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Abstract

Ablation of protein acyltransferase DHHC3 selectively enhanced the anti-cancer cell activities of several chemotherapeutic
agents, but not kinase inhibitors. To understand why this occurs, we used comparative mass spectrometry-based palmitoyl-
proteomic analysis of breast and prostate cancer cell lines, = DHHC3 ablation, to obtain the first comprehensive lists of can-
didate protein substrates palmitoylated by DHHC3. Putative substrates included 22-28 antioxidant/redox-regulatory proteins,
thus predicting that DHHC3 should have antioxidant functions. Consistent with this, DHHC3 ablation elevated oxidative
stress. Furthermore, DHHC3 ablation, together with chemotherapeutic drug treatment, (a) elevated oxidative stress, with a
greater than additive effect, and (b) enhanced the anti-growth effects of the chemotherapeutic agents. These results suggest
that DHHC3 ablation enhances chemotherapeutic drug potency by disabling the antioxidant protections that contribute to
drug resistance. Affirming this concept, DHHC3 ablation synergized with another anti-cancer drug, PARP inhibitor PJ-34,
to decrease cell proliferation and increase oxidative stress. Hence, DHHC3 targeting can be a useful strategy for selectively
enhancing potency of oxidative stress-inducing anti-cancer drugs. Also, comprehensive identification of DHHC3 substrates
provides insight into other DHHC3 functions, relevant to in vivo tumor growth modulation.

Keywords Chemotherapeutic agents - DHHC3 - Oxidative stress - PARP inhibitor - Protein palmitoylation - Protein acyl
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Abbreviations PalmPISC Palmitoyl protein identification and
DHHC3 Enzyme #3 in a family containing site characterization
Asp-His—His—Cys motif PARP Poly (ADP-ribose) polymerase
NPCl1 NPC intracellular cholesterol trans- PRDX4 Peroxiredoxin 4
porter 1 SILAC Stable isotope labeling by amino
acids in cell culture
TMEM192 Transmembrane protein 192

TMX1 and TMX3 Thioredoxin related transmembrane
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The DHHC (Asp-His-His-Cys) enzyme family, which
includes at least 23 members in mammals, is responsible for
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tion) in the animal kingdom [1]. DHHC enzymes can have
oncogenic, tumor suppressor and prognostic roles in cancer
[2, 3]. The DHHC3 (GODZ) enzyme is elevated in human
breast cancer and elevated gene expression correlates with
reduced survival in patients with breast cancer and six other
types of cancer [4]. Upon DHHC3 ablation, in vivo tumor
xenograft growth was markedly diminished, in parallel with
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enhanced recruitment of innate immune cell types typically
associated with clearance of senescent tumor cells [4].

Although DHHC3 ablation diminished tumor growth
in vivo, it did not diminish primary tumor xenograft angi-
ogenesis, proliferation, or apoptosis. Also, DHHC3 abla-
tion did not affect in vitro cell proliferation or 3D soft agar
growth [4]. Nonetheless, we tested whether DHHC3 ablation
may affect tumor cell sensitivity to a variety of anti-cancer
drugs. Indeed, cell growth inhibitory effects of a subset of
anti-cancer agents were markedly enhanced in DHHC3-
ablated cells. To understand why DHHC3 ablation may
enhance the potency of some but not other anti-cancer drugs,
we used a previously developed global palmitoyl-proteomic
method called PalmPISC (Palmitoyl protein identification
and site characterization) for palmitoyl-protein enrichment
and mass spectrometric identification [5]. PalmPISC was
coupled with triplex stable isotope labeling by amino acids
in cell culture (SILAC) [6] to yield unbiased identification
of DHHC3 substrates from both breast and prostate can-
cer cell lines. Results point to a major role for DHHC3 in
palmitoylating proteins that have antioxidant functions and
explain why DHHC3 ablation selectively enhances functions
of anti-cancer drugs that elevate oxidative stress.

Material and methods
Antibodies, chemicals and other reagents

Antibodies to NPC1 (#ab134113), TMEM 192 (#ab186737)
and PRDX4 (#ab16943) were from Abcam. Others were to
CMTM6 (# HPA026980; Sigma LifeSciences), cleaved
caspase-3 (#9664S; Cell Signaling Co.) and HSP70 (#sc-
298; Santa Cruz Biotechnologies. Gefitinib (#13166) and
5-fluorouracil (#14416) were from Cayman Chemicals (Ann
Arbor, MI, USA). Iodoacetamide was from GE Health-
care. Camptothecin (#C9911), oxaliplatin (#09512) drugs
and PARP inhibitor (PJ34) (#P-4365), N-ethylmaleimide
(NEM) were from Sigma-Aldrich. Lapatinib was from LC
Laboratories, Woburn, MA and nifuroxazide was from
Dr. David Frank, Dana-Farber Cancer Institute. Cell-ROX
labeling (#C10422), CellTrace CFSE cell proliferation
kit (#C34554) and FxCycle PI/RNase cell cycle staining
solution (#F10797) were from Invitrogen. Tris(2-carboxy-
ethyl)phosphine (TCEP), N-[6-(biotinamido)hexyl]-3'-(2'-
pyridyldithio)propionamide (biotin-HPDP), high-capacity
streptavidin agarose beads, and Micro BCA protein assay
were from Pierce. Mass spec-grade trypsin was from Pro-
mega. Control and DHHC3 shRNA and siRNA sequences
and DHHC3 wild type and active site mutant reconstitution
vectors were described [4]. Knockdown and reconstitution
was achieved using a single vector, containing either wild
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type or mutant DHHC3 cDNA’s, downstream of knockdown
DHHC3 shRNA [4].

