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ABSTRACT

Metformin is currently a strong candidate anti-tumor
agent in multiple cancers. However, its anti-tumor
effectiveness varies among different cancers or sub-
populations, potentially due to tumor heterogeneity. It
thus remains unclear which hepatocellular carcinoma
(HCC) patient subpopulation(s) can benefit from met-
formin treatment. Here, through a genome-wide
CRISPR-Cas9-based knockout screen, we find that
DOCK1 levels determine the anti-tumor effects of met-
formin and that DOCK1 is a synthetic lethal target of
metformin in HCC. Mechanistically, metformin promotes
DOCK1 phosphorylation, which activates RAC1 to
facilitate cell survival, leading to metformin resistance.
The DOCK1-selective inhibitor, TBOPP, potentiates anti-
tumor activity by metformin in vitro in liver cancer cell
lines and patient-derived HCC organoids, and in vivo in
xenografted liver cancer cells and immunocompetent
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mouse liver cancer models. Notably, metformin
improves overall survival of HCC patients with low
DOCK1 levels but not among patients with high DOCK1
expression. This study shows that metformin effective-
ness depends on DOCK1 levels and that combining
metformin with DOCK1 inhibition may provide a
promising personalized therapeutic strategy for met-
formin-resistant HCC patients.

KEYWORDS CRISPR screen, DOCK1, hepatocellular
carcinoma, metformin, small GTPase

INTRODUCTION

Liver cancer represents a fourth common cause of cancer-
related deaths worldwide (Bray et al. 2018). Sorafenib and
lenvatinib are the first-line drugs in targeted therapies for
advanced unresectable HCC (Llovet et al. 2008; Kudo et al.
2018). However, high toxicity and the development of drug
resistance limits the respective clinical benefits of these
targeted therapies. Several recent studies have explored the
mechanisms of drug resistance in order to identify new
therapeutic strategies for HCC (Sun et al. 2016; Qiu, Li et al.
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Figure 1. CRISPR-Cas?9 library screening identifies DOCK1
as a determinant for metformin sensitivity. (A) Schematic of
the synthetic lethal screen. (B) Distribution of differential beta-
score (metformin treatment versus control) for genes. Blue dots
indicate genes decreased in metformin-treated group (n = 398).
(C) Scatter plot of beta-score in control and metformin-treated
group. Red dots represent genes decreased only in metformin-
treated group (n = 171). Top 10 genes are selected based on
the differential beta-score and labelled. (D) gPCR analysis of
the mRNA expression of six candidate genes in nine liver
cancer cell lines. (E) IC5o curves of metformin in nine liver
cancer cell lines. (F) Correlation between gene expression and
metformin ICso. Each data point represents a liver cancer cell
line. The solid line was fit from linear regression. The shading
represents the confidence interval. (G) and (H) Colony forma-
tion assay were performed in the indicated PLC cell lines with or
without 1 mmol/L metformin treatment (Left). Cell number were
quantified (Middle). DOCK1 levels were determined by Western
blot (Right). (I) Colony formation assay in the indicated Huh7
cell lines with or without 2 mmol/L metformin treatment (Top).
Cell number were quantified and DOCK1 levels were deter-
mined by Western blot (Bottom). For (D), (G), (H), (I), data are
presented as mean * SD.

2019; Wei et al. 2019; Jin et al. 2021). For example, treat-
ment with the combination of lenvatinib plus gefitinib resulted
in meaningful clinical response in HCC patients with high
EGFR levels (Jin et al. 2021). Large-scale genome
sequencing and multi-omics analyses revealed that liver
cancer is highly heterogeneous (Ally 2017; Jiang et al.
2019), suggesting that therapeutic strategies may be limited
to subpopulations of patients. Therefore, more effective
drugs or personalized therapeutic strategies for advanced
HCC are urgently needed.

