type, Lerovtechat 1994) and, thus, that the effect previously seen with HPBCD is, in fact, likely the ef-
fect of it scavenging PLs, rather than cholesterol.
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Discussion

Our analysis confirmed previous GWAS, which pointed to receptor/AKT signaling and nuclear
functions as critical components in breast cancer etiology. The present results from a reanalysis
of data found previously inconclusive provides the first GWAS evidence for the contribution of
EEC dysfunction, in general, and novel evidence for overstimulation of EEC in mesenchymal
tumor cell migration and invasion. These findings, confirmed by an in vitro study on the activity
of HPaCD vs HPBCD against breast cancer cell migration, suggest the novel hypothesis that
reducing the influx of PLs, including PS, PC, and LPC, into the PI cycle via HPaCD may impair
integrin translocation and thus provide an urgently needed treatment option against metastases
in TNBC.

Replication and complementation of previously identified genes

A previous analysis of the CGEM data reported only two genes, FGFR2 and BUBS3, as risk fac-
tors for breast cancer. The EPIC and PBCS data have been published only as part of two meta-
analysis, which also included CGEM. Among ER-negative cases, the first meta-analysis %
2012) confirmed two SNPs each in BABAM1 (7.31) (a nuclear BRCA1 complex component),
PTHLH (12.8) (which regulates epithelial-mesenchymal interactions during the formation of
mammary glands), and the estrogen receptor ESR1 (9.6). Our findings of BMP7 (EPIC) and
BMPRT1B (CGEM) are consistent with the previous finding of PTHLH, which forms a nuclear
complex with BMP4. The second meta-analysis, @aclosas 2013) ninted to the PIK3C2B-MDMA4
region (11.68), LGR6 (7.85) (a GPCR), and FTO (7.40) (a regulator of nuclear mRNA splicing).
Hence, ssGWAS in all three populations point to receptor/AKT signaling and nuclear processes,
although the individual genes differ.

Three of the four EEC genes identified in previous ssGWAS;Mchalidou 2013) \yare confirmed in

muGWAS at aGWS/2 (CGEM: 2.56 / EPIC: 2.86 / PBCS: 2.57, S1 Table 1) in regions in LD

(r2) :(Machiela 2015)

PDE4D rs1353747  (4.56/4.46/2.84), ?<.213

SNX32 rs3903072  (2.92/ -/ ---- ), r? < .482 rs7114014
STXBP4 rs6504950  (2.85/ ----/ ---- ), ? < .238

DNAJC1 rs11814448 (- / -/ = ).

The other EEC genes identified in this GWAS analysis (with the exception of AGPAT3/4,
ASTNZ2, and EEAT), have previously been shown to be associated with breast cancer in gene
expression and functional studies (S1 Table 1).

Computational biostatistics approach to genetic data

The analysis approach,V™owski 2019 ;sed here integrates genetics concepts into the statistical

method, rather than considering them during visual inspection of p-values calculated one SNP
at a time and correlations among SNPs within an LD block. In particular, this approach avoids
assumptions about the degree of dominance, reflects that both SNPs next to a disease locus
should be in LD (unless they are separated by a recombination hotspot), increases resolution
within LD blocks (by distinguishing between members of the same tag sets being in a different
order), integrates information from different disease loci within the same region (similar effects,
compound heterozygosity), and draws on a measure of “information content” to prioritize results.

Screening for cis-epistatic regions (which may plausibly have evaded selective pressure) priori-
tizes biologically plausible results while de-emphasizing individual SNPs, which may be signifi-
cant because of population selection biases, unless they cause exclusively late-onset pheno-
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types, such as age-related macular degeneration.®" 2°% Avoiding strong model assumptions
(additivity, independence) reduces model misspecification biases. Increasing the sample size,
instead, does not guard against these biases, so that imposing a higher fixed GWS level in
ssGWAS may, somewhat counterintuitively, favor “false positives” over biologically plausible cis-
lestatlc effects. The main limitation of u-statistics for multivariate data (conceived in the 1940s

oeftding 1948)) is that the amount of memory required became available only with 32-bit operating
systems, |n 2001, and computations became feasible only with the advent of GPU-enabled
cloud computing.