Mass spectrometry analyses of DHHC3 substrates

DHHC3 substrate identification was as described [5].
Briefly, control and DHHC3-ablated MDA-MB-231 and
PC3 cells were labelled with normal media (LysO, Arg0) or
media containing medium (Lys4, Arg6) and heavy isotopes
(Lys8, Argl0) for three passages (~ 8 doublings) to achieve
complete labeling. Subsequently, membrane fractions were
sonicated, purified, and solubilized in 4% SDS buffer. Pro-
teins were reduced (TCEP 10 uM), alkylated (NEM 50 mM),
then chloroform/methanol precipitated 5 times. Samples
were then divided and treated with hydroxylamine (HA+)
buffer or Tris buffer (HA—). Exposed SH moieties were then
biotinylated using biotin-HPDP. Following three sequential
methanol chloroform precipitations, proteins were dissolved
in 2% SDS buffer and precipitated using streptavidin aga-
rose beads for 1 h at room temperature. Finally, after wash-
ing beads 6 times with equilibration buffer, proteins were
eluted using 20 mM TCEDP, further chloroform/methanol
precipitated, then dissolved in 15 pl reducing sample buffer.
Proteins separated by SDS-PAGE were in-gel digested
into tryptic peptides for MS analysis, using a C,g nanoflow
reversed-phase HPLC (Eksigent nanoL.Ce2D™) connected
to an LTQ Orbitrap mass spectrometer (Thermo Scientific).
Tryptic peptides were loaded to an in-house packed (inner
diameter 100 pm) 15-cm C,5 column (Magic C18, 5 pm,
200 A, Michrom Bioresources Inc.), followed by separation
at 200 nl/min with 80-min linear gradient from 5 to 35% ace-
tonitrile in 0.4% formic acid. Survey spectra were acquired
in the Orbitrap with resolution of 30,000. Up to five most
intense ions per cycle were fragmented and analyzed in the
linear ion trap. The RAW files were analyzed by MaxQuant
(v1.3.0.5) in combination with Andromeda search engine
[7, 8], essentially as described [9, 10]. The parameters were
as follows: Oxidation (M), acetyl (protein N-term), NEM
(C), and carbamidomethyl (C) were set as variable modifi-
cations; the IPI_human database (v3.36; 69,012 sequences)
was used; mass tolerance was set as +20 ppm for MS spec-
tra and + 0.7 Da for MS/MS spectra. The maximum false
discovery rates for peptide and protein identifications were
set as 0.01.

Immunofluorescence

MDA-MB-231 cells were fixed (4% paraformaldehyde), per-
meabilized (0.1% Triton X-100), preincubated (5% horse
serum), then incubated with specific antibodies (NPCl1,
TMEM192, PRDX4) at 4 °C overnight. After PBS wash-
ing (3X), secondary antibody conjugated with fluorophore
(Alexa Fluor 594) was added (1 h, room temperature). After
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washing (5%, with PBS), slides were mounted with Prolong
Gold antifade mounting media containing DAPI (Invitro-
gen) and photographed (after 24 h) using Leica SP5X laser
scanning microscope. Staining intensity was quantified
using Scion Image software (Scion Corp., Frederick MD).
CMTM6 immunostaining was performed as described [11].

Oxidative stress estimation

MDA-MB231, PC3 and BT-549 cells (+ DHHC3 abla-
tion) were treated (DMSO control, camptothecin, PJ-34,
5-Fu, oxaliplatin) for 24 h in complete media containing
5% serum. Oxidative stress was assessed using CellROX
fluorescent dye as described [4]. Mean fluorescent intensities
(MFI) were compared using FlowJo software.

Cell proliferation and cell cycle analysis

Control and DHHC3-ablated MDA-MB-231 cells were
trypsinized and loaded with CFSE (5 mM) per manufacturer.
After plating (6-well plates, 24 h), cells were treated with
PJ-34 (10 uM) for another 24 h, washed, and CFSE staining
was analyzed by flow cytometry and data finalized using
FlowJo software. Alternatively, after PJ-34 treatment, cells
were labeled with FxCycle PI/RNase staining solution per
manufacturer, then staining was assessed by flow cytometry
assisted by FlowJo “cell cycle analysis” function.

Results

DHHC3 ablation enhances chemotherapeutic drug
sensitivity

Following shRNA knockdown or siRNA knockdown in
MDA-MB-231 and PC3 cells, DHHC3 was undetectable
(Fig. 1a) or minimally detectable (Fig. 1b). Next, we tested
whether DHHC3 ablation might affect anti-cancer drug sen-
sitivity. For MDA-MB-231 cells, DHHC3 knockdown alone
(Fig. Ic, lane 2) minimally stimulated apoptosis as indicated
by caspase 3 cleavage. However, DHHC3 ablation enhanced
the effects of treatment with camptothecin (Fig. 1c, lanes
3, 4) or 5-Fu (Fig. 1c, lanes 7, 8). By contrast, treatment of
MDA-MB-231 cells with gefitinib, an EGFR inhibitor, did
not show enhanced effectiveness in DHHC3-ablated cells
(Fig. 1c, lanes 5, 6), thus serving as a negative control. In
addition, apoptosis induction by active doses of Jak2/Tyk2
kinase inhibitor nifuroxazide (Fig. 1d, lanes 5,6) and EGFR
inhibitor lapatinib (Fig. 1d, lanes 7,8) were not enhanced
by DHHC3 shRNA ablation, while in the same experiment,
effects of camptothecin were again enhanced (Fig. 1d, lanes
3, 4). DHHC3 knockdown enhanced camptothecin effects on
cleaved caspase-3 by a mean of 2.1-fold (+£0.8 SD, N=4)

shRNA
MDA-MB-231 PC3

c D3 C_ D3
-

siRNA
MDA-MB-231 PC3

DHHC3 o '
blot f
c CAMP GEF 5-Fu
DMSO (2 uM) (50uM) (7.5 ug/ml)

