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Squamous cell carcinoma of the head and neck (SCCHN) is a devastating disease that
continues to have low cure rates despite the recent advances in therapies. Cisplatin is
the most used chemotherapy agent, and treatment failure is largely driven by resistance
to this drug. Amplification of chromosomal band 11q13 occurs in ∼30% of SCCHN
tumors. This region harbors the ANO1 gene that encodes the TMEM16A ion channel,
which is responsible for calcium-activated chloride transport in epithelial tissues.
TMEM16A overexpression is associated with cisplatin resistance, and high TMEM16A
levels correlate with decreased survival. However, the mechanistic underpinning of this
effect remains unknown. Lysosomal biogenesis and exocytosis have been implicated in
cancer because of their roles in the clearance of damaged organelles and exocytosis of
chemotherapeutic drugs and toxins. Here, we show that TMEM16A overexpression
promotes lysosomal biogenesis and exocytosis, which is consistent with the expulsion of
intracellular cisplatin. Using a combination of genetic and pharmacologic approaches,
we find that TMEM16A promotes lysosomal flux in a manner that requires reactive
oxygen species, TRPML1, and the activation of the β-catenin–melanocyte-inducing
transcription factor pathway. The lysosomal inhibitor hydroxychloroquine (HCQ) syn-
ergizes with cisplatin in killing SCCHN cells in vitro. Using a murine model of
SCCHN, we show that HCQ and cisplatin retard the growth of cisplatin-resistant
patient-derived xenografts in vivo. We propose that TMEM16A enables cell survival by
the up-regulation of lysosomal sequestration and exocytosis of the cytotoxic drugs.
These results uncover a model of treatment for resistance in cancer, its reversal, and a
role for TMEM16A.
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Squamous cell carcinoma of the head and neck (SCCHN) is a leading cause of cancer
deaths worldwide. Tobacco and alcohol abuse are known contributors to carcinogenesis,
which have synergistic effects on cancer development (1). The mainstay of treatment for
SCCHN is radiotherapy with platinum-based systemic agents (such as cisplatin) to aug-
ment cell killing (2, 3). Cisplatin is known to induce DNA adduct formation, resulting
in DNA damage and, eventually, apoptotic cell death (4). The cytotoxic activity of cis-
platin can be limited by the development of drug resistance. Despite the advances in
methods used to administer these treatments, many patients fail cisplatin-based regimens
and subsequently experience recurrence and disease-specific mortality. An improved
understanding of the mechanisms that affect sensitivity to cisplatin would allow us to
define novel treatment strategies to potentially circumvent cisplatin resistance. Several
studies have attempted to define the molecular mechanisms that impact cisplatin sensitiv-
ity/resistance (reviewed in ref. 5). However, a comprehensive and definitive understanding
of the mechanisms of resistance remains unknown.
Cisplatin has been shown to specifically accumulate in lysosomes (6–9). Lysosomal

biogenesis and exocytosis are induced by the expression of the CLEAR (coordinated
lysosomal expression and regulation) network of genes (10–12). One of the master reg-
ulators of CLEAR gene expression is melanocyte-inducing transcription factor (MiTF),
which itself is regulated through phosphorylation and β-catenin–mediated transcrip-
tional regulation (13). Lysosomal exocytosis is the process whereby the fusion of the
lysosomal membrane with the plasma membrane results in the expulsion of the lysoso-
mal luminal content, which includes toxic substances (14–19). The lysosomal calcium
channel TRPML1 has been implicated in the regulation of lysosomal exocytosis and
has recently been shown to regulate cancer cell proliferation (20, 21). Reactive oxygen
species (ROS) also drive lysosomal biogenesis (22) and exocytosis (23). Both ROS and
lysosomal biogenesis transcription factors likely function cooperatively to drive exocyto-
sis of toxins to allow for cell growth. Emerging evidence suggests that cancer cells
actively regulate their lysosomes to facilitate drug sequestration and expulsion (17).
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Thus, it is likely that the lysosomal sequestration and exocytosis
of cisplatin are actively regulated by the cancer cells.
TMEM16A, the protein product of its gene ANO1, hereafter

referred to as TMEM16A, is endogenously overexpressed in
∼30% of SCCHN via gene amplification (1–5). While the evi-
dence for the role of TMEM16A in cancer, especially SCCHN,
continues to emerge, the role of TMEM16A in cancer cell pro-
motion remains unclear. Previously, we have shown that forced
overexpression of TMEM16A leads to cisplatin resistance (4) and
may drive ROS signaling (24). Therefore, we sought to under-
stand how TMEM16A drives lysosomal biogenesis/exocytosis,
thereby promoting cisplatin resistance.
Hydroxychloroquine (HCQ) is a lysosomotropic agent that

disrupts lysosomal function (25). It is used to treat pathologic
processes such as malaria (26). We chose to take advantage
of the anti-lysosomal property of HCQ to explore the
potential anticancer functions of this already Food and Drug
Administration–approved drug. Here, we show that 1) the
forced overexpression of TMEM16A is associated with
increased lysosomal flux that is driven by ROS, 2) the activa-
tion of β-catenin and MiTF leads to increased lysosomal
biogenesis/flux steering cisplatin resistance, and 3) lysosomal
inhibition using HCQ synergizes with cisplatin to induce
tumor cell death in vitro and to retard the growth of patient-
derived xenograft (PDX) tumors in vivo. Furthermore, the
repurposed use of HCQ may eventually be translated to com-
bat the resistance to cytotoxic therapies.

Results

TMEM16A Overexpression Modulates Lysosome-Associated
Markers. To determine if TMEM16A expression is correlated
with the lysosomal biogenesis, we measured messenger RNA
(mRNA) levels of TMEM16A, LAMP1 (a lysosomal structural
protein), and Palmitoyl-Protein Thioesterase (PPT1, a lysosomal
glycoprotein), which has recently been implicated in cancer
pathology (27), in a cohort of 21 (n = 21) SCCHN human
tumor samples. The clinical characteristics for the patient-
acquired tumors is listed in SI Appendix, Table S2. The raw val-
ues for mRNA expression for individual tumors were analyzed
for linear regression on a scatter plot. Interestingly, we observed
a linear correlation between TMEM16A and LAMP1 as well as
with PPT1 mRNA expression (Fig. 1 A and B).
To test the status of the lysosomal gene network in another