To improve upon the conventional “overly conservative correction”"e=°"20%8) of 7 3 3 systematic

analysis of GWA studies suggested lowering the GWS level to 7.0 (fixed),"a"a0tu 2012) gang then
further by using study-specific empirical approaches.®s*ek¥an 20132 The empirical aGWS decision
ruleused here accounts for GWAS not being randomized, the absence of a traditional ‘null hy-
pothesis’ in a heritable disease, differences in MAF causing the exaected distributions in a QR
plot to be convex, and tests in overlapping diplotypes being related.owski2014)

The combination of a method with higher specificity and a decision strategy with higher sensitiv-
ity increased the number of genes above the cut-off (for aGWS) while ensuring that the vast ma-
jority of genes implicated was related to known pathways in breast cancer etiology, including
dysregulation of EEC.

Replication of findings across populations

Conventionally, the level required for replication is lower. At the aGWS/2 level, none of most
significant ssGWAS results (CGEM: FGFR2, BUB3, MMRN1; EPIC: CHD3, SOHLHZ2; PBCS:
DOCK8) was replicated in another population (S1 Table 2). Only three genes (AGPATS3,
MEGF11, and TRAPPC9) were replicated in both of the other populations, but none for the
same SNP. These results are consistent with common lack of replication in sSGWAS,(°aidis 2013)
With muGWAS, in contrast, many genes were replicated in at least one population and seven
genes were replicated in both of the other populations (FGFR2, TRPM3, AGPAT3, NCOR2,
MEGF11, GPC6, and RGS3), although not necessarily in the same region. Hence, analyses
combining the data from several studies (often called “meta-analyses”, even though subject-
level data may be used) carries the risk of some of the populations diluting the risk factors pre-
sent in others, resulting in overall effect sizes close to the null.(°amids 2013)

Our results are consistent with ssGWAS finding rare, highly penetrant mutations, which may dif-
fer across populations, while muGWAS has higher power for common cis-epistatic variations,
which are more likely to be shared across populations. Even more likely to be shared are genes
that carry different variations and different genes with similar contribution to the etiology, “s"ea"
20130) consistent with previous findings that gene expression signatures for breast cancer have
little overlap across populations. (Haie-ains 2008)

Dysregulated EEC in breast cancer metastasis, angiogenesis, and progression

Genes involved in EEC (e.g., Rab GTPases) are aberrantly expressed in human
cancers. Mosesson 2008) [y sraqulation of endocytosis-mediated recycling of oncoproteins (e.g., GF
receptors and adhesion molecules, including integrins and annexins), can promote progression,
migration, and invasion (Mesesson 2008: Maji 2016) "Ga|| migration and invasion, which are promoted by
EEC of integrins, are also “essential features” of angiogenesis.Pe™"°d" 20%6) |n addition, endo-
cytic uptake of lipoproteins is critical for adaptation of cancer to its microenvironment.e"ard 2016)

Tumor-derived exosomes, 30—150 nm sized extracellular vesicles formed by dysregulated en-
docytosis, are critical mediators of intercellular communication between tumor cells and the re-
cipient stromal cells in both local and distant microenvironments, (Costa-Siva 2015: zhang 201%2) g gy
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Rab proteins (Rab2b, Rab9a, Rab5a, Rab27a, and Rab27b) have been known to function in the
selective packaging and production of exosomes in tumor cells.©""K 210 Raph273 knockdown
in highly metastatic melanoma cells led to a significant decrease in exosome production, pri-
mary tumor growth, and metastasis. ("¢ 2012)

Dysregulated EEC alters not only exosome biogenesis (vesicular packaging and trafficking), but
also the composition of exosomal cargos. Tumor-specific proteins, such as integrins, were en-
riched in exosomes and correlated with migration and invasion.eeikumar 2019 A racent study re-
vealed that exosomal integrin expression patterns enriched in cancer-derived exosomes, involv-
ing specific af combinations, can determine organ targeting. Proteomic analysis revealed that
the exosomal integrin avB5 binds to Kupffer cells that mediate liver metastasis, integrins a6p1
and a6B4 are associated with lung metastasis in breast cancer, while integrin 31 was non-
SpeCifiC. (Hoshino 2015)

