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Supplementary Figure 1. Network and joint spatial razor plot for 18 enzymes of glycolysis and the pentose phosphate
shunt. The dominant changes are:
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OXS: For HK1, increased nuclear abundance, C — N redistribution, little change in total or cytoplasmic abundance.
OAC: For HK2, decreased total and cytoplasmic abundance.
Both: For TKT, moderate increase in total and cytoplasmic abundance.

There are clear differences in the behaviour of HK1 and HK2 relative to OXS and OAC that may be related to their
behavior in cancer cells. For example, HK2 is strongly overexpressed in many cancer cells. Recent work suggests that
HK2 is required for the tumorigenicity of human non-small cell lung cancer and breast cancer cells, despite on-going
expression of HK1 (Patra et al., 2013). In oncogenic KRas-induced non-small cell lung cancer cells, HK?2 is required, in
addition to HK1, for nucleotide biosynthesis via the non-oxidative pentose phosphate pathway, for the flow of citrate
into the TCA cycle, and for glutamine utilization in the TCA cycle (Patra et al., 2013). Metabolomics studies indicated
a decrease in the serine biosynthesis pathway and fatty acid synthesis in the absence of HK2 (Patra et al., 2013). The
present results suggest that much of this may be a consequence of a proliferative state that can be interrupted by cell
cycle arrest, e.g. OAC interruption of DNA replication substantially reduces HK2 total and cytoplasmic abundance. If
so, the low expression of HK2 in most adult tissues, but high expression in cancer cells, may mainly be a reflection of
proliferation/cell cycle status. In mammals, the effects of HK1/HK2 on metabolism have mostly been interpreted in
terms of entry to glycolysis (above) and the interaction of HK1/HK2 with the mitochondrial outer membrane, with
effects on both metabolism and apoptosis (Robey et al., 2005, 2006). In yeast the situation seems to be different. HXK2
is the predominant hexokinase in the presence of glucose, interaction with mitochondria apparently doesn’t occur and
HXK?2 has (separable) functions both in input to glycolysis and, via phosphorylation-mediated nuclear import,
transcriptional activities related to glucose repression and AMPK (Fernandez-Garcia, P. et al. (2012). In the absence of
HXK2, HXK1 may substitute for HXK?2 in some yeast strains (Kummel, A. et al., 2010). There is a little evidence for a
similar nuclear role of HK2 in HeLa cells (Neary et al., 2010). We did not detect HK2 in the nucleus, but did detect a
strong increase of HK1 nuclear abundance for OXS, which seemingly has not been previously described and is of
unknown functional consequences. IMR90 fibroblasts are not cancer cells, but fibroblast metabolism can be important
in the cancer microenvironment (Peiris-Pages et al., 2015).

References: (See Supplementary References)
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Supplementary Figure 2. Correlation of SILAC ratios between OXS and OAC for proteins assigned to
the SAME class.

The relatively high correlations and the slopes of approximately one suggest that networks involving
these proteins tend to show similar changes in abundance and distribution for both OXS and OAC.



CORUM IDs.