SCCHN model, we analyzed mRNA levels of human LAMP1
and PPT1 using qPCR in SCCHN cell line OSC19 that were
engineered to overexpress (TMEM16A) or lack TMEM16A
(vector control [VC]). TMEM16A overexpression in OSC19
cells is associated with significantly higher levels of LAMP1
(approximately fivefold increase) and PPT1 mRNA (approxi-
mately threefold increase) (Fig. 1C). TMEM16A knockdown
in the endogenously highly expressing FaDu led to a decrease
in lysosomal genes LAMP1 (∼50%) and PPT1 (∼30%)
(Fig. 1D). Many other lysosomal CLEAR genes like cathepsin
D (CTSD), VAMP7, ATP7B, and TRPML1 are regulated
codirectionally with TMEM16A (SI Appendix, Fig. S1 A and
B). Similarly, the immunoblotting analysis of OSC19 and
FaDu cells engineered with modified TMEM16A expression
against LAMP1 and CTSD confirms lysosomal up-regulation
at the protein level (Fig. 1 E and F). The OSC19-TMEM16A
and FaDu-NT cells show significant expression of all three
forms of CTSD and the preproCTSD (28) as well as the active
and mature forms at 34 and 25 kDa. These data suggest that
TMEM16A expression directly correlates with the expression of

genes coding for key lysosomal proteins, suggesting increased
lysosomal biogenesis.

TMEM16A Increases the Lysosomal Number and Acidic Vesicle
Load in an SCCHN Model. Fluorescent imaging analysis using
LAMP1 antibody stain shows increased lysosomal counts (Fig. 2
A and B) together with a small but significant increase in the area
(∼1.4-fold) as well as perimeter (∼1.2-fold) of vesicles (SI
Appendix, Fig. S2 A and B) in TMEM16A-overexpressing
OSC19 cells compared to the VC cells. Lysosomes are highly
acidic, and the quantification of acidic organelles in cells has been
used as a readout of lysosomal content (29–32). The cell perme-
able dye acridine orange (AO) (33) is a green fluorophore that
accumulates in acidic compartments, resulting in oligomerization
and an emission shift to red wavelengths. Therefore, we used AO
to compare the acidic vesicle load in cells as a function of
TMEM16A. Forced TMEM16A overexpression in OSC19 cells
caused a significantly higher AO red to green ratio than control
cells, indicating a higher acidic organelle load in the former,
which is consistent with the increased lysosomal biogenesis and
increased lysosomal numbers as observed in Fig. 1. Similarly,
TMEM16A-deficient FaDu cells have lower acidic organelle con-
tent than control cells. Forced overexpression of TMEM16A
resulted in about a twofold increase in the AO red/green ratio
compared to control cells, while TMEM16A knockdown resulted
in about a 30% reduction of acidic vesicles (Fig. 2C). Lysosomal
acidification is regulated by the lysosomal H+ ATPase (34).
Therefore, as a control, the cells were treated with a lysosomal
H+ ATPase inhibitor, bafilomycin (35), which eliminated the
differences in red/green ratio between TMEM16A-high and -low
cells (Fig. 2D). Finally, treatment with a calcium-activated chlo-
ride-channel inhibitor (CaCC Inh) decreases lysosomal acidifica-
tion in OSC19 cells engineered to overexpress TMEM16A and
the endogenously TMEM16A-rich FaDu cells but not in the
TMEM16A-deficient FaDu cells (Fig. 2E). Treatment with
another TMEM16A inhibitor, Ani9, also reduced the red/green
ratio in context of high-TMEM16A–expressing cells (SI
Appendix, Fig. S2C). Additionally, we confirmed these findings
by using another TMEM16A short hairpin RNA (shRNA) con-
struct (no. 1,018) (SI Appendix, Fig. S3 A–D). Taken together,
these show that TMEM16A overexpression is associated with an
increase in the expression of the lysosomal genes and lysosomal
numbers, indicative of increased lysosomal biogenesis.

TMEM16A Activates Lysosomal Exocytosis. Lysosomal exocytosis,
the fusion of lysosomes with plasma membrane followed by the
release of their contents, is involved in the expulsion of toxic
metals and cytotoxic drugs (14–16, 18, 19, 23, 36). To answer
whether TMEM16A status affects lysosomal exocytosis, we
analyzed the delivery of lysosomal hydrolase β-hexosaminidase
into the extracellular medium (30). We found that the
β-hexosaminidase secretion rate correlates with the TMEM16A
status: forced overexpression of TMEM16A increased β-hexos-
aminidase secretion by 70% relative to control OSC19-VC
cells. This role for TMEM16A was confirmed by a chemical
inhibition (CaCC Inh or Ani9) of TMEM16A and by the
genetic knockdown of TMEM16A (Fig. 3A and SI Appendix,
Figs. S2D and S3E). In summary, both the Ani9- (∼22%) and
CaCC Inh– (∼30%) reduced exocytosis was significantly differ-
ent in context of TMEM16A. We further confirmed the corre-
lation between lysosomal exocytosis and TMEM16A expression
in SCCHN cell lines by measuring exocytosis in cell lines
expressing endogenous low (UM-SCC-1 and OSC19) and high
(HN30 and HN31) TMEM16A (Fig. 3B).
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As an additional assay, we used Western blotting to measure
the presence of secreted lysosomal enzyme CTSD in the condi-
tioned media. The cells engineered to overexpress TMEM16A
secrete significantly more mature (lysosomal) CTSD than con-
trol cells, indicating a higher basal lysosomal exocytosis rate
(Fig. 3C). The addition of a calcium ionophore, ionomycin,
increased the amount of activated CTSD (25 kDa) in the con-
ditioned media, suggesting an increase in stimulated lysosomal
exocytosis, ostensibly by elevated cytoplasmic calcium levels.
Based on the evidence connecting TMEM16A expression

with enhanced exocytosis, we next measured the amount of
platinum in these cells treated with cisplatin in vitro. We found
that TMEM16A-overexpressing cells retain less intracellular
platinum compared to control cells (Fig. 3D). Taken together,
these data strongly suggest that TMEM16A promotes lysoso-
mal exocytosis, leading to reduced cellular cisplatin levels.