Additionally, other tumor-specific exosomal proteins, such as annexins (calcium-dependent PL-
binding proteins known to regulate membrane trafficking and EEC), which is known to correlate
with migration and invasion, are also packaged in cancer exosomes (-2 2016: Mail 2016) ' Apnexing
are frequently overexpressed in breast, liver, prostate, and pancreatic cancers and participate in
multiple functions in cancer, including angiogenesis, tumor migration and invasion. Mussuncor 2008)
For instance, exosomal annexin A2 promotes angiogenesis and vascularization via tissue plas-
minogen activator (tPA) in breast cancer.™¥ 20'® Exosomal annexin A6 from cancer-associated
fibroblasts contributes to tumor cell survival and invasion through annexin A6/LDL receptor-
related protein 1/thrombospondin 1 complex formation in pancreatic cancer.-¢¢22°1®)

The PI cycle in Breast Cancer

Our findings of PTENP1 (PBCS), TNS1 (EPIC), and SYNJ2 (CGEM) are consistent with known
breast cancer mutations in PI3K/PTENYacovski 1991 Li1997) ang SYNJ2. That both PI(3,4,5)P; and
PI1(3,4)P, are required to achieve and sustain a malignancy, has been formulated as the “two PI
hypothesis”" 2°™) Except for the known PRCKQ, which is regulated by PLs via the PI(4,5)P—
PLC-DAG route, however, our analysis identified few genes along the AKT/TSC/mTOR path-
way, which is controlled by the “two PIs”. Instead, our results point to EEC, in which virtually all
Pls are involved. The closely related set of genes involved in recycling of DAG (DGKQ), influx of
PC and PS (ATP8B1, ATP8AT), and influx of LPA and 1-acyl GPI (AGPAT3, AGPAT4) suggests
the downregulation of circulating PLs as a novel strategy to reduce EEC.

LPA, a known promoter of cell migration and invasion in breast cancer,M's 2003: Wang 2016) g g

duced from lysophosphatidylcholine (LPC) by autotaxin (ATX).®eesch 2018) whijle  ATX mouse
knockouts are embryonically lethal, mice that overexpress LPA or ATX develop spontaneous
metastatic mammary tumors. A mechanism mediated by G-coupled LPA receptors may cause

mesenchymal tumors via endocytosis upregulation involving B-arrestin2 *emavehu 2013) g4
Arf6 (Hashimoto 2016)

LPA and LPC in physiologic concentrations have been shown to strongly induce migration of
rhabdomyosarcoma (RMS) cells and to be increased by irradiation and chemotherapy in bone
marrow.©""ede" 2014) The aythors suggested the development of inhibitors of LPA/LPC signaling
or “molecules that bind these bioactive lipids” after radio/chemotherapy. However, targeting a
single among several redundant receptor/ligand complex may not be sufficiently effective to pre-
vent metastases. (faaczak 2016)

Alkyl-LPCs, which compete with LPC, are in clinical use for treatment of cutaneous metastases
in breast cancer, but have shown little activity (and substantial Gl side effects) in advanced me-
tastatic breast cancer.®esMac 2017 From the results in this study, this is consistent with reducing
LPC is most effective while cells are still migrating.
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As our results suggest, overall EEC upregulation may be caused by various variations affecting
the PI cycle. Thus, reducing EEC by diminishing the overall PL pool might be a more effective
breast cancer treatment than blocking one or even two phosphotransferases, a strategy for
which the highly robust Pl cycle is designed to compensate. Given the ability of biologic systems
to prioritize scarce resources, one would expect this effect to be stronger for tumor cells than for
host cells whose functions are routinely prioritized when supplies are scarce. A related ap-
proach, substituted myo-inositol (MI) analogues, had already been considered, but was found
unlikely to be effective in vivo, because even physiological concentration of Ml antagonized the
growth inhibitory activity of such analogues. " 19%)