2383 2384 2385 2388

9211911729 2599 3078 3082

285289 200 207 310 311 312
313314 376 424 860997

Imsozesazem o M2z 43 mos 159 1839 3511181 12231307 1308 1039 1092 1098 1107 1108 se3 sis 15 12312765 3055 305306 338 sam 109
11111160 1163 2201 2231
CONTEXT 279755445545 3546
AoANS Cortsnt
collagen, integrin, |COL1A colea3 s
plasma membrane | oA ITGAS mGB1 log,(S/5S) ) i | distributi
1TGB3 NOV SPP1 TGM2 nucleus cytoplasm total istribution
3
cuom moav
MIXED| @ COL1A1
TeFB1 signalling MMP14 O GenBaL
Tore1
— 2 @ @ A riseas
" GIB6 KLF10 € KPNB1
Hox? transcrptional [dicizrn} *
activation?? SMAD NCL
TeFal
PABPC1
ron homeost swiasva 1 -
iron Homeostasis oo O PrMTL
o211 = RrPs10
‘growth factor signaling A SET
o @ @
X ssB
) cvaL
celladhesion s B Trre
socep.
* & TURM
ACTo conT coz8 coka crsr2 4
. DoX17 DDXS DGR DK FUS
POLR2A transcription HNRNPHE KNANPR HNRNPU
HES1 repression HSPAG HSPAS MTATSFL 153 ° a
mRNA maturation MYHL0 NCL NoN NP °
pARPL PoLRaA PPARGCIA
RADSO SUPTSH TLE1 TOP2B. 2
ACIN ALYREF AGR BCAS2 BUDI3 BUDS1 C16orB0 Corfe3
‘CACTIN CALM1 CALR CO282 CoCA0 cDCSL COKI CRBP
CoSF CRNKLL CS0E1 CTANLT WIS CWC22 CWC27
0DK17 DDX23 DDX390 DOKSX DDXEE DDXAS DKS DCCH 14
oWkt o 8o waca gD 3 -
L EF4R3 PG FRG1 GEFCE GPATCHE OACK
HISTIHAA HIST3H2B8 HNRNPAL HNRNPA2B1 HNRNPA3 -3 -2 -1 0 1 2 3
INRNPC HNRNPD HIENPF HNRNPHL HNRAP K HNRNPM
NRNPR HNRNPU HSPAS HSPAS HTATSF IGF2BP3 IK ISY1 log,(S+5S) log,(S/S)
KIAAL4ZS LSIZ LM LSM6 LSM7 LUGT \GoH 2 nucleus cytoplasm total distribution
MFAPL MOVIO NCBPL NCBP2 NHPELI NPV NUDT21
spliceosome 0X17 DOXS DHXS HNRNPKL /s 5o parpa pLRGI PN PIE PPIN PPILL PPIL2 PPILS 3
mRNA decay PPANIG PPID1 PROFLS PRPFED PRPFS PRPFS1 RS
HTATSFL NPML PRPF4OA PRPFAB PRPFS PRPFS PUFG0 RALY RBM1S REM17 SAME
59 RBMBA ROMX ANPS1 SARTE 571
SFUALSF3A2 SF3AS SFABE SFABLA SFSB2SFA03 5P
SKIVAL2 SLU7 SMINDCA SMIUL SVRNP200 SNRNP2 SNAN?0 )
SNRNP70 SNRPA SNRPA SNRPD SNRPB2 SNAPC SNRPDI
SNRPD? SNAPDS SNRPE SNAPF SNAPG SN SPEN SRAM
SRR SRAT SRSFL SRSFLLSRSF2 SRSFS A4 SASFS ShSF6
SRSr7 SRSFD SSEB SSRP1 SUPTIGHSYF2 SYNCRIP TCERGL
TXNLSA U2AF1 U2AF2 UZSURP USP39 WBP11 WDRS3. 1
A XA ZCCHCS P07 °
constcon cenot conos )
DK1 CDK2 CDK4 CDKS. L ]
rie
EHMT2 £0300 401 GADDASA o [ ]
DNA synthesis GADOASB GAODASG ING1
c KARGIOL KN WGH Mt Mt
ONA repair
g Topzn G PCNA Py sz
DNA methylation FouksPouRz PouotFouoe A ITGAS
cellyele PoL3 POLDA POLEFOLE?
e " @ KPNA2
RFC2 RFCE RFC RFCA RFCS O MMp14
XRCCS XRCCS
AcTs BaNF1 seci coca7 X PCNA
M G33P1 HNANPK
nuclear envelope A Epp—— ChNe1 tswz nakss 2 @ [ res2
sap1z0swapo1 5B
AS YAE o2 @ sDcsP
transcriptional ae M TGrB
activation?? ST s 4 |
KPNBL
nuclear protein transport wan 3 2 1 0 1 2 3
waners
Acraz A2 s C1sp 0021 s log,($+5)
CBNALBP? EEFIAL €72 FBLGNLS HIFX
HISTANID HSTIH260 HNRNPA HNRNPM
HNRNPU IGF2891 10P2 L3 LUCTL2 LYAR
MYSBPLA NAPILE NCL NHP2L NOLCI NOPS6
NOPS8 NP1 PRIITA pRMTS PP Rz
RPLIO RPLIOA RPLLL RPLL2 RPLIS RPLI3A
ribosome biogeneisis " RPLLA RPLLS RPLL7 RPLLS RPLIBA RPLLO
- oo HNRNPU 13 NCL NRNPU NPV bzar Top1 L1 RPL22 RPLZ3 LA RPL2A P2 RPLL?
RPL27A RPLEA RPL25 RPLS RPLSD RPLZE RPL2
RPLSS RPL35A RPL3G APLISA RPLITA LS9 RPLA
RPLS RPLG RPLY RPLIA RPLS RPLD RPLPO RPLPL
L2 RPSLL RPS12 APSIS APS14 RPSIS RPSISA
RPSIG RPS17 P18 RPS2 APS23 RPS24 RPS20
RPS3A RPSS RPS? PSS RPS9 RLIDH SCYLZ
SLCISAS SAP1A SRPKI TCOFL TOP1 TUBALA
TUss1 TUFM U2AF1 uzaFz vex
AU RPLIO RPLIOR RPLLE RPLL2 RPLIS RPLEA
RPLLS RPLLS RPL RPLLS RPLIBA RPLIO RPL21
L0 PLIOA L RPLLZ PLI3 RPN ST s etz e L2 RPL2TA
RPL21 RPL22 RPL23 RPL23A RPL24 RPL26 RPL27 128 RPL29 RPL3 RPLI0 RPL31RPLS2 RPL3
2 3 " RPL35 RPLISA RPL36 RPLIGA RPL37 RPL37A RPL3S
RPL27A RPL2R RPL29 RPL3 RPL30 R Pz S LA RPLSERPLIGA 10137 RPLSTA L
ibosome RPLES RPL35A RPL3G RPLIGA RPLZ7A RPL3D
A L RPL9 RPLPO RPLPA RPLP2 RPSIO RPS1 RPS12
privdpds w17 esis
29 unique  data qbeton RPSAE Rrons Rpéns RPO? hosza apeas  RPSLO RPS2 RPS20RPSZ1 RPS23 RPS24 RPS2S
-set proteins et RPS29 RPSIA RPSG RPS7 RPSE RPSS RPS26 RPS27 RPS27A RPS28 RPS29 RPS3 RPSIA
RPS4X RFSAY1 RPSAY2 RPSS PSS RPS? RPSS RPSD
a47 CORUM
401-set cosear cuuccu Foxwis
KaKe kG lacP2 KPNAZ
TNF alpha / NF kappa B 355 4048-set LRPPRC MCC MTIF2 NFKB1
4048-set. NFKB2 NFKBIB PDCD2 POLRIA.
signalling complex 74 401-set POLRID POLR
POLRIH POLRZLRASAL REL
not detected 19 49-set LA skPL