C D3 C D3 C D3 C D3 siRNA

B
20 - = il
. e Cleaved
15@ - - - Caspase 3

T oo 60 =» o = o +~HSP-7O

KD

CAMP NIF LAPT
DMSO (2 um) (10 M) (15 uM)
C D3 C D3 C D3 C

D3  shRNA

R

Rl

- Cleaved
Caspase 3

-—ﬂ- hetin

E CAMP
DMSO (2 uM)
C D3 D3R D3R* C D3 D3R D3R+
CIs cIs
204 s - g Cleaved
15 Caspase 3

S Tew ww w ey e e .- -I<— HSP-70

Fig.1 DHHC3 ablation enhances chemotherapeutic drug effects.
DHHC3 expression is shown for MDA-MB-231 and PC3 cells a sta-
bly ablated for DHHC3, or b transiently ablated for DHHC3 using
control (C) or DHHC3 (D) shRNA or siRNA. ¢ Cleaved caspase 3
expression (indicator of apoptosis) is shown for MDA-MB-231 cells
transiently transfected with control (C), or DHHC3 siRNA (D3),
and treated with DMSO, camptothecin, gefitinib and 5-Fu for 24 h at
indicated concentrations in 5% complete media. HSP-70 expression
is used as a loading control (bottom panel). d MDA-MB-231 cells
(control, C; DHHC3 ablated, D3) were treated with DMSO, campto-
thecin, nifuroxazide, or lapatinib at the indicated concentrations, for
24 h. Actin expression is used as a loading control (bottom panel).
e Cleaved caspase-3 expression is shown for MDA-MB-231 cells,
either control ablated (C) or stably DHHC3-ablated (D3) and recon-
stituted with wild-type DHHC3 (D3R®) or reconstituted with palmi-
toylation-deficient mutant DHHC3 (D3R*C/S). All cells were treated
with DMSO alone, or camptothecin (in DMSO) for 24 h in 5% com-
plete media. HSP-70 expression is used as a loading control (bottom
panel)
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and 5-FU effects by 4.9-fold (+ 1.2 SD, N=3). The three dif-
ferent kinase inhibitors (GEF, NEF, LAPT) yielded a mean
enhancement of only 0.58-fold (+0.04 SD, N=3).

Whereas DHHC3 ablation rendered MDA-MB-231
cells more susceptible to camptothecin-triggered apopto-
sis (Fig. le, lanes 5, 6), this effect was reversed by recon-
stitution with wild type DHHC3 (Fig. le, lane 7), but not
mutant DHHC3 (C — S point mutant; lacking palmitoyla-
tion activity; lane 8). Cleaved caspase 3 was diminished in
DHHC3-reconstituted cells (lane 7) to a level even lower
than in control cells (expressing endogenous DHHC3, lane
5), perhaps because levels of reconstituted DHHC3 are
1.5-2-fold greater than endogenous DHHC3 (not shown).
The substantially elevated level of cleaved caspase 3 seen in
lane 8 suggests that palmitoylation-deficient DHHC3 may
exert a dominant negative effect. In control experiments,
DHHCS3 ablation, reconstitution and mutation did not trig-
ger apoptosis in cells not treated with camptothecin (Fig. le,
lanes 1-4).

Identification of DHHC3 substrates in breast
and prostate cancer cells

To understand why DHHC3 ablation might enhance activi-
ties of select anti-cancer drugs, we needed to identify sub-
strate proteins palmitoylated by DHHC3. For multiple rea-
sons, breast and prostate cancer cell lines MDA-MB-231
and PC3 were chosen for this purpose. First, DHHC3
expression is elevated in malignant and metastatic breast
cancer [4], and in malignant and metastatic prostate cancer
(Suppl. Figure 1A). Second, zDHHC3 upregulation corre-
lates with diminished patient survival in breast cancer [4],
and in prostate cancer (Suppl. Figure 1B). Third, DHHC3
ablation markedly diminishes in vivo xenograft growth of
tumors arising from both MDA-MB-231 [4] and PC3 cells
(Suppl. Figure 1C).

Both breast (MDA-MB-231) and prostate (PC3) cell
lines were treated with control sShRNA or DHHC3-targeting
shRNA. DHHC3 substrates were identified by quantitative
palmitoyl-proteomic comparison of cells with, versus with-
out, DHHC3 ablation, via integrating triplex SILAC with
PalmPISC (Suppl. Figure 2). Totals of 1,097 and 1,137
candidate proteins were identified from MDA-MB-231 and
PC3 cells, respectively, with false discovery rate of <1%
(Raw data in Suppl. Tables 1, 2). Focusing on palmitoylated
proteins, only proteins with+HA/— HA ratio of > 1.5 were
considered further. In DHHC3-ablated cells, compared to
control cells, putative DHHC3 substrates have significantly
lower palmitoylation levels. Potential DHHC3 substrates
include 85 proteins from MDA-MB-231 cells (ranked in
Table 1), 47 proteins from PC3 cells (Table 2), and 26 pro-
teins common to both cell types (Table 3).
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Table 1 DHHCS3 substrates identified from MDA-MB-231 cells

Protein name Ratio # of peptides
(+D3/-D3)

1 SUMF2* 13.2 2
2 NOL6 33 2
3 LAPTM4A 3.0 3
4 CMTM3 29 2
5 ITGA 60326329 2.7 2
6 TMEM192 2.6 2
7 FAMI08A1 25 2
8 TMEM97G1109310) 2.5 6
9 NPC] 2216111 2.4 10
10 HIST1HIC 24 3
11 TMEM179B 2.1 2
12 OSTC 2.0 2
13 TMED1 1.9 5
14 GPX82873102) 1.9 6
15 M6PR®Z3934879) 1.9 9
16 AGPATI 1.9 9
17 METTL7B 1.9 2
18 SLC4A7 1.8 6
19 BETI 1.8 2
20 DERL2* 1.8 5
21 PTRH2 1.8 18
22 CDKALI 1.8 4
23 SPRY2(20489163) 1.8 2
24 AUPI 1.8 10
25 CKAP4 1.8 79
26 SARIAG1409740) 1.8 2
27 PRDX424098506) 1.7 3
28 SOATI 1.7 3
29 SCARBI®76771) 1.7 3
30 SPINT2* 1.7 2
31 LME2 1.7 15
32 PCBP2?6%07686) 1.7 4
33 SCA p#(29902864) 1.7 2
34 ZDHHC6 1.7