BCDs are effective in cancer models of migration, invasion, and angiogenesis

A plethora of studies have investigated the effect of methyl-B-cyclodextrin (MBCD) in vitro. For
instance, MBCD suppressed invasion activity in three H7 Lewis lung cancer cell lines where
highly metastatic cell lines had more b1 integrin.“"@" 2% Breast and prostate cancer cell lines
were more sensitive to MBCD-induced cell death than their normal counterparts.™ 2°® In par-
ticular, MBCD treatment induced a substantial decrease (40%) in activity of breast cancer resis-
tance protein (BCRP/ABCG2),8"" 207 \which transports PS and PC analogues. 3 2007) |
subsequent functional studies, MBCD inhibited spheroid m|grat|on and invasion of MDA-MB-241
and ZR751 breast cancer cells f2" 2019 ang also endocytosis F2amvand 2012) and migration (¢
2018) of MCF7 breast cancer cells. MBCD was more toxic for invasive than for non-invasive
urothelial cancer cells, "™ 2019 gnd interfered with RTK-[P12]-PI3K-[PI3]-AKT signaling in HelLa
cells. (Yamaguehi 2019) pinally MBCD reduced breast cancer-induced osteoclast activity in RAW264.7
cells and osteoclastogenic gene expression in MCF-7 cells. (Cowdnury 2017)

Sulfated SBCD also inhibits epithelial cell migration and invasion, but not proliferation ‘Y& 2019)

and prevents angiogenesis ex vivo in an rat aortic ring assay and an chick embryo collagen on-
plant assay.(Watson 2013)

The relevance of the above in vitro findings was confirmed by several in vivo studies. MBCD had
higher concentration in tumor than in other cells (except kidney and liver) and reduced tumor
volume in mice xenografted with MCF-7 breast cancer or A2780 ovarian carcinoma cells at least
as effectively and with less toxicity than doxycyclin,©*¢ % reduced the number of lung metas-
tases in mice implanted with H7-O Lewis lung cancer cells,“"@" 29 redyced invasiveness of
melanoma, FedidaMetula 2008) 54 inhibited growth of primary effusion lymphoma (PEL) in mice. (¢
2014 HPBCD was necessary in triple combination treatment for tumor regression in mice im-
planted with renal cancer cells."2mauhi 2019 anq prolonged survival in leukemia mouse
mOdGlS.(YOKOO 2015)

However, while HPBCD was effective against tumors in animal models and well tolerated in
(Cronin 2015) . :
most peripheral and central organ systems,' it was shown to carry the risk of causing
permanent hearing loss in mice,cming 2012 ) cats, Ward 2010: Vite 2015) 44 at Jeast one human. Vet
201 This ototoxicity is believed to be due to depriving prestin (SLC26A5) in outer hair cells of

cholesterol (Kamar 2012; Yamashita 2015; Takahashi 2016)

Migration and invasion in breast cancer involve cholesterol-unrelated processes

The role of PLs emerging from our results, however, suggests a different mechanism than scav-
enging of cholesterol. This mechanism is consistent with previously reported in vivo results:
CAV1 expression in breast cancer stroma increases tumor migration and invasion (©°220™) gng
CAV1 is required for invadopodia formation specifically by breast cancer cells, where CAV1
knockdown cannot be rescued by cholesterol.(Yamue" 2009 Growing MDA-MB-231 breast cancer
cells in lipoprotein depleted medium resulted in an 85% decrease in cell migration.®"as20™) | pA
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activates the Arf6-based mesenchymal pathway for migration and invasion of renal cancer cells,

which originate, like breast cancer cells, from cells located within epithelial ductal structures.
(Kamar 2012; Yamashita 2015; Hashimoto 2016; Takahashi 2016)

Limiting the availability Pls would be particularly effective for PI(4)P and Pl(4,5)P, (each at
<10%, see Fig 4) and, thus, would likely reduce endocytosis more than lysosomal degradation.
In addition, cyclodextrins have been shown to exert their role in NPC treatment by activating
rather than downregulating, Ca-dependent lysosomal exocytosis."" 2010