Metformin is currently the most widely used anti-diabetic
drug, and has a favorable safety profile at relatively low cost
(Nathan et al. 2009). Several recent studies have indicated
that metformin potentially reduces cancer incidence as well
as cancer-related mortality rates associated with various
human malignancies including breast, liver and pancreatic
cancers (Chen et al. 2013; Pernicova and Korbonits 2014).
These studies have subsequently led to increased interest in
the mechanisms by which metformin acts as an anti-tumor
agent, and other studies have shown that metformin exhibits
anti-tumor effects through multiple, complex and inter-related
metabolic and signaling pathways. For example, metformin
was shown to directly inhibit the mitochondrial electron
transport chain, thereby decreasing ATP levels and activat-
ing AMPK (Quinn et al. 2013; Vancura et al. 2018). Activation
of AMPK subsequently inhibits fatty acid synthesis and glu-
coneogenesis (Zhou et al. 2001; Li et al. 2011), ultimately
i-
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nhibiting tumorigenesis. In addition to metabolic regulation,
metformin-activated AMPK also inhibits tumor progression
through epigenetic remodeling (Galdieri et al. 2016). AMPK
can also directly phosphorylate tuberous sclerosis complex
protein 2, leading to accumulation of RHEB-GDP and inhi-
bition of mMTORC1 activation (Inoki et al. 2003; Gwinn et al.
2008), resulting in decreased protein synthesis and cellular
growth. Moreover, metformin treatment also decreases
reactive oxygen species levels and inhibits the cell cycle in
an AMPK-independent manner (Bonnefont-Rousselot et al.
2003; Ben Sahra et al. 2011).

However, with an increasing body of evidence showing
the activity of metformin in a range of cellular processes,
inconsistencies in the anti-tumor effects of metformin have
also arisen, suggesting that these effects may be limited to
certain subpopulations. For example, a clinical metabo-
lomics study revealed that metformin contributes to diverse
metabolic responses in primary breast cancer patients,
leading to distinct anti-tumor effects (Lord et al. 2018). In
addition, Lee et al. showed that BATCH1 deficiency resulted
in enhanced anti-tumor activity by metformin in triple-nega-
tive breast cancer, while targeting BATCH1 with hemin led to
metformin sensitivity in these cells (Lee et al. 2019). Another
recent study also revealed that metformin selectively inhibits
metastatic colorectal cancer carrying the KRAS mutation but
not the wild type (Xie et al. 2020), which further suggested
that the anti-tumor effects of metformin vary in different
cancer subpopulations. However, the specific subtypes of
liver cancer that are sensitive to metformin treatment remain
unknown, thus limiting the potential for application of met-
formin in liver cancer patients as an anti-tumor agent. The
inherent heterogeneity of liver cancer thus presents an
urgent need for a systematic screen to identify biomarkers
that can predict the therapeutic response to metformin and
help determine the subpopulations of liver cancer patients
that could benefit from metformin treatment.