iron storage,
mitochondria

ArGaL2 ATPSL
P HSPAS
HSPD1 LYRMA

Supplementary Figure 3. Overlap matrix (r = 1) for groups of CORUM complexes containing 19 proteins of
the 49-set. Scanning of all CORUM complexes identified 381 complexes (with 1176 unique proteins) that
contained at least one 401-set protein. 196 proteins of the 401-set were included in at least one CORUM
complex. 65 of the CORUM complexes (with 447 proteins) contained at least one protein of the experimental
49-set. The 4048-set detected 355 of the 447 proteins and 74 proteins were included in the 401-set. CORUM
is partially redundant, i.e. some of the complexes were contained in other, larger complexes or were
contained in groups of heavily overlapped complexes. Calculation of the overlap matrix for the 65 complexes
led to condensation to the 16 groups of complexes shown. The diagonal elements of the overlap matrix show
all proteins in the group. The proteins are encoded by their inclusion in the 49-set, the 401-set or the 4048-set
according to the legend at lower left. Off-diagonal elements of the overlap matrix identify proteins that are
shared between different groups. Apart from substantial overlap between the ribosome and ribosome
biogenesis groups, there are very few proteins shared between the 16 different groups of complexes and each
group contains at most a few proteins of the 49-set. This suggests that the 19 proteins of the 49-set dominate
cross talk between OXS/OAC of the respective groups of proteins. Of the 19 proteins, 7 were classified as
SAME and 12 as MIXED. The behaviour of the individual proteins is shown in the joint spatial razor plots
inserted above the diagonal.
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Supplementary Figure 4. Joint spatial razor plots for the Nop56p complex (104 proteins / 96
detected) and FIB-associated complex (6/4) involved in ribosome biogenesis. For the ribosomal
proteins that did not show significant changes in compartmental abundance, average positions over
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Supplementary Figure 5. Analysis of the response of emerin nuclear envelope complexes to oxidative
stress (OXS) and the DNA replication origin activation checkpoint (OAC). (A) Summary of the
distribution of detected proteins over emerin complexes 24, 25 and 52. Proteins with significant
changes in SILAC ratios are shown in color. (B) — (D). Joint spatial razor plots for emerin complexes
24,52 and 25.

The nine Emerin complexes compiled in CORUM contain 59 different proteins, of which 44 were detected in our
experiments. Significant changes were observed only for complexes containing lamin B1 (LMNB1). No apparent
change was observed for Emerin (EMD, star in panel B). These two proteins are included in all three complexes with
multiple changes, which have strongly intertwined protein content (panel A). Complex 24, which contains DNA
replication licensing factors MCM2,4,6, appears to be mostly sensitive to OAC (panel B). Complex 52 appears to
have modest crosstalk between OXS and OAC mediated by increased nuclear abundance of IQGAP1 (Ras GTPase-
activating-like protein IQGAP1, panel C). Complex 25 has appreciable changes for OXS in nuclear/cytoplasmic
distribution of G3BP1 (Ras GTPase-activating protein-binding protein 1) and substantial crosstalk between OXS and
OAC mediated by opposing changes in the nuclear abundance of SSB (Lupus La protein, MIXED, panel D). The
opposed changes in nuclear abundance of SSB result from a combination of increased total abundance (SAME) and
redistribution between the nucleus and cytoplasm (OAC). For a given protein, its distribution over the different
complexes and the functional consequences of changes in its abundance in each complex are under determined.
Rebalancing over the abundance of the three complexes as a consequence of changes in total abundance and in
compartmental distribution of individual proteins could result in functional intertwining.
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Supplementary Figure 6. Joint spatial razor plots for the CCT protein folding complex, ATP

synthase and V-Type ATPase.

The CCT protein folding complex shows strong C — N redistribution for OXS only that results in
strong increase in nuclear abundance with little change in total or cytoplasmic abundance. Ubiquitin-
associated protein 2-like (UBAP2L), which shows strong increase in total and nuclear abundance, is
involved with the CCT complex in acrosomal membrane fusion processes. Nine different subunits of
ATP synthase showed strongly reduced nuclear and total abundance for OXS only. Many subunits of
the V1 subcomplex and 2 subunits of the VO subcomplex of V-type ATPase show increased nuclear
abundance for both OXS and OAC. This is achieved by C — N redistribution combined with increased
total abundance for OXS and OAC (VO subunits) or for OXS only (V1 subunits).
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Supplementary Figure 7. Joint spatial razor plots showing changes in subcellular abundance and compartmental
distribution for proteins annotated by GO to nucleocytoplasmic transport (GO:0006913). (A) 197 proteins detected in the
4048-set. (B) 16 proteins in the 401-set with at least one significant SILAC ratio pair in OXS or OAC. (C) 5 proteins in the
49-set with at least one SILAC ratio pair significant in both OXS and OAC.

Protein KPNA2 shows SAME behaviour between OAC and OXS consisting of substantial reduction in total,
nuclear and cytoplasmic abundance with limited redistribution for OXS. KPNB1 (MIXED) shows trends
similar to KPNA2 for total abundance and redistribution with a different balance that predominantly results in
substantial reduction in cytoplasmic abundance for both OXS and OAC. SET (MIXED) shows strong increases
in total and cytoplasmic abundance for OXS/OAC, accompanied by very strong N — C redistribution
predominantly for OAC that results in a substantial decrease in nuclear abundance for OAC. HSPA9 (MIXED)
shows strong increase in total abundance for OXS/OAC, but strongly opposite N <= C redistribution that

results in strong increase in nuclear abundance for OXS and strong increase in cytoplasmic abundance for
OAC
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Supplementary Figure 8. Joint spatial razor plots showing changes in subcellular abundance and compartmental
distribution for proteins annotated to endocytosis (GO:0006897). (A) 162 proteins detected in the 4048-set. (B) 29 proteins
in the 401-set with at least one significant SILAC ratio pair in OXS or OAC. (C) 7 proteins in the 49-set with at least one
SILAC ratio pair significant in both OXS and OAC.