TMEM16A Promotes Generation of Cellular Levels of ROS. As it
has been previously reported, ROS/oxidative stress promotes
lysosomal biogenesis and exocytosis (18, 22, 23), and we sought
to determine if TMEM16A promotes lysosomal flux by regulat-
ing ROS. Under basal conditions, forced overexpression of
TMEM16A increases H2O2 release (Fig. 4A) and the produc-
tion of mitochondrial superoxide (via MitoSOX fluorescence)
(Fig. 4B). Additionally, we measured the expression of heme
oxygenase (HMOX1; Fig. 4C) and NAD(P)H quinone dehy-
drogenase (NQO1; Fig. 4D) genes, members of the ROS

suppressing pathway and reliable indicators of cellular ROS
(37). Treatment with ROS scavenger N-acetyl cysteine (NAC)
(31) attenuated the effects of TMEM16A on HMOX1 and
NQO1 (Fig. 4 C and D). Finally, the free radical quenching by
NAC rescued the basal exocytosis phenotype (Fig. 4E). NAC
treatment also abrogates the amplified expression of CLEAR net-
work genes LAMP1, CTSD, PPT1, and VAMP7 specifically in
OSC19-TMEM16A–overexpressing cells (SI Appendix, Fig. S4).

Next, we sought to clarify whether these phenotypic changes
are indeed regulated by TMEM16A and were not a conse-
quence of the increased proliferative capacity of these cells, as
we find that, in some cell lines, TMEM16A overexpression
increases cellular proliferation (SI Appendix, Fig. S5A). We
screened a panel of SCCHN cell lines for endogenous mRNA
transcripts of TMEM16A (SI Appendix, Fig. S5B). Based on
these data, we chose the UM-SCC-1 cell line, which demon-
strates intermediate endogenous expression of TMEM16A as a
model system to manipulate TMEM16A levels. We used
CRISPR/Cas9 technology to deplete TMEM16A and subse-
quently rescued TMEM16A expression with the forced overex-
pression of wild type (WT Rescue) or a mutant version of
TMEM16A that displays reduced chloride currents (E727K
Rescue) (38) (SI Appendix, Fig. S5 C and D). Interestingly,
while the transient overexpression of WT TMEM16A rescues
lysosomal biogenesis, high levels of transient overexpression of the
E727K mutant do not appear to induce commensurate increase
in the lysosomal exocytosis (SI Appendix, Fig. S5 E and F).

Fig. 1. TMEM16A expression modulates
lysosome-associated markers. A measurement
of TMEM16A and lysosomal genes using qPCR
in human tumors; n = 21. A linear regression
analysis of individual tumors is plotted as raw
values after quantification. Correlation plots
of (A) LAMP1 withTMEM16A mRNA, Spearman’s
r = 0.739, P = 0.0001. (B) PPT1 withTMEM16A
mRNA, Spearman’s r = 0.555, P = 0.008. Data
are plotted as mean 6 SEM qPCR for Lamp1
and PPT1 in C OSC19-TMEM16A cells. The fold
change of mRNA expression of OSC19-
TMEM16A cells is compared to -VC. The red-
dotted line represents control OSC19-VC (=1).
(D) FaDu-shTMEM16A cells. The fold change
of mRNA expression of FaDu–shTMEM16A
cells is compared to -NT. The red-dotted
line represents control FaDu-NT (=1). For C
and D, statistics are calculated using ordinary
one-way ANOVA with Dunnett’s multiple
comparisons test. (E) Western blotting for
TMEM16A, LAMP1, and CTSD in OSC19-VC and
OSC19-TMEM16A and FaDu-NT and FaDu-
shTMEM16A cells. (F) The quantification of fold
change in the expression of proteins by West-
ern blot in three independent experiments.
The fold change of OSC19-TMEM16A is
compared to OSC19-VC control, and FaDu-
shTMEM16A is compared to FaDu-NT by
Student’s t test.
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Since E727K has compromised chloride flux (38), these data
indicate that the channel activity of TMEM16A is essential for
the lysosomal exocytosis phenotype. We speculate that the
lysosomal biogenesis rescue can be explained by higher sensi-
tivity of this process to the residual chloride flux through
E727K. Forced overexpression of the TMEM16A–E727K
mutant did not rescue the increased expression of the ROS
reporter genes (SI Appendix, Fig. S5G), suggesting that the lat-
ter requires chloride flux. Finally, the cells rescued with
TMEM16A–E727K show reduced growth as assessed by the
colony-forming assay when compared to cells rescued with
WT TMEM16A, confirming that chloride flux through the
channel contributes to cell proliferation (SI Appendix, Fig.
S5H). Since TMEM16A–E727K generates some amount of
chloride flux (albeit much smaller than WT TMEM16A), it is
not possible to completely dissociate the effects of chloride
flux from cell proliferation or lysosomal biogenesis on the basis
of these data. However, these data suggest that the increased
lysosomal biogenesis in TMEM16A-overexpressing cells is not
solely due to increased cell proliferation. Taken together, our
data suggest that TMEM16A overexpression drives the overall
lysosomal phenotype, and chloride flux through TMEM16A is
particularly important for lysosomal exocytosis, ROS reporter
genes, and cell proliferation.

MiTF Drives Lysosomal Biogenesis via β-Catenin Pathway in
TMEM16A-Overexpressing Cells. The MiTF/TFE family of
transcription factors regulates lysosomal biogenesis (34). There-
fore, we measured the expression of these factors in the context
of forced TMEM16A expression. Interestingly, MiTF was the
most highly expressed transcription factor. MiTF mRNA
expression increased by approximately fivefold in the context of
forced TMEM16A overexpression while TFEB is up-regulated
by about threefold (Fig. 5A). MiTF is a known downstream
target of β-catenin and is implicated in the wingless/integrated
(WNT) signaling pathway (39, 40). We had previously shown
that TMEM16A regulates cellular motility and the
epithelial–mesenchymal transition (EMT) (41). The activation
of the Wnt/β-catenin signaling pathway correlates with the
characteristic of EMT (42). So, we postulated that β-catenin
levels may also be affected by TMEM16A. To demonstrate
that β-catenin is transcriptionally active, we used the TOP/
FOPFlash luciferase reporter system. TOPFlash is a luciferase
reporter that contains a minimal fos promoter coupled to Tcf-
binding sites upstream of a modified firefly luciferase gene.
FOPFlash has mutated Tcf-binding sites that are nonfunc-
tional. Thus, FOPFlash, which is a control reporter, yields
expression from the minimal fos promoter only, whereas TOP-
Flash yields expression from the minimal fos promoter and