35 ERGIC3®738%471) 1.7 8
36 SPRY4 1.7 24
37 TFRC 1447374 1.6 63
38 SRPRB 1.6

39 MDC]?%8708%%) 1.6 3
40 PTTG1IP 1.6 9
41 RCEI 1.6 3
42 CYB5B 1.6 17
43 PRDX]?7653015) 1.6 3
44 COPA 3030089 1.6 3
45 TSPANG6 1.6 4
46 TIMP2#(15351863) 1.6 2
47 TUBB2C 1.6 2
48 FAR] 6714049 1.5 3
49 GANAB 3958248 1.5 2
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Table 1 (continued) Table 2 DHHCS3 substrates identified from PC3 cells
Protein name Ratio # of peptides Protein name Ratio (+D3/—D3) # of peptides
(+D3/-D3)
1 ZDHHC3®055019) 4.1 2
50 TUBAIB 1.5 37 2 CBX5 3.0 2
51 CD58 1.5 4 3 ANO1* 25 3
52 CLPTM1 1.5 4 4 ITGAG?5%532) 2.5 12
53 RPL36 1.5 2 5 TMEM192 2.2 4
54 MRPS18B 1.5 2 6 TMED1 22 8
55 RHBDL7 15 2 7 CD58 21 3
36 EBP 15 2 8 CKAP4 2.0 80
57 ARL6IP6 1.5 7 ? CMTM6 20 2
58 TM4SF18* 1.5 3 :0 ’T’ZZ‘AZ; (331015::;? :Z Z
1 .
59 FADS2C0732887) 1.5 7 b DHCRI4CH57 s A
60 NUPI155 1.5 3 3 TMX36130495) 17 53
61 AP2M1 1.5 3 14 CPD65678) T 5
62 NHP2L1 1.5 6 15 ITGB4(17604276) 1.7 50
63 RERI 1.5 4 16 SURF4 17 7
64 NRSN2 1.5 2 17 CD4427815445) 1.7 60
65 GLCE 1.5 2 18 FAS@1711425) 1.6 2
66 TMEMS55B 1.5 3 19 GNB2L1 1.6 12
67 TOP24 24995309 15 45 20 ERGIC23+303%%0) 1.6 2
68 SLC30A7 1.5 3 21 MGPR®¥579) 1.6 11
69 MGST]?1428695) 15 5 22 ASAH]G0413652) 15 10
70 RRP9 1.5 4 23 ADAM17 1.5 3
71 SHISA3* L5 2 24 JAGI 1.5 3
72 ITM2C L5 3 > FAF2 13 2
73 CD63 15 26 26 BRI3BP 14 3
74 SCAMPI 15 4 27 TSPAN13 14 4
75 SERPINH] 12200 L5 6 28 ERaIC sssi H >
76 CYPSIA]®9552) L5 9 ” ERGICTTEET o !
30 GAPD 1.4 7
77 TBL2 1.5 4 11 GPX8CSTSI0) 14 5
78 NOMO2 1.5 12 B PRDX5(7937766) 14 5
79 TMEM222 1.5 2 33 IGFR2 13 15
80 RAB7A(27383256) 1.5 17 34 PSEN]10097174) 13 6
81 MAGTI®1537) L5 6 35 LOC39270040158) 13 5
82 NDUFS1®7799543) L5 5 36 BATI 13 3
83 MBOAT7 1.5 9 37 NPCI®221611D 1.3 11
84 TMX331304984) L5 3 38 AFG3L270719) 1.3 4
85 PTDSS1 1.5 5 39 TMEMS55B 1.3 6
40 TRMT61A* 1.3 2
Criteria for inclusion in table: >2 peptides; + D3/-D3 ratio > 1.5. Pro- 41 VKORCILI?'36786D 13 P
teins that are bolded and italicized, with superscript PMID#s, are
functionally linked to oxidative stress, reactive oxygen species and/or 42 KRAS 1.3 2
endoplasmic reticulum stress 43 MREG 13 9
*Proteins that have not been cross-referenced in the swisspalm.org a4 DHCRY 13 2
database but contain likely cytoplasmic cysteines as potential sites for 45 NDUFA11%D 13 2
palmitoylation 46 C8orf55 1.3 14
47 RERI1 1.3 8

Ingenuity Pathway Analysis (IPA) software was used
for unbiased determination of direct and indirect relation-
ships connecting candidate DHHC3 substrates with vari-
ous biological and/or disease functions. MDA-MB-231
substrates yielded IPA-derived “Top Tox Lists”, in which

Criteria for inclusion in table: >2 peptides; +D3/-D3 ratio > 1.3. Pro-
teins that are bolded and italicized, with superscript PMID#s, are
functionally linked to oxidative stress, reactive oxygen species and/or
endoplasmic reticulum stress

*Proteins that have not been cross-referenced in the swisspalm.org
database but contain likely cytoplasmic cysteines as potential sites for
palmitoylation
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Table 3 DHHCS3 substrates

Protein name Ratio in MDA- Ratio in PC3  # of peptides Link with redox
shared between MDA-MB-231 MB-231 cells cells regulation (PMID
and PC3 cells? #)

1 ITGA6 2.7 2.5 2,12 OS (20526329)
2 TMEM192 2.6 22 2,4

3 TMEM97 2.5 1.8 6,4 ES (30042674)
4 NPC1 24 1.3 10, 11 OS (19458211)
5 TMED1 1.9 22 5,8

6 GPXS8 1.9 14 6,5 OS (24566470)
7 M6PR 1.9 1.6 9,11

8 CKAP4 1.8 2.0 79, 80

9 ERGIC3 1.7 14 8,11 ES (27588471)
10 CD58 1.5 2.1 4,3

11 RER1 1.5 1.3 4,8

12 TMEMS5B 1.5 1.3 3,6

13 CMTM6 2.1 2.0 1,2

14 DHCR24 1.3 1.8 7,4 OS (24489783)
15 TMX3 1.5 1.7 3,13 OS (31304984)
16 ITGB4 1.2 1.7 28, 50 OS (20364299)
17 SURF4 14 1.7 5,7