Two proteins (FTH1, FTL) included in the 49-set show SAME behaviour: strong increase in in total abundance
with little or no redistribution. Although these two proteins are vesicle-bound, they appear to readily re-
equilibrate between the nuclear/cytoplasmic compartments. The other five proteins show MIXED behaviour,
which can be complex. For example, COL1A2 shows same, strong C — N redistribution for OXS/OAC, but
substantial decrease/increase in total abundance for OXS/OAC. The dominant effect is then a substantial
decrease in cytoplasmic abundance for OXS, but a substantial increase in nuclear abundance for OAC.
COL1A1 shows similar trends for total abundance/redistribution, but with different balance between the two.
This produces substantial decrease/increase in both nuclear/cytoplasmic compartment abundances for
OXS/OAC. RAB7A shows same, modest increase in total abundance, but strong N — C redistribution
predominantly for OXS. The dominant feature is a strong decrease/increase in nuclear abundance for
OXS/OAC. Note that 3 of these proteins (TFRC, FTH1, FTL) are involved in iron homeostasis.
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Supplementary Figure 9. Joint spatial razor plots for 401-set proteins annotated by GO to small
GTPase mediated signal transduction (GO:0007264) and/or GTPase activity (GO:0003924). (A)
Ras-related Rab proteins annotated to both identifiers. (B) Other proteins annotated to both
identifiers. (C) Proteins annotated to small GTPase mediated signal transduction. (D) Proteins annotated
to GTPase activity.



Supplementary Figure 10. Overlap Matrix for CORUM Complexes and Experimental Data for Integrins, Collagens and Related Proteins

CLASS
CORUM IDs

ITGB1

1TGB3

1TGBS ‘ ITGB6 ‘ ‘

1TGBS

‘ OTHER

ITGA1 ITGA10

ITGA1L

ITGA2

ITGA3

ITGA4

ITGAS

ITGAG

ITGA7

ITGAS

ITGA9

ITGAV

ITGB1

ITGA2B

ITGAS

ITGAV

ITGAV ‘ ITGAV ‘ITGBE‘

ITGAV

‘ ITGAV

24342435

3057

30583059

2429 2430 2431 2432

2398 2399 2400 2401
2406

2417 2418 2419 2420
24212422 2423 2424
24252426 2428

23832384 2385 2388
2850 2853 3112

24112413 2437

2395 2396 2397

2439
2440 2441 2442 2443
2444 2445 2446 2447
2964 2965 2971 2972
29893111

2436 2885

2390 2416 3035 3104

23702376 2377 2378
237923812382 2872
2896 3115

2882
2355 2356 2358 2359
2362 2363 2364 2365
2366 2369 2374 2816
2826 2846 2849 3103

2343 2345 2346 2347
23482350 3117

235223532354

2351

2342

3110

2688

2242

2243

2375

2798

3027

3026

coL6A3 ITGAL
ITGB1 PTPN2

ITGA10
ITGB1

coL6A3

COL1A1
1TGA11 ITGB1

CD47 CHAD
COL6A3 ITGA2
ITGB1

cpa7

BSG cp151
CD63 IT6A3

ITGB1 THBS1

CD63 THBS1

€151

€151

€47 D53 CD63

CD81 EMILINI ITGA4
ITGB1 JAM2 PXN
THBS1 THBS2 VCAM1

VCAML

ADAM15 COL18A1 FN1
ITGAS ITGB1 NOov
SPP1TGM2

ADAM15 SPP1

SPPL

CD151 CYR61
ITGA6 ITGB1

D151

cp151 CD9
1TGA7
ITGB1

ITGAS
ITGB1

ADAMS8 ADAM FIGF
ITGA9 ITGB1 spp1
TNC VCAM1 VEGFA

SPP1

ITGAV
ITGB1 spp1

ITGB1 NRP1 PKD1
RAP1A sLc3A2
SLC7AS SLC7A8

log,(5/5)

nucleus

cytoplasm total

distribution

3

O

INTEGRIN

o D o
s 4 o & ]
o\ =, 8 Pk
O 4 glm
L Ut Ay a A couial
@ @ O rreas » @ @ W coar
A 6 X coL6Al
() ITGAV Q cotsaz
@ O 681 @ /\ couaa1
3
2 El 0 1 2 3 3
Iog, (5+S) ) OTHER

coL6A3

49-set
401-set
4048-set

not detecte:

cpa7

COL6A3

cpa7

THBS1

CD47 PXN THBS1

FN1TGM2

ITGAS

ADAM15 NOV SPP1

SPP1

SPP1

T6m2

T6m2

FN1TGM2

CYR61

ADAM15 SPP1

ADAM9 SPP1

SPP1

ITGAV SPP1

ITGAV SPP1

ITGAV SPP1

ITGAV

ITGAV

sLc3A2

cDa7 CD9 CIB1 F11R FN1|
GP1BA GP1BB ICAMA4
ITGA28 ITGB3 PTK2 SRC
TGM2 TLN1

€D47 F11R

coL6a3
ITGAS mGB3

ADAM15 ADAM23 CDA7
COL4A3 EGFR F11R FCER2
ITGAV ITGB3 LAMA4 NOV
PPAP2B PTK2B PXN SLC3A2
SPP1THBS1 VTN

IcAM4.