Here, we used a CRISPR-Cas9-based negative selection
strategy followed by correlation analysis between drug
response and gene expression levels to systematically
identify genes whose loss resulted in enhanced anti-tumor
effects under metformin treatment in liver cancer. Interest-
ingly, we identified a previously undescribed role for DOCK1
in determining the therapeutic effectiveness of metformin
against HCC. Specifically, we revealed that DOCK1 inhibi-
tion by shRNAs or TBOPP, a DOCK1 selective inhibitor,
suppressed metformin-induced RAC1 activation, thus
enhancing the anti-tumor effects of metformin in both patient-
derived organoids and mouse models of liver cancer. Col-
lectively, our findings demonstrate that DOCK1 levels largely
determine whether metformin will be an effective therapy for
individual HCC patients, and that DOCK1 targeting is a
promising strategy for sensitizing liver cancer cells to
metformin.
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Figure 2. Inhibition of DOCK1 sensitizes liver cancer cells
to metformin in vivo and in vitro. (A) Representative images
of DOCK1 in HCC tissues and organoids by immunohisto-
chemical staining. Scale bar, 50 um. (B) Western blot analysis
of DOCK1 expression in four HCC organoids. (C) Representa-
tive micrographs of organoids treated with indicated dose of
metformin for 6 days. Scale bar, 100 pm. (D) ICs curves of
metformin in four HCC organoids. (E) Western blot analysis of
DOCK1 expression in Organoid 1T and 2T stably expressing
NTC or shDOCK1. (F) ICsq curves of metformin in Organoid 1T
and 2T stably expressing NTC or shDOCK1. (G) Organoid 1T
and 2T stably expressing NTC or shDOCK1 were treated with or
without metformin (2 mmol/L for Organoid 1T and 2.5 mmol/L for
Organoid 2T) for 6 days. Representative micrographs (Top) and
relative cell viability (Bottom) were analyzed. Scale bar, 100 pm.
(H) Plasmids expressing YAP5SA-NTC or YAP5SA-shDOCK1
together with plasmids expressing PB transposase were
delivered into mice by hydrodynamic injection following with
or without 100 mg/kg metformin treatment (n = 6 in each group).
Tumor images, Liver-to-body ratio, number of tumors, and
number of tumors (diameter > 3 mm) were measured at the end
of the experiment. (I) Western blot analysis of DOCK1 and
YAP1 expression in tumor tissues of each group described in
Fig. 2H. (J and K) PLC xenografts were treated with or without
100 mg/kg metformin (n = 5 for each group). Tumor sizes
(J) and DOCK1 expression (K) were measured. For (D), (F),
and (G), data are presented as mean + SD. For (H) and (J),
data are presented as mean + SEM.

RESULTS

CRISPR-Cas9 library screening identifies DOCK1
as a determinant for metformin sensitivity

To systematically identify subtypes of liver cancer that are
sensitive to metformin treatment, we employed a CRISPR-
Cas9-based negative selection approach to screen for
genes whose loss potentiates the anti-tumor effects of met-
formin. PLC/PRF/5 cells (PLC) transfected with lentivirus
containing a pooled genome-scale CRISPR knockout library
(GeCKO v2) were cultured in the presence or absence of
metformin. Following a two-week incubation, genomic DNA
was isolated and high throughput sequencing was used to
determine the abundance of guide RNA prior to further
analysis by MAGeCKFlute (Fig. 1A). The results indicated
that most genes, as well as non-targeting control sgRNAs,
showed similar scores between the control and metformin
treatment groups (Fig. S1A). However, 398 genes were
significantly decreased in the metformin-treated group (dif-
ferential beta-score < —0.3) (Fig. 1B). To identify which of
these genes potentially sensitized the PLC cells to metformin
but exhibited no obvious growth impairment in the untreated
cells, we narrowed the candidates using the additional cri-
teria of a beta-score variation in the control group of no more
than 0.15 (-0.15 < Control beta-score < 0.15). Following this
criterion, 171 of the 398 genes were identified as candidates

© The Author(s) 2022

(Fig. 1C), and we subsequently focused on the top 15 most
depleted genes (Fig. S1B), ultimately selecting six of these
for further analysis.

Next, to verify the screening results, we quantified the
mRNA expression of these six candidates, and also deter-
mined the half-maximal inhibitory concentrations (ICsg) val-
ues of metformin in nine kinds of liver cancer cells (Fig. 1D
and 1E). Correlation analysis revealed that DOCK1
expression had the highest Pearson correlation coefficient
with I1C5q values and AUC scores of metformin (Figs. 1F and
S1C), which suggested that DOCK1 levels may contribute to
determining the sensitivity of liver cancer cells to metformin.
Colony formation experiments confirmed the differences in
response to metformin by the nine kinds of liver cancer cells
(Fig. S1D). Given the high differential beta-score and its
strong correlation with metformin response, we focused on
DOCK?1 for further investigation.