18 ASAH1 2.0 1.5 1,10 OS (30413652)
19 ADAM17 1.2 1.5 7,3

20 BRI3BP 2.0 14 1,3

21 ERGIC1 1.2 14 2,5

22 GAPD 1.5 14 4,7

23 IGF2R 1.2 1.3 18,15 OS (24667322)
24 PSEN1 1.3 1.3 5,6 OS (9501245)
25 MREG 2.6 1.3 1,9

26 C8orf55 1.20 1.3 12,14

Criteria for inclusion in Table 3: appears in either Table 1 or Table 2 and has+D3/—D3 ratio>1.3 in the

other cell type

PMID numbers in the last column are for relevant references

OS oxidative stress, ES endoplasmic reticulum stress

4 of the top 5 categories (including “Oxidative stress” and
“NRF2-mediated oxidative stress response”) emphasize
oxidative stress-related themes (Fig. 2a). Similarly, putative
DHHCS3 substrates from PC3 cells yielded a “Top Tox List”
with top categories of “Mitochondrial Dysfunction” and
“Increase Damage of Mitochondria” (Fig. 2b). PC3 cell sub-
strates were further analyzed to yield an IPA-derived list of
“Molecular and Cellular Functions”, which included “Cel-
lular Compromise”, “Free Radical Scavenging”, and “Lipid
Metabolism™ as top categories (Fig. 2¢). Further illustrat-
ing connections between candidate DHHC3 substrates and
oxidative stress regulation, IPA-created networks show that
8 proteins from MDA-MB-231 cells (Suppl. Figure 3A), 11
from PC3 cells (Suppl. Figure 3B), and 5/26 of the shared
proteins (Suppl. Figure 3C) are directly linked to “Metabo-
lism of Reactive Oxygen Species”. Literature searches using
key words “oxidative stress”, “reactive oxygen species” or
“ER stress” (which is closely linked to oxidative stress) show
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additional candidate substrate proteins functionally linked to
oxidative stress as annotated (Table 1, 28/85; Table 2, 22/47,
Table 3, 11/26).

Validation of candidate DHHC3 substrates

We independently assessed whether DHHC3 ablation
indeed affected palmitoylation and subcellular distribution
of representative potential substrates appearing in the top
half of the shared list (Table 3), including redox regulatory
protein NPC1 [12], TMEM192, which has been associated
with oxidative stress sensitivity [13], and CMTM6. From
lysates of DHHC3-ablated MDA-MB-231 cells, recov-
eries of biotinylated (originally palmitoylated) NPCl,
TMEM192, and CMTM6 were reduced by 93% (Fig. 3a,
lanes 3, 4), 46% (Fig. 3c, lanes 3,4) and 97% (Suppl. Fig-
ure 4A, lanes 3,4) respectively, relative to control-ablated
cells. In additional control experiments, protein abundance
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Fig.2 DHHC3 substrates linked -log(p-value)
to functional categories, using A 0 0.50 1,00 1.50 2.00  2.50 3.00
ingenuity pathway analysis.
a “Top Toxicity” functions o
associated with 85 DHHC3 Oxidative stress
substrates from MDA-MB-231 Genes Upregulated by Proteinuria-
induced Oxidative stress in Human
breast cancer cells; b “Top Renal Proximal Tubule Cells
Toxicity” functions associated NRF2-mediated Oxidative Stress
with 47 DHHC3 substrates Response
from PC3 prostate cancer cells; Cholesterol Biosyntheis
¢ top “Molecular and Cellular
Functions” associated with 47 Glutathione Depletion-
DHHC3 substrates from PC3 Phase Il Reactions
prostate cancer cells
B -log(p-value)
0 0.50 1.00 1.50 2.00 2.25
Mitochondrial Dysfunction
Renal Necrosis/Cell Death
Increases Liver Hepatitis
Increases Damage of
Mitochondria
Primary Glomerulonephritis
Biomarker Panel (Human)
Cardiac Necrosis/Cell Death
Swelling of Mitochondria
Cholesterol Biosyntheis
Molecular and Cellular Functions
Name p-value range # Molecules
Cellular Compromise 4.25E-03 - 7.11E-08 17
Free Radical Scavenging 1.76E-03 - 2.06E-07 1
Lipid Metabolism 4.25E-03 - 6.01E-06 15
Molecular Transport 4.25E-03 - 6.01E-06 15
Small Molecule Biochemistry 4.25E-03 - 6.01E-06 15

of NPC1, TMEM192 and CMTMS6 in whole cell lysates
was minimally affected by DHHC3 ablation (decreases of
11%, 3%, 11%, respectively; Fig. 3a, c; Suppl. Figure 4A;
lanes 1, 2 in each). In concert with altered palmitoyla-
tion, NPC1, TMEM192 and CMTMG6 also showed altered
subcellular localization in DHHC3-ablated MDA-MB-231
cells. In control cells, NPC1 showed relatively uniform
cytoplasmic expression visualized by immunofluores-
cence staining (Fig. 3b, left panels). By contrast, DHHC3-
ablated cells showed NPC1 more abundantly concentrated
around the nucleus (Fig. 3b, right panels). In control-
ablated MDA-MB-231 cells, TMEM 192 appeared mostly
in single large perinuclear clusters (Fig. 3d, left panels),
consistent with expected lysosomal localization [14]. By
contrast, TMEM 192 in DHHC3-ablated cells appeared in
several smaller puncta, with broader perinuclear distribu-
tion (Fig. 3d, right panels). Also, control ablated MDA-
MB-231 cells showed more uniform CMTMS6 distribution