T6Mm2

T6Mm2

FN1TGM2

ITGAV SPP1 VTN

ITGAV SPP1

ITGAV

ITGAV

1 Q@ @
1
A”I/’__ ‘\\\
’ .
s
\ Al
WA £ A @ 556
S
° Py .7 X cALm1
1 oA 8 W cois1
& cos3
/\ oo
| e o |3
ADAMS9 CYR61 A vvr1a
ICAM4 ITGAV ITGBS5|
PLAUR SPPLVTN @ E RAPIA
TGFBI
ITGAV SPP1 'S':QVT‘;S:: -3
I 2 Bl 0 1 2 3
mess | log,(5+5)

log,(S/5)

3

1 Q

I//// \\\
kK W
A,%IA xA ¥

Iy

©
©)

~ X

COLLAGEN

ITGAV ITGAV

1TGAV ITGBS
MMP14 T16F81|

ITGAV ITGAV

ITGAV

MMP14

TGFB1

TGFBL

GNA12

ITGAV P2RY2

CIONT
MMP14

CALM1L HTT|
T6Mm2

HTT

HITTGMZ |

FNT

TeM2  T6M2| o,

CLDNI

CLDNL P2

TGFBLTGFBRI
TGFBR2

TGFB1

TGFBLTGFBR| o,

radius = 1 search set: COL1A1, COL1A2, ITGAS, MMP14

radius = 2 search set: ADAM15, CLDN1, COL18A1, COL1A1, COL1A2, COL6A3, FN1, ITGA11, ITGAS, ITGAV, ITGB1, ITGB3, ITGB8, MMP14, NOV, SPP1, TGFB1, TGM2

Supplementary Figure 10. Overlap matrix with radius = 2 for integrins, collagens and related proteins contained in the CORUM database. The CORUM database was scanned for complexes
containing one or more of the 49-set proteins COL1A1, COL1A2, ITGA5 and MMP14 (radius =1). This identified a set of 11 independent complexes. The 17 proteins contained in these complexes
were then used as an augmented search set (radius = 2) to identify further complexes. The radius = 2 search identified 106 partially redundant complexes containing 90 unique proteins. Complexes
containing integrin components of type ITGA and ITGB were then grouped according to the ITGA/ITGB combination. CORUM also contained complexes of OTHER proteins for (ITGB1/ITGB6 without
ITGA) and (ITGAV without ITGB), which are listed in separate columns. Some of the OTHER proteins were also contained in complexes without ITGA or ITGB, which are listed in the OTHER columns.
Proteins that were contained in more than one type of ITGA/ITGB or OTHER complex are indicated by the (lower) off-diagonal elements. In the green (ITGB1) and blue (ITGB3) regions, off-diagonal
repetitions of ITGB1 and ITGB3 were omitted to improve visualization of OTHER proteins. Proteins detected experimentally are classified according to their inclusion in the 4048-set, 401-set or 49-
set according to the legend (lower left). The joint spatial razor plot inserts in the upper off-diagonal region show the experimental behaviour of the 401-set, 49-set and selected other proteins.

Overall, the substantial changes observed for both
OXS/OAC for proteins involved in plasma
membrane/ECM processes suggest complex,
interrelated networks involving the plasma
membrane, the extracellular matrix and the
nucleus. Although the CORUM complexes
certainly represent an incomplete sampling of
ECM processes, the present results (see below)
provide overwhelming evidence that there are
strong interconnections between the nucleus and
the plasma membrane/extracellular matrix, even
for a nominally nuclear-centered process such as
OAC. Many of these interconnections also involve
proteins related to OXS. Notable is that many of
the same proteins are widely investigated for their
putative relationships to disease processes,
especially cancer. The present results suggest that
many of the changes/functions are inherent to both
proliferation and oxidative state in normal cells and
that better understanding of the functional
networks in normal cells would aid enormously in
identifying changes crucial to disease processes.
Although it is still technically challenging, non-
biased monitoring of concurrent changes in the
abundance, form and subcellular distribution of
whole networks that may involve hundreds of
proteins, rather than a few selected proteins, seems
to be required.

Distinctive changes in ITGA/ITGB pairs and
collagens in both the nucleus and cytoplasm are
observed for OXS/OAC. Among the family of
integrins (Barczyk et al., 2010), we monitored pairs
that bind to collagens (a1p1), laminins (a3p1) and
fibronectin/vitronectin (a5B1; avfl) with large
numbers of SILAC ratio counts. ITGA1, ITGA3
and ITGAS showed wvarious changes in
total/cytoplasmic abundance for OAC/OXS. No
change was detected for ITGAV. There were
increases in the ITGA3/ITGAS vs. ITGAI1 ratio
(laminin-fibronectin vs. collagen binding) for both
OXS/OAC. For ITGBI, there was a strong
decrease in nuclear abundance for OXS. For