Analysis of the guide RNA revealed that all of six sgRNAs
targeting DOCK1 had lower abundance in metformin-treated
cells (Fig. S1E). Consistent with these results, DOCK1
knockdown resulted in substantial sensitization of PLC cells
in both long-term colony formation assays and in ICsg
detection to analyze short-term cell viability (Figs. 1G and
S1F). Similar results were observed in SNU449 cells
(Fig. S1G). Notably, ectopically expressed DOCK1 attenu-
ated shDOCK1-induced metformin sensitivity in PLC cells
(Fig. 1H). Further, overexpression of DOCK1 eliminated the
anti-tumor effects of metformin in Huh7 cells (Fig. 11). Taken
together, these results indicated that DOCK1 expression
levels determine the sensitivity of liver cancer cells to
metformin.

Inhibition of DOCK1 sensitizes liver cancer cells
to metformin in vivo and in vitro

To further characterize the role of DOCK1 in determining
metformin sensitivity in pre-clinical models, we established
four patient-derived HCC organoids (i.e., 1T, 2T, 3T, and 4T)
for further in vitro analyses. Histological analysis confirmed
that these HCC organoids retained the histological features
of the original tumors (Fig. S2A). Further immunohisto-
chemical staining revealed consistent expression of DOCK1
in all four organoids and their corresponding tumor tissues
(Fig. 2A). Both immunohistochemical staining and Western
blot showed that organoids 1T and 2T exhibited significantly
higher DOCK1 expression than that of 3T and 4T (Fig. 2A
and 2B).

To investigate the response to metformin by HCC orga-
noids, we treated the four organoids with increasing doses of
metformin. Interestingly, organoids 3T and 4T showed a
greater decrease in organoid number and size under met-
formin treatment than 1T and 2T (Fig. 2C), indicating higher
sensitivity, which was confirmed by lower IC5, values for 3T
and 4T (Fig. 2D). To study whether DOCK1 expression
indeed determines metformin sensitivity in patient-derived

829

©
&)
o3
=
(]
e
o
|
o




RESEARCH ARTICLE Junru Feng et al.

B NTC + Met Up NTC + Met Up shDOCK1 Down
H shDOCK1 Down (271) (565)
m shDOCK1 + Met Down

ENTC

- W NTC + Met

m shDOCK1

m shDOCK1 + Met

146
\\\ ,,/»'//

shDOCK1 +7 Met Down
(241)

-Log,e(P-value) mNTC + Met Up
D " =shDOCK1 Down

e — 0 2 4 6 ®SNDOCK1 +Met Down

) ' ' E F
Small GTPase mediated signal transduction
Carbohydrate metabolic process Met (mmol/L) NTC shDOCK1

Small molecule catabolic process 0 1 2 5 Met
Cytoskeleton-dependent intracellular transport

o
&)
(%]
=
()
i
o
S
o

- + - +
Small molecule biosynthetic process t RN X 2N ‘ S
Carboxylic acid transport DOCKT DOCK1 . . ! g
Transport of small molecules
Cell junction organization RAC1-GTP - .“ RAC1-GTP :
Axo-dendritic transport -
Positive regulation of anion transport RAC1 m RAC1 ﬁ
‘ Positive regulation of ion transport ,= ————————
| Regulation of GTPase activity “ ....
Hemostasis GST GST
PPAR signaling pathway
- Regulation of membrane potential ACTIN .... ACTIN "
Cell surface receptor signaling pathway
a Regulation of anatomical structure size
Positive regulation of GTPase activity
G NTC _shDOCK1 H NTC ShDOCK1 !
EV__EV RAC1 RACIS™ EV  RAC1S% 10 FLAG-DOCK1
DOCK1 !. - " ex Nl — _IgG  FLAG
- . = = & g O Met - + -+
CTR =) z
RAC1-GTP L - :
C1-G 5_1305 p-Tyr | a4 1'&
RAC1 3 a FLAG -
Met z g
GST | € 800 FLAG Q_Q 2
EV EV G12V £
ACTIN NTC shDOCK1 ACTIN| W &
J K shDOCK1 L
FLAG-DOCK1 WT Y722/1811F NTC __ shDOCK1 v 15
Flag-EV WT Y722/1811F Met - + - + EV EV_Y722/1811F 2 5
Met - + - + - + : 3 : 3
_ : e —_— - <€ e
P-Tyr| 45 I RAC1-GTP|#= S =5 = | =5 ns
L - o)
FLAG o I RACT| 8 5 = = £g0°
O =
o
FLAG e bl = GST| ™ 0 o == . ~ k) £ S 00
e < 2 s EV_ EV_Y722/1811F
ACTIN| s—— | — ACTIN | - ——— NTC shDOCK1