on the cell surface and in the cytoplasm, whereas DHHC3-
ablated cells displayed a more intense signal proximal to
the nucleus and reduced signal on cell surface and cyto-
plasm (Suppl. Figure 4B). Altered distributions of NPC1,
TMEM192 and CMTM6 were also evident from individual
cell ImageJ color intensity profiles (Fig. 3b, d; Suppl. 4B,
bottom panels). Peroxiredoxin (PRDX4), another key
redox regulator [15], is a potential DHHC3 substrate in
MDA-MB-231 cells (protein #27; Table 1). In control-
ablated MDA-MB-231 cells, PRDX4 shows concentrated
peri-nuclear staining. In DHHC3-ablated cells, it is more
uniformly distributed around the nucleus (Suppl. Fig-
ure 4C). Image]J color intensity profiles are consistent with
altered PRDX4 distribution (Suppl. Figure 4C, bottom
panels). Validation of additional substrates (e.g. GPXS,
TMED1) was unfeasible due to unavailability of suitable
antibodies. Many palmitoylated proteins are unaffected by
DHHC3 knockdown, thus serving as negative controls.
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Fig.3 Substrate validation for NPC1 and TMTM192. a Total cell
lysates from control (C) or DHHC3-ablated (D3) MDA-MB-231 cells
were blotted for major oxidative stress regulator NPC1 (lanes 1, 2).
Lysates from MDA-MB-231 cells were reduced, alkylated, treated
with hydroxylamine (HA, to remove palmitate), and then exposed
cysteines were biotinylated. After immunoprecipitation with neu-
trAvidin agarose beads, protein complexes were resolved and then
blotted for NPC1 (lanes 3, 4). Numbers at the bottom indicate NPC1
recovery ratios—D3/+D3. b NPCI1 cell distribution in control and
D3 ablated cells was analyzed by immunofluorescence using anti-
NPCI antibody (red). Blue color depicts nuclei staining (DAPI). Line

For example, Suppl. Figure 4A shows an unknown back-
ground control protein (lanes 3, 4, bottom), which appears
upon HA treatment (and thus is palmitoylated) but is not
diminished when DHHC3 is knocked down. Also, many
other known protein palmitoylations are unaffected by
DHHC3. In this regard, the set of proteins least affected by
DHHC3 knockdown (= 1.1 fold change in peptide recov-
ery; within Suppl. Tables 1 and 2) includes many highly
palmitoylated proteins [e.g. VAMP3, CLDN3, CAV1,
CAV2, CD9, CD151, ZDHHC13 from MDA-MB-231
cells (within Suppl. Table 1); e.g. CMTM7, FLOTI,
SCAMP2, SCAMP3, SCAMPS5, SNAP23, VAMP7, TMX4
from PC3 cells (within Suppl. Table 2)]. Assessment of

@ Springer

NPC1 staining Distance (pixel)

20 40 60
TMEM192 staining distance (pixel)

o} 20 40 60 [
TMEM192 staining distance (pixel)

graphs (bottom panels) indicate representative pixel density profiles
of NPC1 staining in control and D3 ablated cells, obtained using
Image J software. ¢ As in a, total cell lysates and neutravidin immu-
noprecipitated proteins were prepared from MDA-MB-231 cells [con-
trol (C) and DHHC3 (D3)-ablated] and then blotted for TMEM192.
TMEM192 recovery ratios, —D3/+D3, are indicated at the bottom.
d TMEM192 cell distribution was analyzed by immunofluorescence
using anti-TMEM192 antibody (red). Blue color depicts nuclei stain-
ing (DAPI). Line graphs (bottom panels) indicate representative pixel
density profiles of TMEMI192 staining in control and D3 ablated
cells, obtained using Image J software

palmitoylation is based on enhanced recovery due to HA
treatment (data in Suppl. Tables 1 and 2), which is consist-
ent with information in the SwissPalm database.

Elevated oxidative stress

Consistent with disruption of antioxidant protections,
DHHC3 ablation alone was sufficient to elevate oxidative
stress, as seen by CellRox labeling in three different cell
lines (Fig. 4a—c; gray curves). Treatment with chemothera-
peutic agents camptothecin (Fig. 4a), oxaliplatin (Fig. 4b)
and 5-fluorouracil (Fig. 4¢) also increased oxidative stress
(red curves). However, combined effects of DHHC3 ablation
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Fig.4 DHHC3 ablation and chemotherapeutic drug effects on oxida-
tive stress. a CellRox fluorescence is used to assess oxidative stress
in cells (MDA-MB-231, top panel; BT-549, middle panel; PC3, bot-
tom panel) that were DHHC3-ablated (D3 KD) or not ablated (Cont
KD) and treated with either DMSO or camptothecin (CAMP) for 24 h

and camptothecin treatment were greater than sums of indi-
vidual effects, by factors of 1.3, 2.1 and 1.2 respectively
(Fig. 4a, top, middle, bottom dark blue curves). Similarly, in
Fig. 4b, the sum of individual effects (DHHC3 ablation, A
51 MFI; oxaliplatin treatment, A 15 MFI) on BT-549 cells
was exceeded by combined effects (A 119 MFI). Likewise,
DHHC3 ablation plus 5-Fu treatment increased oxidative
stress in PC3 cells (A 110 MFI) more than either condition
alone (A 60 MFI; A 40 MFI) (Fig. 4¢).