collagens COL6A1, COL6A2 and COL12A1 there
were generally moderate decreases in abundance
for OXS/OAC. For OAC, COL1A1 and COL1A2
showed strong increase in total and nuclear/
cytoplasmic abundance, with C — N redistribution
resulting in the strongest changes in the nucleus.
For OXS, COL1A1 and COL1A2 showed strong
decrease in total/cytoplasmic abundance, but only
COL1A1 decreased strongly in nuclear abundance.
These decreases in cytoplasmic abundance parallel
the decrease in ITGA1, suggesting re-balancing of
collagen binding vs. laminin/fibronectin binding
may be strongest for OXS. The distinctive changes
detected for collagens such as COL1Al are
unanticipated, but are not entirely surprising. The
trafficking of collagen to the ECM requires very
elaborate post-translational processing to stabilize
and target the collagen triple helix to the ECM.
Without such processing, the collagen triple helix
is unstable. A key step is hydroxylation of proline,
for which ferrous ions, a-ketoglutarate, oxygen and
ascorbic acid are all cofactors. That is, intimate
connections to the oxidative state of cells and
perhaps to TCA metabolism and iron homeostasis
are implicit. We see extensive changes for the TCA
cycle and iron/heme proteins (Baqader et al, 2014).
Our set of significant proteins includes proline 4-
hydroxylase and also proline 3-hydroxylases-1,3,
whose changes in nuclear abundance seem to
parallel COL1A1. Glycosylation of collagens is
also crucial and we also see changes in Procollagen
galactosyltransferase 1 as well as several other
glycosyltransferases of the endoplasmic reticulum.
Studies of osteoblasts indicate that procollagen
trafficking can be linked to cytoplasmic vesicles
and RAB proteins such as RAB1, RAB3D and
RAB27b (Nabavi et al, 2012). RAB1A is included
in our set of significant proteins.

A strong decrease of total and nuclear
abundance of the small GTPase Rapla for OXS
is a distinctive change. Rapla plays a crucial role
in cell adhesion, migration and polarity. It cycles

between the cytoplasm and the plasma membrane
(Takahashi et al., 2013) and also locates to the
perinuclear region (Wang et al.,, 2006). It is
intimately involved in control of cell junctions
through regulation of actin cytoskeletal dynamics
(Ando et al., 2013, Post et al., 2015). Integrin
activation can be controlled by Rapla (Ahmed et
al., 2010) and may involve microtubule transport
since KIF14 negatively regulates Rapla-Radil
signalling and integrin activation during breast
cancer progression (Ahmed et al., 2012). Rapla
has recently been linked to cell migration via
TNFB induced ROS signalling involving NADPH
Oxidase and NFKB-dependent activation of Racl
(Wang et al., 2015). Our results suggest that the
many activities of Rapla may be tied to the cell
cycle/oxidative state of cells and that nuclear
Rapla may influence these states. A further
connection to metabolic/oxidative state is the
importance of cAMP to Rapla activity (Wang et
al., 2006) and the cAMP-dependent protein kinase
type I-alpha regulatory subunit (PRKAR1A) is also
included in the 401-set of proteins with significant
changes (Supplementary Table 2).

Basigin  shows strongly reduced nuclear
abundance for OXS. Basigin (BSG, also known as
CDC147, HAb18G and EMMPRIN) is a trans-
membrane protein of the integrin superfamily with
two C2-type immunoglobulin domains in the
extracellular N-terminal sequence. It has been
associated with a variety of diseases, including
many types of cancer (Weidle et al., 2010, Xiong et
al., 2014). Its functional activities include: (1)
promotion of tumour invasion and metastasis by
induced expression of matrix metalloproteinases in
cancer and stromal cells (Weidle et al., 2010,
Xiong et al., 2014); (2) induction of invadopodia-
like structures containing MMP14 in non-
cancerous epithelial cells (Grass et al., 2012); (3)
interaction with integrins a3f1 (Tang et al., 2008)
and a6B1 (Dai et al., 2009) as well as caveolin
(Tang and Hemler, 2004); and, (4) complex



formation with the MCTI/MCT4 lactate
symporters that are critical to energetics and
growth of glycolytic tumors (Kirk et al., 2000, Le
Floch et al., 2011). We observed strong decrease in
the nuclear abundance of BSG for OXS as a
consequence of N — C redistribution with little
change in total/cytoplasmic abundance. The
influence of oxidative stress on BSG function
seems to have been little investigated apart from
reports of the inducible expression of BSG (Ke et
al., 2012) and MCT4 (Ullah et al., 2006) by HIF1
under hypoxic conditions. Functions associated
with nuclear effects of BSG have also received
only very limited attention (Weidle et al., 2010,
Xiong et al., 2014). BSG in the vesicular exosome
enhances tumour cell proliferation (Arendt et al.,
2014) and vesicular trafficking of MMP14 recently
has been associated with various RAB small
GTPases (Linder and Scita, 2015). The present
results suggest that the nuclear transfer of BSG
may be related to SNARE-based vesicle trafficking
and RABs (see below).

Numerous proteins involved in Transforming
Growth Factor B pathways are changed. We
monitored 196 proteins for which STRING
contains  interactions (medium  confidence,
combined score > 400) to TGFB (TGFBI1,2,3) or
their receptor (TGFB1,2). Supplementary Table 2
shows the data for 33 proteins contained in the
401-set (preselected groups, filter = TGFB). Clear
evidence for involvement of networks related to
TGFB is the strong SAME increase in total/nuclear
abundance for OAC/OXS  observed for
Transforming growth factor-beta-induced protein
ig-h3 (TGFBI, also known as PBig-H3). With small
numbers of ratio counts. similar increases were
observed in the cytoplasmic compartment
(Supplementary Table 2). TGFBI has been
characterized as a secreted ECM protein that can
interact with collagens, proteoglycans and various
integrins including a3f1 (Kim et al., 2000), a2p1
(Guo et al., 2014) and avPB3 (Choi et al., 2015), can
be internalized via caveolae-mediated endocytosis
(Choi et al., 2015), and is involved in a number of
diseases, including various cancers (Ween et al.,
2012, Han et al., 2015). It has previously been
reported in the nucleus (Billings et al., 2000), but
this has been little further investigated. In keeping
with upregulation of TGFBI and connections of
TGF-beta to ECM remodelling, a variety of other
ECM proteins that have STRING interactions with
TGFB/TGFBR are in the 401-set: CAVI,
COL1A1, COL1A2, COL6A1, CTNNBI, ITGAS,
ITGB1, MMP14, SERPINEI1, SPARC, TAGLN
and TIMP1 (Supplementary Table 2, filter:
preselected groups = TGFB). However, numerous
other proteins (ANXA2, AP2B1, CDC42, CSRP2,
F3, HADHB, HMGA2, HMOXI1, IQGAPI1, KRAS,
LAMBI, LRP1, PCNA, PRKARIA, RPS27A,
SARI1A, SPTBN1, TRAPI1, YBX1), including even
nuclear export proteins (XPO1), are also included
and many of these proteins show substantial
nuclear changes. This emphasizes strong and
intricate intertwining between nuclear and ECM
processes for OAC/OXS.