Fig. 2. TMEM16A increases lysosomal num-
ber and acidic vesicle load in an SCCHN
model. (A) Representative images of LAMP1
protein in OSC19. DAPI (blue) is used to stain
the nucleus. Images are taken at 60× objective
magnification. (Scale bar, 20 mm.) (Insets)
Zoomed-in fragments of the main images.
(Scale bars, Inset, 5 mm.) (B) Scatter plot of
lysosomes per cell based on LAMP1 staining
generated using three to five images per
experiment, one to three cells per image. (C)
Acidic vesicles measured using AO dye as the
ratio of intensities of red to green fluores-
cence in OSC19-TMEM16A and FaDu-
shTMEM16A cells. Bars represent the percent-
age of fold change of respective control
(OSC19-VC or FaDu-NT). For B and C, signifi-
cance is calculated using Student’s t test. (D)
Bafilomycin- (1 mM, 20 min) treated OSC19-VC
or -TMEM16A cells or FaDu-NT or sh-
TMEM16A#1 cells. (E) TMEM16A inhibitor (Cac-
cinh-AO1; 20 mM for 3 h). CaCC Inh–treated
group for each cell type is represented as the
percentage of fold change (red/green ratio) of
control (OSC19-VC or FaDu-NT). For C–E, signif-
icance is calculated after comparison between
groups as indicated by lines connected to
bars. Differences are calculated using two-way
ANOVA using Tukey’s multiple comparisons
test.
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active Tcf sites (43). Therefore, the ratio of expression from
TOPFlash to expression from FOPFlash provides a measure-
ment of β-catenin transcriptional activity. OSC19-TMEM16A
cells show a significant increase in TOP/FOP, indicating ampli-
fied β-catenin activity (Fig. 5B). Concurrently, β-catenin levels
and GSK3β phosphorylation were altered in the context of
forced TMEM16A overexpression (Fig. 5C). These data suggest
that TMEM16A may activate the β-catenin signaling in
SCCHN.
Since our data strongly suggest a link between TMEM16A

and β-catenin signaling, we sought to further explore the
β-catenin pathway as a mechanistic explanation of the increased
lysosomal biogenesis and flux in these cells. Since MiTF
mRNA expression was most significantly impacted by the
forced overexpression of TMEM16A, we postulated that such
up-regulation reflects the increased capacity and dynamic range
of the lysosomal flux responses in TMEM16A-overexpressing
cells and further pursued the role of MiTF.
To assess the functional impact of MiTF, we knocked down

MiTF using small interfering (siRNA) (Fig. 5D), which results

in a significant decrease in expression of a battery of CLEAR
network genes as well as ROS reporter genes HMOX1 and
NQO1 (Fig. 5E and SI Appendix, Fig. S6A). MiTF knockdown
also abrogated the H2O2 release and cell proliferation, specifi-
cally in TMEM16A-overexpressing cells (Fig. 5 F and G).
These results show that the β-catenin–MiTF pathway is a regu-
lator of lysosomal biogenesis and flux in the context of
TMEM16A overexpression.

To test the translational potential of β-catenin inhibition, we
used a novel β-catenin inhibitor, PRI-724, which is currently
under clinical investigation (for example, NCT01302405). We
find that cancer cells with TMEM16A overexpression are
approximately fivefold more sensitive to PRI-724 (SI Appendix,
Fig. S6B). Additionally, PRI-724 specifically impedes transcrip-
tional levels of the CLEAR pathway and ROS reporter genes
(SI Appendix, Fig. S6 C and D).

A downstream target of MiTF and a key mediator of lysoso-
mal exocytosis is the endolysosomal ion channel TRPML1
(44). Recent data suggest that ROS activates TRPML1, which,
in turn, induces lysosomal biogenesis and exocytosis (22, 23,

Fig. 3. TMEM16A activates lysosomal exocy-
tosis. (A) The β-hexosaminidase secretion assay
after treatment with TMEM16A inhibitor (CaCC
Inh-AO1; 20 mM, 3 h treatment). Differences are
significant by one-way ANOVA using Tukey’s
multiple comparisons test. (B) Immunoblot
of TMEM16A and β-hexosaminidase secretion
assay in endogenously low TMEM16A express-
ing UM-SCC-1 and OSC19 and high TMEM16A
expressing HN30 and HN31 cells. All bars are
compared to UM-SCC-1 using one-way ANOVA
with Dunnett’s multiple comparisons test. (C)
Immunoblot for CTSD and densitometric analy-
sis of conditioned medium obtained from
OSC19-VC and TMEM16A cells. Ionomycin (10
mM, 10 min) is used as the positive control.
Representative blot of three independent
experiments is shown. (D) An atomic absorp-
tion spectrophotometer measurement of cis-
platin in OSC19-VC and -TMEM16A cells. For
C and D, significance is calculated using Stu-
dent’s t test.
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45). Therefore, we sought to determine if TMEM16A impacts
TRPML1 expression. We found that TMEM16A overexpres-
sion causes a robust increase in TRPML1 (MCOLN1) mRNA
expression (SI Appendix, Fig. S6G) in conjunction with
increased exocytosis (SI Appendix, Fig. S6H). Interestingly, the
proliferative advantage observed upon TMEM16A overexpres-
sion is diminished by TRPML1 knockdown (SI Appendix, Fig.
S6I). Moreover, TRPML1 knockdown in the context of cis-
platin treatment caused increases in cell death when compared
to cisplatin treatment alone (SI Appendix, Fig. S6I).

HCQ Synergizes with Cisplatin in In Vivo SCCHN Models. To
further explore the role of lysosomal flux in cancer cell survival
as a function of TMEM16A status and to evaluate whether
lysosomal inhibition synergizes with cisplatin to induce cancer
cell death, we treated SCCHN cell lines with the lysosomo-
tropic drug HCQ (SI Appendix, Fig. S7 A–C) or cisplatin
(CDDP) (SI Appendix, Fig. S7 D–F). HCQ significantly
enhances the antiproliferative effect of cisplatin distinctly in

SCCHN cell lines expressing endogenously high TMEM16A
(SI Appendix, Fig. S7G). Interestingly, HCQ alone is not mea-
surably cytotoxic (SI Appendix, Fig. S7 A–C) in a panel of
SCCHN cell lines.

Next, based on the dose–response curves for HCQ,
CDDP, and combination (SI Appendix, Fig. S8), we used the
Chou–Talalay method (46, 47) to determine synergy in
OSC19-VC and -TMEM16A cells (Fig. 6A). The data were
analyzed with Compusyn software (freely downloadable from
https://www.combosyn.com/) to generate the Fa-CI curves. We
observed that the combination of HCQ and cisplatin prompts
synergistic death in OSC19-TMEM16A cells but not in VC
cells (Fig. 6A). We also investigated the possibility that lysoso-
mal inhibition synergizes with another cytotoxic agent by
treating OSC19-TMEM16A cells with HCQ alone or in com-
bination with docetaxel (DT). Interestingly, we did not observe
synergistic cell death with this combination (SI Appendix, Fig.
S9). Therefore, the combination of HCQ and cisplatin is
specific and merits further investigation.