Another example of oxidative stress and drug
synergy: DHHC3 ablation and a PARP inhibitor

Results above establish a link between DHHC3 ablation
and oxidative stress and point to antioxidant functions of
DHHC3 in suppressing chemotherapeutic drug effects on
cancer cells. To test this further, we analyzed another anti-
cancer drug, PARP inhibitor PJ-34, whose functions (inhi-
bition of cell growth, triggering of oxidative stress) are
reversed upon addition of an antioxidant [16]. Again, we

BT-549 siRNA
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in complete media with 5% serum. b Cells were treated as in panel
A, except that oxaliplatin at a concentration of 10 pg/ml for 24 h in
media with 5% serum was used. ¢ Cells were treated as in a, except
that 5-fluorouracil at a concentration of 7.5 ug/ml for 24 h in com-
plete media with 5% serum was used

observed that presence of DHHC3 exerted drug suppres-
sion and antioxidant effects. Consistent with other studies
of PARP inhibitors [16, 17], we observed reduced prolifera-
tion (Fig. 5a) and elevated S-phase cell cycle arrest (Fig. 5b)
in PJ-34-treated MDA-MB-231 cells. The magnitude of
decreased CFSE staining (Fig. 5a) was most apparent for
PJ-34 treatment of DHHC3-ablated MDA-MB-231 cells
(26% decreased proliferation, bottom panel) compared to
PJ-34 treatment of control KD cells (13% decreased prolif-
eration, top panel). DHHC3 ablation alone did not dimin-
ish proliferation (Fig. 5a). Similarly, S phase accumulation
(44.4%) was most obvious when cells were both ablated for
DHHC3 and treated with PJ-34, compared to either alone
(Fig. 5b). Addition of PJ-34 did not trigger cleaved caspase
3-mediated apoptosis in the cell types analyzed (not shown).

DHHC3 ablation (Fig. 5c, gray curves) or PJ-34 treat-
ment (olive curves) alone caused relatively small increases
in oxidative stress in MDA-MB-231, BT-549 and PC3 cells,
as seen by CellRox fluorescence. However, both ablation and
drug treatment together caused shifts that were substantially
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Fig.5 DHHC3 ablation enhances PARP inhibitor (PJ-34) effects.
a The extent of CFSE staining decrease is used to assess prolif-
eration of MDA-MB-231 cells that were DHHC3-ablated (D3 KD;
bottom panel) or not ablated (Cont KD; top panel) using specific
siRNA. Cells were CFSE loaded (for 36 h) and then either not fur-
ther incubated (0 h; black, blue curves) or treated with DMSO (gray,
red curves) or 10 uM PJ-34 (yellow, green curves) for an additional
48 h. b Propidium iodide fluorescence is used for cell cycle analysis

greater (by 2.7-, 4.6-, 1.8-fold; dark blue curves) than sums
of individual treatments of MDA-MB-231, BT-549 and PC3
cells respectively.

Discussion
Increased anti-cancer drug potency

DHHC3 ablation by itself had minimal effect on tumor cell
apoptosis. However, when combined with chemotherapeu-
tic drug treatment, drug-induced apoptosis was markedly
enhanced. Results were confirmed using multiple chemo-
therapeutic agents, and multiple tumor cell lines. Protec-
tion from drug-induced oxidative stress and apoptosis was
restored upon reconstitution with functional DHHC3, but not
palmitoylation-deficient (active site mutant) DHHC3, thus
ruling out off-target effects of DHHC3 ablation. Expression
of inactivated DHHC3 enabled drug-induced cell death even
more than did DHHC3 ablation, suggesting a possible domi-
nant negative effect. Inactive DHHC3 could perhaps block
key substrates from being palmitoylated by compensatory
DHHC enzymes, such as the closely related DHHC?7 [18].
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of MDA-MB-231 cells transfected with control and DHHC3 siRNA,
and treated with DMSO or PJ-34 (20 uM) for 24 h. ¢ CellRox fluores-
cence is used to assess oxidative stress in cells (MDA-MB-231, top
panel; BT-549, middle panel; PC3, bottom panel) that were DHHC3-
ablated (D3 KD) or not ablated (Cont KD) using siRNA, and treated
with either DMSO or PJ-34 for 24 h in complete media with 5%
serum

DHHC3 substrates establish a mechanistic link
to oxidative stress regulation

To gain insight into why DHHC3 ablation might enhance
chemotherapeutic drug activity, we needed information
about its protein substrates. A few DHHC3 protein sub-
strates were previously identified, including integrin a6
and (4 subunits [19], G protein a subunit [20], GABA(A)
receptor [21], regulator of G protein signaling 4 (RGS4)
[22] and phosphatidylinositol 4-kinase Il [23]. However,
unbiased and comprehensive substrate analysis had not been
reported. To achieve this, we used quantitative palmitoyl-
proteomics [5] to identify candidate DHHC3 substrates (85
from MDA-MB-231 cells; 47 from PC3 cells) with 26 pro-
teins appearing in both cell type lists. Selection criteria were
that (a) proteins must be palmitoylated (i.e. HA sensitive)
and (b) preferentially recovered when DHHC3 is present
vs absent. It seems unlikely, but perhaps not impossible,
that expression of a palmitoylated protein would diminish,
due to DHHC3 ablation, for some reason other than loss of
palmitoylation.

The DHHC3 substrate list is validated by presence of pre-
viously identified proteins (e.g. ITGA6 [19], ITGB4 [19],
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ERGIC3 [4]) plus DHHC3 itself, which undergoes autopal-
mitoylation [24]. DHHC3-dependent palmitoylation was
independently verified for representative substrates (NPC1,
TMEM192 and CMTM6) newly identified from both MDA-
MB-231 and PC3 cells. Effects of DHHC3 ablation on sub-
strate palmitoylation were similar in magnitude whether
detected by mass spectrometry or Western blotting. Sub-
cellular distributions of these proteins, as well as PRDX4,
were markedly altered in DHHC3-ablated cells, as typically
observed when protein palmitoylation is impaired [25, 26].
Among DHHC3 substrate cysteines known (within integrin
a6, integrin f4) [19], or predicted using CSS Palmitoylation
Prediction program (e.g. in ERGIC3, CMTM6, TMEM 192,
NPC1) there is no apparent flanking sequence similarity.
Thus, DHHC3 substrate specificity must be determined else-
where in substrate proteins.