830 © The Author(s) 2022



DOCK1 determines metformin sensitivity in liver cancer

RESEARCH ARTICLE

Figure 3. RAC1 activation via DOCK1 phosphorylation
contributes to metformin insensitivity in cancer cells.
(A) Heatmap of RNA-seq analysis, colors indicate the z-scored
normalized counts. (B) The Circos plot shows the overlap of
genes in three groups. Purple lines link the same gene that are
shared by multiple groups, blue lines link the different genes
where they fall into the same ontology term. NTC + Met Up:
NTC + Met/NTC > 1.5; shDOCK1 Down: shDOCK1/NTC + Met
< 0.5; shDOCK1 + Met Down: shDOCK1 + Met/NTC + Met <
0.5. (C) Venn diagram shows the overlap of GO terms enriched
in each group. (D) Heatmap of 18 GO terms overlapped in
Fig. 3C. (E) Western blot analysis of DOCK1, RAC1 expression
and RAC1-GTP level in PLC cells treated with 0 mmol/L, 1
mmol/L, 2 mmol/L, and 5 mmol/L metformin for 48 h. (F) PLC-
NTC and PLC-shDOCK1 cells were further cultured with or
without 2 mmol/L metformin for 48 h, followed by Western blot
analysis of DOCK1, RAC1 expression and RAC1-GTP level.
(G) Western blot analysis of DOCK1, RAC1 expression and
RAC1-GTP level in the indicated PLC cell lines. (H) Colony
formation assay in the indicated PLC cell lines with or without 1
mmol/L metformin treatment (Left). Cell number were quantified
(Right). (I) PLC cells stably expressing Flag-DOCK1 were
treated with or without 2 mmol/L metformin for 48 h, followed by
immunoprecipitation using anti-Flag or IgG antibody. Pan-
phospho-tyrosine were analyzed by Western blot. (J) PLC cells
stably expressing Flag-EV, Flag-DOCK1, Flag-DOCK1Y722/1811F
were treated with or without 2 mmol/L metformin for 48 h,
followed by immunoprecipitation using anti-Flag antibody. Pan-
phospho-tyrosine were analyzed by Western blot. (K) PLC cells
stably expressing shRNA targeting the 3'UTR of DOCK1 were
further infected with viruses expressing Flag-DOCK1 or Flag-
DOCK1Y722"81F Gells were treated with or without 2 mmol/L
metformin for 48 h. DOCK1, RAC1 expression and RAC1-GTP
level were analyzed by Western blot. (L) Colony formation assay
in the indicated PLC cell lines with or without 1 mmol/L metformin
treatment (Left). Cell number were quantified (Right). Data are
presented as mean + SD.

organoids, we knocked down DOCK1 by shRNAs in orga-
noids 1T and 2T. Consistent with our observation in PLC
cells, DOCK1 knockdown induced metformin sensitivity in
these patient-derived HCC organoids (Fig. 2E-G). Moreover,
immunofluorescence staining of Ki67 revealed that met-
formin strongly inhibited the proliferation of HCC organoid 2T
under DOCK1 knockdown (Fig. S2B). Taken together, these
results documented that the DOCK1 expression levels
contribute to determining the metformin sensitivity of patient-
derived HCC organoids.