Fig. 4. TMEM16A promotes generation of cel-
lular ROS. (A) The Amplex Red assay to mea-
sure H2O2 in context of TMEM16A manipula-
tion. NAC (20 mM, 1 h) is used as ROS
scavenger. Relative fluorescence was normal-
ized to protein content. (B) MitoSOX fluores-
cence measured in live cells before and after
treatment with NAC. qPCR for ROS suppres-
sors (C) HMOX and (D) NQO1 in OSC19 cells
treated with NAC. (E) The β-hexosaminidase
assay after treatment with NAC in OSC19 cells.
Significance is calculated after comparison
between groups as indicated by the lines con-
nected to bars using one-way ANOVA with
Tukey’s multiple comparisons test.
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To develop the translational potential of this concept, we
used the chicken egg chorioallantoic membrane (CAM) as an
experimental model to test our combination hypothesis. The
CAM system has been widely used for the study of human
tumor growth (48). In this model, human cancer cells are
implanted onto the CAM membrane that surrounds the
chicken embryo within the fertilized chicken egg. Luciferase-
expressing HN31 cells, one of the higher endogenous
TMEM16A expressers, were grafted onto the CAM and biolu-
minescence flux measured at day 5 (Fig. 6B). Combination
treatment of HCQ and cisplatin induces greater tumor cell
death when compared to cisplatin alone, strengthening our
data that targeting the lysosomes induces cellular mechanisms
to enhance cisplatin-promoted cell death.
Next, we established a PDX from a patient who had been

treated with cisplatin-based therapy but developed treatment
resistance. This PDX was found to natively express a high level
of TMEM16A. We treated mice bearing this PDX with either
vehicle control or cisplatin with or without HCQ, skipping the
HCQ alone group because of the abundance of data indicating
HCQ as a safe drug in vitro as well as CAM experiments.
HCQ treatment restored sensitivity to cisplatin in this PDX
(Fig. 6C), suggesting that lysosomal inhibition potentiates cis-
platin toxicity in vivo. To determine cellular damage inflicted

through HCQ, we used phospho-histone H2AX, a marker for
DNA double-strand break. Immunohistochemistry of PDX tis-
sue stained with pH2AX shows significantly increased positively
stained bodies in the combination group, further supporting
our hypothesis that HCQ sensitizes the tumor tissue to
cisplatin-induced death (Fig. 6D).

Lysosomal Flux Is Modulated in a Primary SCCHN Cell Line.
Our data suggest that TMEM16A overexpression enhances
lysosomal flux through the β-catenin/MiTF pathway in a range
of parental and modified SCCHN cell lines. To better define
the translational potential of these data, we used a primary
SCCHN cell line, OCTT2. The data obtained from primary
cell lines are more relevant than established/immortalized cell
lines since they mirror data on human tissues, which otherwise
is not possible. OCTT2 is a natively low TMEM16A-
expressing cell line. Therefore, we engineered OCTT2 cells to
stably overexpress exogeneous TMEM16A (OCTT2-TMEM16A)
and confirmed the overexpression at mRNA and protein levels
(Fig. 7A). OCTT2-VC cells are not synergistically sensitive to
HCQ and cisplatin treatment (Fig. 7B). However, treatment with
HCQ and cisplatin is synergistic in killing OCTT2-TMEM16A
cells (Fig. 7C), suggesting that the synergy observed between

Fig. 5. MiTF drives lysosomal biogenesis via
β-catenin-pathway in TMEM16A-overexpressing
cells. (A) qPCR for TFEB and MiTF upon the
forced overexpression of TMEM16A. (B) TOP/
FOP luciferase reporter activity as an indicator
of β-catenin pathway. (C) Immunoblotting for
proteins of the β-catenin pathway. Representa-
tive blot from three experiments is shown. Den-
sitometric analysis is plotted as fold change of
OSC19-TMEM16A over -VC (=1). (D) qPCR
for MiTF after transient knockdown of MiTF.
(E) qPCR for a set of genes of the CLEAR path-
way after knockdown of MiTF. The fold change
of mRNA expression in siMiTF-treated cells are
compared to respective siControl cells (=1, indi-
cated by red-dotted line). (F) The Amplex Red
indicating H2O2 levels after MiTF knockdown. (G)
Cell proliferation measured using WST-1 in MiTF
knockdown. For A–C, the fold change in
-TMEM16A cells is compared to -VC using Stu-
dent’s t test. For D–G, all comparisons are made
with OSC19-VC+siControl. Additional compari-
sons are indicated by lines connected to bars
using one-way ANOVA with Tukey’s adjustment.
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HCQ and cisplatin occurs in the context of TMEM16A overex-
pression evidenced by Fig. 7D.
Since we have previously established β-catenin/MiTF as a

potential nexus that regulates the effects of TMEM16A on
lysosomal flux, we used OCTT2 cells to validate that the tran-
sient knockdown of MiTF (Fig. 7E) results in the significant
loss of the mRNA expression of CLEAR pathway genes (Fig.
7F). Furthermore, the OCTT2-TMEM16A cells are also sensi-
tive to β-catenin inhibitor PRI-724 (SI Appendix, Fig. S6E).
Finally, PRI-724 treatment alters the transcription of CLEAR
pathway genes in OCTT2 cells (SI Appendix, Fig. S6F). Over-
all, our data show that TMEM16A enrichment activates the
β-catenin/MiTF pathway, leading to the modulation of lysoso-
mal function via ROS. Lysosomal inhibition and cisplatin
synergize to induce cell death (Fig. 7G).

Discussion

Despite the recent advancements that have led to the develop-
ment of new drugs to treat SCCHN, cytotoxic chemotherapy
(most commonly cisplatin) regimens remain the standard of
care (2, 49). Unfortunately, resistance to cisplatin-based treat-
ment regimens remains a major problem and results in disease
relapse. Therefore, a deeper understanding of the mechanisms

that underlie resistance to cisplatin has the potential to impact
clinical care. The amplification of chromosomal band 11q13,
which encodes ANO1/TMEM16A, is correlated with worse
outcomes and possible resistance to cisplatin (50, 51). Lyso-
somes have been proposed to sequester drugs, including
cisplatin, and may therefore contribute to drug resistance.
However, the mechanism(s) that facilitate this remains unclear.
Our work demonstrates that the CACC TMEM16A drives
lysosomal biogenesis and exocytosis, thereby contributing to
cisplatin resistance.