Putative substrates identified were broadly involved in
redox regulation, including 28/85 from MDA-MB-231 cells,
22/47 from PC3 cells, and 11/26 from the shared substrate
list. Unbiased Ingenuity Pathway Analysis (IPA) assessments
link both sets of candidate substrates to oxidative stress, free
radical scavenging, and mitochondrial dysfunction, which
is closely linked to oxidative stress [27]. Furthermore, [PA-
assembled networks directly link 8 substrates from MDA-
MB-231 cells, 11 from PC3 cells, and 5 from both lists to
“Metabolism of reactive oxygen species”. Hence, simultane-
ous disruption of palmitoylation and function of many redox
regulatory proteins likely explains elevated oxidative stress
in DHHC3-ablated cells, such as first noticed in breast can-
cer cell lines [4] and confirmed here in additional cell lines
and extended to prostate cancer cell line PC3.

Oxidative stress plays a key role during enhanced
drug activity

Potency of chemotherapeutic agents is typically attenuated
by antioxidants, which help to protect cells by prevent-
ing the triggering of excess oxidative stress [28, 29]. Our
results are consistent with DHHC3 also exerting a protec-
tive antioxidant function that diminishes chemotherapeutic
drug potency (summarized in Suppl. Figure 5). Indeed,
when DHHC3 was present, chemotherapeutic drug-induced
apoptosis was diminished, in concert with reduced oxidative
stress. It is notable that DHHC3 ablation did not enhance the
activities of EGFR inhibitors gefitinib and lapatinib or Jak2/
Tyk2 inhibitor nifuroxazide, which do not trigger oxidative
stress.

As a test of our hypothesis that DHHC3 antioxidant func-
tions can protect cancer cells from oxidative stress-inducing
anti-cancer drugs, we studied PARP inhibitor PJ-34. In con-
cert with diminished cell growth, PARP inhibitors, such as
PJ-34, can induce oxidative stress in cancer cells as seen
previously [16] and confirmed here in multiple cell lines.

Furthermore, inhibitory functions of PJ-34 were shown to
be attenuated in the presence of an antioxidant [16]. Pres-
ence or absence of DHHC3 ablation alone had little effect
on cell proliferation or S-phase arrest. However, ablation
of DHHC3 markedly enhanced anti-proliferative effects
of PJ-34, as seen in tumor cell proliferation and cell cycle
arrest assays. The absence of DHHC3 also synergistically
enhanced the triggering of oxidative stress by PJ-34. These
results are again consistent with DHHC3 having an antioxi-
dant function that blunts the effectiveness of the oxidative
stress-inducing drug.

Other implications regarding DHHC3 substrates

Antioxidant protein TMX3 and related protein TMX1 sup-
port melanoma progression by a mechanism involving sup-
pression of oxidative stress [30]. To function properly, TMX
proteins require palmitoylation [31]. TMX3 is a substrate for
DHHC3 in both MDA-MB-231 and PC3 cells. It remains to
be seen whether loss of TMX3 palmitoylation may affect
tumor cell growth in DHHC3-ablated cells.

It was previously suggested that DHHC3 ablation dimin-
ishes breast tumor xenograft growth by a mechanism involv-
ing oxidative stress-triggered senescence-associated secre-
tory phenotype (SASP), resulting in tumor clearance by
innate immune cells [4]. We now understand that diminished
palmitoylation of several antioxidant-type proteins provides
a key link between DHHC3 ablation and elevated oxidative
stress.

We show here that DHHC3-ablated prostate carcinoma
PC3 cells, as seen previously for breast cancer cells, showed
(a) altered redox regulation, (b) elevated oxidative stress,
and (c) reduced xenograft growth. These results help explain
correlations between elevated ZDHHC3 expression and
diminished survival in patients with prostate cancer (shown
here), and other cancers [4].

Identification of CMTM6 as a substrate suggests that
DHHC3 ablation could at least partly diminish tumor
growth by a mechanism involving enhanced adaptive
immunity. Removal of CMTM6 markedly decreases PD-L1
levels [11, 32], and DHHC3 ablation may enhance adap-
tive immunity [33]. We show that DHHC3 ablation alters
CMTMG6 palmitoylation and distribution, which could lead
to decreased PD-L1 levels. Effects of diminished CMTM6
palmitoylation on PD-L1 expression and adaptive immunity
are currently under investigation. Notably, our substrate lists
did not include PD-L1. Also, extensive cell labeling with
[H?]-palmitate did not yield detectable PD-L1 palmitoyla-
tion (not shown). These results contrast with reports that
PD-L1 itself may be palmitoylated [33, 34].

While our current studies are focused on pre-existing cel-
lular drug resistance mechanisms, we suggest that DHHC3
ablation and/or inhibition should also help to overcome
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longer term acquired resistance to chemotherapeutic agents,
since that also involves antioxidant upregulation [28, 35].

Conclusions

First, DHHC3 ablation did not affect activities of multiple
anti-cancer kinase inhibitors but did increase the potency
of multiple anti-cancer drugs (i.e. chemotherapeutic agents,
PARP inhibitor) that trigger elevated oxidative stress. Sec-
ond, the first comprehensive identification of candidate
DHHC3 substrates now explains how DHHC3 ablation
can elevate oxidative stress by simultaneously disrupting
the antioxidant functions of many proteins. Third, DHHC3
ablation and chemotherapeutic drug treatment synergisti-
cally enhance both drug function and oxidative stress. This
reinforces the idea that antioxidant protection mechanisms
that blunt effects of the anti-cancer drugs, are being disa-
bled. Fourth, DHHCS3 utility as potential drug target and
prognostic marker now expands beyond breast cancer [4], to
include prostate cancer. Fifth, lists of newly identified puta-
tive DHHC3 substrates provide clues regarding additional
mechanisms by which DHHC3 may affect tumor behavior. In
summary, DHHC3 targeting, either alone or combined with
other oxidative stress-inducing agents, should be a useful
anti-cancer strategy.
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