To investigate whether these in vitro findings could be
recapitulated in vivo, we employed a YAP5SA-induced HCC
model (Guo et al. 2017). To establish this model, plasmids
expressing YAP5SA and shDOCK1 (or non-targeting con-
trol, NTC) in a single transposon were injected into mice by
hydrodynamic injection. Following one month of growth, a

© The Author(s) 2022

low dose of metformin (100 mg/kg) was orally administered
to these mice daily for three months. In the NTC group, no
effects on tumor growth were observed following the low
dose of metformin, whereas the incidence of liver cancer
significantly decreased and tumor growth was suppressed
by this metformin dose in the shDOCK1 group (Fig. 2H).
Consistent with these results, Ki67 immunohistochemical
staining revealed that metformin treatment markedly inhib-
ited the proliferation of HCC tumors expressing shDOCK1
(Fig. S2C). Western blot analysis confirmed the overex-
pression of YAP1 and knockdown of DOCK1 in tumor tis-
sues (Fig. 2I). In addition, mouse xenograft experiments
using PLC cells with DOCK1 knockdown showed that sup-
pression of DOCK1 resulted in potentiation of the anti-tumor
effects of metformin (Figs. 2J, 2K, and S2D). Collectively,
these results indicated that DOCK1 levels regulate the
strength of metformin’s anti-tumor effects on liver cancer,
while suppression of DOCK1 sensitizes liver cancer to
metformin in both patient-derived HCC organoids in vitro and
mouse models in vivo.

RAC1 activation contributes to DOCK1-mediated
cancer cell insensitivity to metformin

To explore how DOCK?1 deficiency enhances the anti-tumor
effects of metformin, we performed RNA-seq analysis in PLC
cells expressing NTC or shDOCK1 (PLC-NTC, PLC-
shDOCK?1 cells) in the presence or absence of metformin.
We found that the expression of 935 genes was altered by
metformin in NTC cells, some of which were further affected
by DOCK1 suppression (Fig. 3A). To comprehensively
interpret the role of DOCK1 in metformin-mediated cancer
inhibition, we analyzed three sets of genes, including the
metformin-upregulated genes in NTC cells, and genes that
were down-regulated by shDOCK1 in the presence or
absence of metformin relative to metformin-treated NTC
cells. Interestingly, we observed substantial overlap in
function among these three sets of genes (Fig. 3B). Further
Gene Ontology (GO) and pathway enrichment analysis
revealed 18 GO terms or pathways that were shared in
common by all three groups (Fig. 3C). Notably, among the 18
GO terms, four terms were related to small GTPase activity
(Fig. 3D), which suggested that the pathway for small
GTPase activity may be involved in DOCK1 suppression
induced sensitization of cancer cells to metformin.
Considering that DOCK1 is a canonical guanine nucleo-
tide exchange factor (GEF) for RAC family small GTPases
which can promote the activation of RAC (Kiyokawa et al.
1998; Brugnera et al. 2002), we focused on the RAC family
small GTPase signal transduction pathway. Similar to other
GTPases, RAC is active when bound to GTP and inactive
when bound to GDP. Indeed, our data showed that knock-
down of DOCK1 markedly reduced the level of RAC1-GTP, i.
e., the active form of RAC1 (Fig. S3A). Since RAC1 has
been shown to play a major role in cytoskeleton assembly,

831

©
&)
o3
=
(]
e
o
|
o




RESEARCH ARTICLE Junru Feng et al.