From the mechanism of BCD in NPC and elevated cholesterol levels seen in several cancers,
including breast cancer, "™ 21 BCDs were thought to reduce cancer growth by lowering cho-
lesterol levels. Early evidence that this might not be the case emerged from the study of
exosomes, which play a key role in development of breast cancer.(Penade 2011 Lowry 2015) Tyaatment
of MDA-MB-231 breast cancer cells with MBCD inhibited the internalization of exosomes con-
taining integrins, """ 2% bt did so independently of cholesterol.<oumangoye 2011

aCD specifically scavenge PLs, reducing AEs and increasing effectiveness

The effect of BCDs on tumor (and other cells) is widely believed to be due to “cholesterol deple-
tion”,(Goton 2014: Badana 2016) y ot 3G Ds also scavenges PLs.©"" 1989 The genetics results presented
here (Fig 4) suggest that, at least for breast cancer, the effect of BCDs is related primarily to
scavenging of PLs. The cavity of aCDs is too small for cholesterol, but large enough for PLs.
(Rajnavolgy! 2014; Shityakov 2016) From the above in vitro results (Fig 6) aCDs may achieve the same anti-
tumor effect as BCDs, at half the dose and without the risk of cholesterol-related ototoxicity.

Two types of “controls” have been used: repletion of cholesterol via BCDs “loaded” with choles-
terol, and reduction of cholesterol production via statins. Repletion of cholesterol, however, also
increases Eroductlon of PLs by freeing acetyl-CoA, the precursor of both PLs and cholesterol
(Shiratori 1994; Ridgway 1999; Lagace 201%) gqnqj stating also lower phospholipids.$"°"¢" 2014 Hence, neither of
these two strategies can “controls” against BCDs scavenging phospholipids, rather than choles-
terols.

Using aCD as a control, however, can answer this question and the above in vitro results sug-
gest that equi-molar aCDs are, in fact, at least twice as effective as BCDs, as one would expect
if the effect of either CD is caused by its ability to scavenge phospholipids. Hence, our results
suggest that many of the previous experiments with BCDs should be redone, this time using
aCDs as a control.

aCD is generally recognized as safe (GRAS)FPA GRN0001SS) 5nq approved as an expedient for i.v.
alprostadil.-°"°" 2019 Dye to higher watersolubility, aCD has lower nephrotoxicity than BCD. 2™
'976) HP derivatives of aCD and BCD increase water solubility from 145 and 18.5, respectively to
2500 g/L. In mice, the observed ototoxicity order of HPBCD >, 002] HPYCD >(p< 02y HPACD [=s
vehicle] matches the reported order for hemolysis and toxicities in various cell types.*-""" Lecha
1994; Davigson 2016) |5 hymans, a single dose of up to 3 g/kg/d HPBCD and seven daily doses of 1
g/kg/d were reported to have no adverse effects./®? 2%%% |n 5.yr old children treated for NPC,
800 mg/kg/d HPBCD i.v. for 12 months was well tolerated. (Hasngs 2009)

HPaCD as a novel treatment in breast cancer

Given significant redundancy pro-metastatic ligand-receptor complexes, the paradigm of target-
ing a single receptor-ligand complex has recently been challenged. ez 2016) Although target-
ing EEC is a promising therapeutic strategy to prevent and treat metastasis,©""2°'®) a therapeu-
tic agent is yet to be determined. Our results suggest that metastases in breast cancer rely on
upregulation of the highly robust Pl cycle and various types of dysregulation along the complex
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EEC pathway, rather than a simple linear Pl pathway. Hence targeting the PI cycle in its entirety
may be more efficacious than targeting individual phosphatases or kinases, or specific genes
along the EEC pathway. The cyclodextrins are attractive candidates for a polyvalent approach to
treat breast cancer. The ability of CDs to modulate several pathways involved in breast cancer,
such as altering exosome production and packaging, and impede metastatic colonization is
likely to confer greater protective effects than molecules that have single targets, thus allowing
them to be effective at lower doses. The selectivity of the smaller aCDs to PLs would minimize
side effects (e.g., ototoxicity) from BCDs also capturing cholesterol. Given that some CDs are
already routinely used clinically, and their pharmacokinetic and toxicity profiles are well estab-
lished, encouraging results for HPaCD in animal studies could lead rapidly to clinical efficacy
trials.
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