We show that a subset of some SCCHN has increased lyso-
somal content as measured by the expression of lysosomal
marker genes. This finding agrees with recent reports suggesting
that patients who have tumors with a high expression of the
lysosomal protein PPT1 demonstrate worse survival (52).
Therefore, it is possible that the expression of lysosomal pro-
teins leads to increased lysosomal exocytosis, thereby contribut-
ing to treatment resistance. We and others have previously
shown that TMEM16A is amplified in up to 30% of SCCHN,
and its expression correlates with poor oncologic outcomes
(1–5). The present data demonstrate that TMEM16A expres-
sion correlates with lysosomal biogenesis. This finding raises
the intriguing possibility that tumor proliferation, which is pro-
moted by TMEM16A overexpression, leads to a compensatory

Fig. 6. HCQ synergizes with cisplatin (CDDP)
in in vivo SCCHN models. (A) A graph of the
fraction affected (Fa) and combination index
(CI) of HCQ and cisplatin in OSC19-VC (Left)
and TMEM cells (Right) is quantified using the
Chou–Talalay method. Representative data
from one experiment is shown. (B) Biolumines-
cence was measured in the CAM of the
chicken egg on day 5 using HN31 cells. Com-
bined bioluminescence flux from two experi-
ments is shown as a quantified graph (Left).
The combination group of HCQ+cisplatin is
significant from cisplatin-alone group. Picto-
graphs of eggs from a representative experi-
ment are shown (Right). (C) Tumor growth rate
in mice implanted with high TMEM16A-
expressing human tumor. (Inset) Western blot
of TMEM16A in PDX tumor (n = 6 to 7 tumors/
group). (D) Immunohistochemistry staining of
phospho-histone H2A.× in PDX tumor sections.
The images were captured at 40×. The graph
was quantified from at least 10 nonoverlap-
ping fields from each group. For B–D, statistical
significance was determined by Student’s t
test.
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up-regulation of lysosomal biogenesis. This may further pro-
mote lysosomal exocytosis, which results in drug resistance. We
argue that cancer cells with high TMEM16A expression more
effectively expel cisplatin (compared to cells expressing low
TMEM16A), indicating that lysosomal exocytosis plays a cru-
cial role in cisplatin resistance through the activation of lysoso-
mal biogenesis.
The present data, which employ the use of TMEM16A

mutants, strongly suggest that chloride flux is required for the
specific phenotype of the expression of ROS genes and cellular
proliferation but not for CLEAR pathway genes. However, we
cannot exclude the possibility that a minor chloride flux
through the TMEM16A–E727K mutant may impact the
interpretation of these results. Additionally, it is possible that
tumor proliferation, which necessitates protein turnover, may
induce lysosomal biogenesis as a compensatory mechanism.

Nevertheless, further experiments are needed to determine
whether chloride flux through the channel is required for this
phenotype.

Interestingly, our data suggest that lysosomal exocytosis spe-
cifically impacts cisplatin activity since we observed no synergy
between HCQ and DT treatment. This is in agreement with
the prior evidence that platinum ions are absorbed into the
lysosomes using the cation transporter ATP7B (7, 9, 28, 53,
54); evidence for such a mechanism for other cytotoxic drugs,
such as taxanes, is lacking.

The present studies suggest a new link between a plasma mem-
brane ion channel, TMEM16A, and lysosomal flux. We propose
that TMEM16A overexpression activates the β-catenin pathway,
which further activates MiTF. Additionally, TMEM16A pro-
motes the generation of ROS, which may affect MiTF activation
as well. ROS-dependent TRPML1 activation and an increase in

Fig. 7. Lysosomal flux is modulated in a pri-
mary SCCHN cell line. (A) Representative West-
ern blot for TMEM16A in OCTT2 cells upon the
forced overexpression of TMEM16A. (B and C)
Chou–Talalay plots of synergy between HCQ +
CDDP in OCTT2-VC and TMEM16A forced over-
expression cells. (D) Representative data dem-
onstrating synergistic cell kill upon treatment
of VC and TMEM16A cells with 5 mM HCQ,
5 mM CDDP, and 5 mM HCQ + 5 mM cisplatin is
shown. Representative data from one experi-
ment is shown. (E) qPCR for MiTF after siMiTF
treatment. (F) qPCR for CLEAR pathway in
OCTT2-VC and TMEM16A cells after siMiTF
treatment. Differences are compared between
siMiTF-treated to respective siControl-treated
(=1, indicated by red-dotted line) cell type
using Student’s t test. (G) A flowchart of the
model figure: the implication of up-regulated
lysosomal flux in TMEM16A cells in drug
resistance.
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lysosomal biogenesis and exocytosis may also occur, indepen-
dently of the β-catenin-MiTF pathway. The individual contribu-
tions of each of these pathways remain unclear and need to be
elucidated, especially in the context of head and neck cancer.
Therefore, the inhibition of the β-catenin pathway eventually
leads to the reduction of lysosomal flux, thereby rescuing growth
and drug resistance in these cells. The data presented here suggest
a multipronged regulatory mechanism that drives and amplifies
the impact of TMEM16A on lysosomal biogenesis: 1) increased
ROS up-regulates lysosomal flux via ROS-driven MiTF activa-
tion by TRPML1, which leads to increased TRPML1 expression,
and 2) β-catenin-driven MiTF up-regulation introduces context-
dependent cues to this mechanism. While several aspects of this
hypothesis require further elucidation, the evidence for its main
components is based on pharmacological and genetic approaches
using a variety of model systems, including primary and estab-
lished cell lines, human tissues, and murine models. We believe
that this model is interesting and potentially applicable to other
studies of toxicity and lysosomal function (Fig. 7E).
From the translational perspective, these data implicate

TMEM16A as a potential biomarker that prognosticates resis-
tance to cisplatin. Interestingly, this phenomenon can be
reversed by treatment with the lysosomotropic drug HCQ or by
targeting an upstream node (β-catenin). Both HCQ and PRI-
724 are currently in various stages of clinical development and
have the potential to be rapidly translated into clinical trials.
Additional work to demonstrate the specificity of TMEM16A
overexpression, as opposed to 11q13 amplification, would fur-
ther bolster the scientific premise for such trials. The potential
for TMEM16A to mediate intrinsic versus acquired resistance
remains unclear and is an area of active investigation.