Matrix metalloproteinase 14 shows substantially
increased total and cytoplasmic abundance for
OAC. The best-characterized functions of MMP14
(also known as MT1-MMP) are in remodelling the
ECM via proteolysis of numerous ECM proteins,
including collagens, as well as activation of other
metalloproteinases such as MMP2 and MMP13
(Zucker et al., 2003, Kessenbrock et al., 2010,
Gingras and Beliveau, 2010, Rodriguez et al.,
2010). Shedding of  MMP14-containing
microvesicles by processes involving proteins such
as the v-SNARE VAMP3 and tetraspanin CD9 can
promote tumour invasion (Clancy et al., 2015) and
MMP14 may also be involved in stromal fibroblast
remodelling that facilitates cancer cell invasion by
invadopodia-independent ~ matrix ~ degradation
processes (Cao et al., 2015). However, in addition

to proteolytic remodelling of ECM components,
there is increasing evidence that MMP14 is also
involved in other intracellular signalling systems
that include non-proteolytic activation of
AKT/ERK1,2 signalling (Valacca et al., 2015) as
well as NF-kB-mediated cyclooxygenase-2
(PTSG2) expression, fibroblast growth factor-2
(FGF2) signalling, and activation of the YAP and
TAZ transcriptional coactivators (see Refs in
Valacca et al., 2015). A novel non-membrane
activity is localization to centrosomes of dividing
cells, where MMP14 cleaves pericentrin-2
(Strongin, 2006). MMP14 is implicated in the
breaching of basement membranes by tumour cells,
in cell invasion through interstitial collagen tissues
and it accumulates at invadopodia. It is subject
endocytosis by clathrin- and caveolae-dependent
pathways and recycled back to the plasma
membrane via recycling endosomes or the post
trans-Golgi network (Poincloux et al., 2009).

Vesicle-mediated trafficking with the nucleus
may be involved. For both OXS/OAC, changes
involving N — C redistribution result in larger
increases for cytoplasmic than nuclear abundance
for MMP14. There is evidence for vesicle-
mediated trafficking involving SNAREs for matrix
metalloproteinase secretion and for MMP14
localization and cell invasion (Miyata et al., 2004;
Steffen et al., 2008; Kean et al., 2009; Williams
and Coppolino, 2011, Williams et al. 2014). This
has been previously associated with Synaptosomal-
associated protein 23 (SNAP23), Vesicle-
associated membrane protein 7 (VAMP7), and
syntaxin 4 (STX4) (Williams et al., 2014) or with
SNAP23, VAMP3, and STX12 (Kean et al., 2009).
Recently SNAP23, VAMP3, and STX12 have been
associated with the transfer of SRC, EGFR, and
ITGB1 from a RAB-11 enriched perinuclear
compartment to invadopodia of MDA-MB-231 and
HT1080 cancer cells (Williams and Coppolino,
2014).

Non-cancerous endothelial cells contain
podosomes that are closely related to invadopodia
(Jacob and Prekeris, 2015). For OXS we detected
significant decreases in nuclear abundance for
SNAP23, VAMP3, STXI12 and STX7 that are
suggestive of changes in SNARE-related
trafficking with the nucleus (Supplementary Table
2, preselected: filter = snare). VAMP7, VATI and
VTIIB  might be involved for OAC
(Supplementary Table 1). For MMP14 such
putative nuclear transfer via SNARE-related
transport is mixed with more appreciable changes
in total abundance. We did not detect SRC and
EGFR in the nucleus, but there are other proteins
such as ITGBI1, basigin, Galectin-1 (LGALI),
Protein ERGIC-53 (LMANI1) and Utrophin
(UTRN) that show little change in total abundance
and closely parallel the strongly decreased nuclear
abundance of SNAP23, VAMP3, STX7 and
STX12 for OXS (Supplementary Table 2). All of
them are known to have roles in ECM processes.
We also detected many RAB proteins (RABI1A,
RAB2A, RAB5SA, RABSC, RAB6A, RABSA,
RAB11B, RABI14) that closely paralleled the
behaviour of SNAP23, VAMP3, STX12 and STX7
for OXS (Supplementary Table 2). RABS8 has
previously been shown to be involved in delivery
of MMP14 from a storage compartment to collagen
contact sites (Bravo-Cordero et al., 2007). These
results suggest that OXS changes what appear to be
multiple vesicle-mediated processes for
transferring proteins between the nuclear and
cytoplasmic compartments. This could correspond
to reduction of constitutive processes for transfer of
proteins to the nucleus, to release of proteins from
a (peri)-nuclear compartment, or to increasing
evidence for involvement of endocytotic systems in
mitotic processes. For example, RAB5 has been
shown to contribute to lamin disassembly,
chromosome alignment and transfer of NuMA to
spindle poles (Capalbo et al., 2011) as well as to

chromosome congression and transfer of CENPB
to kinetochores (Serio et al., 2011). Rabll
endosomes have been shown to be involved in
spindle pole maturation and a number of other
RABs, including RAB6, have been implicated in
early mitosis (Das et al., 2014). The present results
for RABs and MMP14 suggest further connections
to endocytotic processes and the nuclear
envelope/mitosis. Striking is that the changes in
RAB proteins seem to be related to oxidative status
(OXS) rather than suppression of DNA replication
(OAC). These changes, and those for tetraspanins
CD9 and CD63 (see below), might also be related
to recent evidence for intricate involvement of
vesicles enriched in endoplasmic components with
the nuclear envelope in so-called “cytoplasmic
capes” (Wu et al., 2014).

Substantial changes for the tetraspanins CD9 and
CD63 (OAC) are observed. Tetraspanins are a
large family of proteins expressed on the cell
surface, in intracellular vesicles and in exosomes.
The 33 tetraspanins identified in mammals have
intricate involvement in proliferation,
differentiation and immune response, and have
been associated with a large variety of different
cancers (Detchokul et al., 2014). Tetraspanins are
involved in a multitude of biological processes that
include cell adhesion, motility, invasion, or
membrane fusion as well as signalling and protein
trafficking and integrins are prominent among the
proteins with which tetraspanins interact. A key
feature is segregation into tetraspanin-enriched-
microdomains (TEMs) that are distinct from lipid
rafts or cavaolae (Hemler, 2003, Yafez-Mo et al.,
2009). These domains are central for endosomal
cycling and lead to a prominent role of tetraspanins
in exosomes produced via multivesicular bodies
(Andreu and Yafez-Mo, 2014). We monitored three
tetraspanins with high numbers of SILAC counts.
CDCI151 showed only modest SAME increases in
total/cytoplasmic abundance (Supplementary Table
1). CD63 and CD9 were included in the 401-set.
Both showed strong increase in cytoplasmic/total
abundance for OAC only. Unexpectedly, C — N
redistribution resulted in the strongest increase in
abundance in the nuclear compartment (S, = 3.76,
1.98 for CD63/CD9, Supplementary Table 2).
Given that tetraspanins also modulate MMP14
trafficking (Schroder-2013) and given the cleavage
of pericentrin-2 by MMP14 (Strongin, 2006), this
suggests another axis for involvement of
endocytotic trafficking with the cell cycle, one
which is potentially independent of the endosomal
sorting complex required for transport (ESCRTs)
(Stuffers et al., 2009, Van Niel et al., 2011, Andreu
and Yanez-Mo, 2014).

An  appreciable reduction in the nuclear
abundance of catenins CTNNAI, CTNNBI, and
CTNNDI1 for OXS, which are mostly a
consequence of reduced total abundance
(Supplementary Table 2), is another coordinated
nuclear change of ECM-related proteins. These
catenins are intimately involved both in cell
junctions  (cadherin  complexes) and in
transcriptional activities via many signalling
pathways (McCrea et al., 2015, Klezovitch and
Vasioukhin, 2015). Many of these pathways are
also related to the epithelial-mesenchymal
transition (EMT) or the closely related endothelial-
mesenchymal (EndMT) transition that are
prominent in both organ fibrosis and cancer
progression/metastasis (Gonzalez and Medici,
2015). There is considerable and complicated
overlap of the many signalling pathways, but in the
present context the reduction of the nuclear
abundance of catenins for OXS would appear to be
a protective mechanism.

References (see Supplementary References)



Supplementary Figure 11. The overall set of 134,850 binary interaction pairs for the 4048-set of
proteins. 49-set proteins are shown in red and 401-set proteins in blue. These latter proteins involve
3472 binary interactions (see main text). That is, although the overall network is enormously complex, a
much smaller set of proteins and interactions seems to be adequate for coordination of spatially

distributed responses across the cell.



Supplementary Figure 12. Interaction network for 401-set proteins clustered with the ClustNSee T-fit algorithm.
(A) Combined data set. 382 proteins, 3472 interactions.
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Supplementary Figure 12. Interaction network for 401-set proteins clustered with the ClustNSee T-fit algorithm.
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Supplementary Figure 12. Interaction network for 401-set proteins clustered with the ClustNSee T-fit algorithm.
(C) Binding data set. 305 proteins, 1627 int
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Supplementary Figure 12. Interaction network for 401-set proteins clustered with the ClustNSee T-fit algorithm.
(D) Binding + co-expression data set. 313 proteins, 1964 interactions.
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Supplementary Figure 13. Experimental weighted interactions for the 401-set proteins for the clusters of the combined
data set (Table 6). The edges are colored by log,(S**5%) according to the scale.
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Supplementary Figure 14. The local STRING-based interaction networks for OXS/OAC around the proteins
DNAIJA1, GRPELI, HSPA9 and TIMM44. A set of 317 binary pair interactions was constructed by identifying
a set of 89 additional 401-set proteins with interactions with at least two of the four seed proteins. The STRING
interaction pairs were classified into three types as shown in the figure: (a) co-expression, (b) binding, and (c)
other interaction pairs, the latter without (a) or (b) and many of which are largely based on text-mining or other
experimental correlations. The experimental S, data for each pair A-B was then mapped to the STRING co-
expression pairs (S * SE, upper off diagonal region) while the experimental S, data was mapped to the
STRING binding pairs (S2 = SE, lower off diagonal region). The mechanism(s) underlying the correlation of
the other pairs is often ambiguous and these pairs were therefore included symmetrically with mapping to
S# « SE (upper off-diagonal region) and to S/ * SZ (lower off-diagonal region). Changes in total abundance for
individual proteins (S;) were mapped to the diagonal.