Materials and Methods

Cell Lines. All the indicated cell lines were maintained in high glucose Dulbec-
co's modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin mixture. HN30 and HN31 were cul-
tured with additional supplementation of 1 mM sodium pyruvate, 1× minimum
essential medium (MEM) vitamin, and 1× MEM nonessential amino acid.
OSC19 cells were experimentally driven to express VC (OSC19-VC) or TMEM16A
(OSC19-TMEM16A; described in text as “TMEM16A overexpression”) after trans-
duction with control or TMEM16A expressing retroviral particles (viral plasmid
was a gift from Hartmut Land & Jay Morgenstern & Bob Weinberg (Addgene
plasmid # 1764). The retroviruses were generated by transfecting Plat A cells
with these plasmids (41). FaDu cells expressing doxycycline-inducible shRNAs
against TMEM16A nos. 1 and 1,018, hereby referred to as FaDu-shTMEM16A#1
and FaDu-shTMEM16A#1018 or a nontargeting control (FaDu-NT) were created
by transducing parental FaDu cells with lentivirus pLKO1–ANO1 shRNA or nontar-
geting shRNA (55). Stable cell lines were created by selecting with 2 mg puromy-
cin. A complete description of the shRNA construct and its use in cell lines is also
described in refs. 38, 54, and 55.

UM-SCC-1 TMEM16A CRISPR Cell Line. The lentiviral CRISPR guide for
TMEM16A (sgTMEM16A) was bought from GenScript. The NT control guide RNA
lentiviral plasmid (sg-NT) was from Addgene. Both plasmids contain puromycin-
resistance gene. UM-SCC-1 cells were transduced with NT or sgTMEM16A virus
followed by selection in puromycin. After 2 to 3 wk in selection media, individual
colonies were isolated and further expanded. TMEM16A WT rescue cells
(sgTMEM16A + WT Rescue) were created by stably expressing retroviral pBabe-
puromycin TMEM16A in sg-TMEM16A cells. The sgTMEM16A + E727K rescue
cells were generated by transducing sgTMEM16A cells with lentiviral particles
encoding TMEM16A-E727K followed by antibiotic selection. TMEM16A expres-
sion was confirmed by qPCR.

OCTT2-TMEM16A Cell Line. The early passage (primary) cell line OCTT2
derived from oral SCCHN was used as previously described (56, 57). OCTT2 cells

were maintained in DMEM/F-12 media supplemented with 10% FBS, 400 ng/
mL hydrocortisone, and 50 mg/mL gentamycin. OCTT2 stably expressing
TMEM16A was generated after transducing the parental cells with a negative len-
tivirus or lentivirus encoding TMEM16A and selection in puromycin. Stable
expression of TMEM16A was confirmed by Western blotting.

Western Blotting. To detect lysosomal proteins, OSC19 and FaDu, cells were
starved in Kreb’s buffer for 2 to 4 h. The cells were collected and lysed as
described by us previously (4). The cells were starved in Kreb’s buffer (140 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM Hepes, pH 7.4, and fil-
ter sterilized) for 2 to 4 h before collecting for lysis. The Western blotting experi-
ments for each protein were performed using independently prepared lysates
from three different experiments. Tubulin or glyceraldehyde-3-phosphate dehy-
drogenase normalization was done for each experiment. Immunoreactive bands
were visualized and quantified using the LiCor Odyssey system.

Immunofluorescence. OSC19 or FaDu cells (0.5 × 104 cells/mL) were cul-
tured on coverslips in 12-well plates, allowed to attach by overnight incubation.
The cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with
phosphate buffered saline (PBS) containing 0.1% Triton X-100 for 15 min, and
blocked with 0.5% bovine serum albumin in PBS for 1 h at room temperature.
The cells were incubated overnight at 4 °C with anti-Lamp1 antibody, washed
with PBS, and incubated with Alexa Fluor 568–conjugated secondary antibody for
1 h at room temperature. The nuclei were stained with DAPI. The cells were
washed twice with PBS, mounted, and examined under Olympus Fluoview 1000
II confocal microscopes at 60× magnification. To analyze lysosomal sizes and
numbers, the images were binarized using the Threshold function of Fiji (58). The
same threshold values were used for all images within the experiment. Individual
cells were outlined by hand. The thresholded images were the analyzed using
the “Analyze particles” function of Fiji to derive particle numbers per cell, individ-
ual area, and perimeter. Further analysis was performed using GraphPad Prism.

TRPML1 and MiTF siRNA Transfection. The indicated cell lines were trans-
fected with Lipofectamine RNAiMAX reagent (Invitrogen) as described in ref. 54.
Briefly, 70% confluent cells in 6-well plates were transfected with 10 mM control
(Qiagen) or either siRNA (Sigma-Aldrich) for 72 h. After transfection, the cells
were trypsinized and used for cell proliferation or ROS measurements.

Real-Time qPCR. This study was approved by the University of Pittsburgh Insti-
tutional Review Board. The human tumor samples were obtained from the Uni-
versity of Pittsburgh Medical Center. Written informed consent was obtained
from all the patients before inclusion in the study. The tumor sample after surgi-
cal resection was transported immediately in Rosewell Park Memorial Institute
media supplemented with antibiotics. Tumor processing for qPCR has been
described in ref. 54. Briefly, RNA was isolated using the RNeasy kit after tumors
were homogenized according to the manufacturer’s protocol. RNA integrity and
quality were checked by determining the ratio of absorbance readings at 260
and 280 nm (A260/280) on a BioTek Spectrophotometer before further use.
First-strand complementary DNA (cDNA) was made using iScript reverse tran-
scriptase (RT). qPCR was done suitably diluting cDNA with nuclease-free water.
RT conditions used were 15 s denaturation/95 °C, 30 s annealing/60 °C, and 30
s extension/72 °C for 40 cycles. Relative gene expression was calculated by using
the 2�ΔΔCq method (59). Primer sequences are listed in SI Appendix, Table S2.

Exocytosis Assay. To determine the β-hexosaminidase activity, confluent
OSC19-VC and TMEM16A or FaDu-NT or shTMEM16A cells plated in 12-well
plates were washed once in Kreb’s buffer. The cells were layered with 200 ml
Kreb’s buffer with or without indicated treatments. The 12-well plates were incu-
bated for 2 to 3 h after which the buffer (supernatant) was collected for each well
and incubated with 200 ml 10 mM 4-nitrophenyl N-acetyl-β-D-glucosamide (sub-
strate) for 1 h at 37°. To determine the total β-hexosamidinase content, the cells
were lysed with 200 ml 1% Triton X-100 in PBS and centrifuged at maximum
speed at 4° for 5 min, and enzyme activity was also measured in the lysate.
Absorbance at 405 nm was measured in a microplate reader (BioTek Instruments,
Inc.). A standard curve of p-nitrophenol was run to calibrate the amount of
β-hexosaminidase produced in supernatant and lysate. Each supernatant sample
was normalized with respective lysate as the amount of p-nitrophenol produced.

To determine CTSD expelled into culture media to assess exocytosis, an equal
number of OSC19-VC and -TMEM16A cells were plated in regular DMEM. After
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allowing the cells to attach overnight, the cells were deprived of serum for 5 h.
Ionomycin (10 μM for 10 min) was used as the positive control. The conditioned
medium was collected from each group, concentrated in AMICON centrifuge fil-
ters, and precipitated overnight with nine volumes of ice-cold 100% ethanol at
�80 °C. The precipitate was centrifuged at 13,000 rpm for 10 min, washed
twice with 75% ethanol, once with 1× PBS, and then lysed. After quantifying
protein lysate, an equal amount of protein was loaded for Western blotting.

AO Staining to Determine Lysosomal pH. The cells in 6-well plates were
allowed to grow to 90% confluency and treated with and without CaCC Inh for
3 h. The cells were suspended in 1 mM AO in Kreb’s buffer for 20 min at 37° in
the incubator. Thereafter, the cells were spun down and resuspended in the
appropriate amount of warm Kreb’s buffer (300 to 400 ml) and read on a Qubit
4 Fluorometer (Thermo Fisher Scientific) using the excitation source of the blue
light-emitting diodes (max ∼470 nm); the instrument reads the fluorescence in
both the green (510 to 580 nm) and far red (665 to 720 nm) emission channels.
The instrument generates and displays raw fluorescence values for each sample
from which a ratio of red/green is calculated.

Cell Proliferation Assay. About 2.5 to 5 × 104 indicated cell lines were plated
in 96-well plates and allowed to attach overnight. After the indicated treatments,
10 ml premix WST-1 cell proliferation reagent (Takara Bio, Inc., Clontech Labora-
tories, Inc.) was added to each well, and the plate was returned to the incubator
for 2 h after which absorbance was read at 450 nm in a microplate reader from
BioTek Instruments, Inc.

Colony-Forming Assay. The colony-forming assay, or clonogenic assay,
assesses the ability of single cells to grow in the form of colonies, generally over
a period of 2 wk. A colony is defined as a group of at least 50 cells. A total of
2,000 cells were plated in 12 wells, and the cell growth media was changed
once in a week. The experiment was considered complete after a cell type was at
least 90% confluent in the well plate. Well plates were first fixed in 4% buffered
paraformaldehyde for 15 min and then stained in crystal violet solution for
another 15 min. The stain was removed after repeated washing in tap water.
After overnight drying, the plates were scanned and analyzed using ImageJ.

Platinum Detection by Atomic Absorption Spectrophotometer. At least
2 × 105 cells were plated in a 6-cm dish and allowed to attach overnight. The
next day, the cells were treated with 50 mM cisplatin for ∼5 h. The cells were
washed ×3 with ice-cold PBS and lysed with 35 ml 0.25% triton/water. After a
brief processing of samples, platinum (Pt) (ng/mL) was detected from media as
well as lysate on a Perkin–Elmer model AAnalyst 600 atomic absorption spectro-
photometer. The lower limit of quantification was set to 50. The Pt value (ng/mL)
for each sample was normalized to its corresponding protein concentration fol-
lowed by a ratio of ([Pt]lysate + [Pt]media). The results were expressed as ng Pt/mg
protein as fold change of OSC-TMEM16A from control (OSC19-VC). This analysis
provides an estimate of intracellular Pt content.

Amplex Red and MitoSOX Assays. A complete description of the protocol
has been described in ref. 54. Briefly, 25,000 cells/well were allowed to attach
in 96-well culture plates overnight. The detection of extracellular H2O2 or mito-
chondrial superoxide in live cells was done using Amplex Red reagent or Mito-
SOX Red (Molecular Probes, Inc.) following the manufacturer’s instructions.

TOPFlash/FOPFlash Assays. Each of the TOP and FOP plasmids were cotrans-
fected with the pLZ313-Renilla luciferase, which controls for transfection effi-
ciency. The transfection was carried out with Lipofectamine 3000 in 96-well
plates with 10,000 cells/well. The Dual Glo Luciferase system of Promega was
used with a luminometer to measure expression levels in light units.

CAM of the Chicken Egg. SCCHN cell line HN31 was engrafted on the CAM
for 7 d. The eggs were divided into four groups with six eggs in each set. After

3 d, vehicle, HCQ (10 mM), cisplatin (15 mM), and cisplatin+HCQ treatments were
started. Bioluminescence was measured on day 5. The tumors were harvested and
weighed on day 7. The CAM assay was done at Patient-Derived Xenograft and
Advanced In Vivo Model Core at Baylor College of Medicine, Houston, TX.

Animal Studies. Nonobese diabetic severe combined immunodeficiency
gamma female mice (4 wk old) were implanted subcutaneously with human
tumor (PDX) pieces ∼2 mm3 on each flank. The mice were randomized in four
treatment groups: vehicle, cisplatin alone, HCQ alone, and a combination of cis-
platin and HCQ. Cisplatin was dosed at 3 mg/kg and HCQ at 10 mg/kg dissolved
in sterile water. Treatments were administered two times a week intraperitone-
ally. The volume of the tumors was measured three times a week. The animals
were handled and euthanized in accordance with Institutional Animal Care and
Use Committee guidelines. Since PDX tumors are implanted from human tumor
“chunks,” the xenografts do not form tumors of uniform size. Therefore, we mea-
sured fold change in tumor size to account for the variability of initial
tumor sizes.

Tumor Tissue Acquisition. All human tumor samples were acquired after
obtaining informed consent from the patients. Tissue samples were acquired
after extirpative tumor surgery by the pathologist. The tissue was subjected to
cytologic analysis to ensure that >80% of the banked sample contained malig-
nant cells. The tissues were then frozen in�80 °C until use.

Statistics. All the experiments were performed independently at least three
times, each in triplicate. Unless otherwise stated, all graphs represent combined
data (n = 3). Bars are plotted as mean 6 SEM. Student’s t-test was preferred
when the experiment size was small and had one defined control (pairwise analy-
sis). The post hoc analysis after multivariate test for each experiment was decided
based on the comparisons needed for specific group(s) in question. Dunnet’s mul-
tiple comparison test was applied after ANOVA in which the control group was
common to several experimental groups, whereas Tukey’s test was used to com-
pare the mean of all treatments or groups with the mean of every other group.
Significance is indicated as *P< 0.05, **P< 0.001, and ***P< 0.0001.

Data Availability. All study data are included in the article and/or SI Appendix.
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