A
B
TBOPP Opumol/L  0.75 uymol/L 1 ymol/L CTR TBOPP
A’A ; Aiév:} ; 5 BECTR Met — + - &
CTR (5 g ¥ -g 10 Bl Vet DOCK1| = = = e
= o
= RAC1-GTP| "=
©05
3 RACT | e S - w—
4 -
Mety GsT| —
1 ymol/L
c ACTIN “
Met
= | _ _
h 1507 organoid 1T 1507 Organoid 2T
) < ns ns_ .
S Z100- 100-
S ©
>
— K T 501 50
(<)) 2 <
o e 2 o
= Met - + - + - + - +
06 © CTR TBOPP CTR TBOPP
= D
9 127 —c1r e E CTR TBOPP
o % ——Met Met — — — + + + — — — + + +
o S ——TBOPP
o gm‘*M%W%W mw1..—-.—t..--—
% *x RACI1-GTP| * = v m == 5 nem™
5 0.4- RACT| S — = = = e =
€ o
2 g I
O-OIIIIIIIIIIIIIII +m
0 6 12 18 24 30 36 42 ' ° ."0 = ACTIN
Days post treatment
F
2F
Metformin (100 mg/kg) w’”“ ’ g 1S
p.o.,daily - 3?
— P DIB 55
Week é é e:s é g‘aE‘:
eeks )
3 Y G 3
NRAS12V/shP53  TBOPP (8 mg/kg) zZ
HDI i.v., twice a week e o ’ ‘ ' ET; T_BOTDP _Tg T_BO;.DP
G H
S g W CTR TBOPP
e ns Met - - — + + + - — — + + +
3 60+ DOCK! | g se qnem B en gy = = @@ m («
N~
© RAC1-GTP | = = » -
g 40 i i i ]
G RACT | e s o s o o o o e
(0]
8 207 GST | woomceosweae
3 — — —
% 0- ACTIN s
o Met —_ + - +

CTR TBOPP

832 © The Author(s) 2022



DOCK1 determines metformin sensitivity in liver cancer

RESEARCH ARTICLE

Figure 4. Synergistic effects of TBOPP and metformin both
in vivo and in vitro. (A) Synergistic response to the combina-
tion of TBOPP and metformin in PLC cells (Left). Cell number
were quantified (Right). (B) Western blot analysis of DOCK1,
RAC1 expression and RAC1-GTP level in PLC cells with
indicated treatment for 48 h. (C) Organoid 1T and 2T were
treated with DMSO, metformin (2 mmol/L for Organoid 1T and
2.5 mmol/L for Organoid 2T), TBOPP (1.5 pmol/L for Organoid
1T and 7.5 ymol/L for Organoid 2T) or combined therapy for 6
days. Representative micrographs (Left), and relative cell
viability (Right) were analyzed. Scale bar, 100 ym. (D) and
(E) PLC xenografts were treated with 100 mg/kg metformin (p.
0., daily), 8 mg/kg TBOPP (i.v., twice a week) or a combined
therapy (n = 6 for each group). Tumor sizes and images were
measured (D). The expression of DOCK1, RAC1 and the level
of RAC1-GTP of each group were analyzed by Western blot
(E). (F) Plasmids expressing NRAS®'?Y, shP53 together with
plasmids expressing SB transposase were delivered into mice
by hydrodynamic injection (n = 5 in each group). Metformin and
TBOPP was administered to mice as indicated (Left). Tumor
images, liver-to-body ratio, number of tumors, and number of
tumors (diameter > 3 mm) were measured at the end of the
experiment. (G) Representative Ki67 staining (Left) and quan-
tified data (Right) in tumor tissues described in Fig. 4F. Scale
bar, 50 pm. (H) Western blot analysis of DOCK1, RAC1
expression and RAC1-GTP level in tumor tissues described in
Fig. 4F. For (A) and (C), data are presented as mean + SD. For
(D), (F) and (G), data are presented as mean + SEM.

tumorigenesis and tumor proliferation, we thus hypothesized
that DOCK1 deficiency sensitizes cancer cells to metformin
via inhibition of RAC1 activation.

Western blots suggested that metformin treatment led to
the activation of RAC1 in PLC cells, indicated by increased
levels of RAC1-GTP in the presence of metformin (Fig. 3E).
Moreover, metformin-mediated RAC1 activation was elimi-
nated in DOCK1 knockdown cells, which suggested that
DOCK1 was necessary for RAC1 activation by metformin
(Fig. 3F). Previous studies have demonstrated that the
DOCK homology region-2 (DHR2) domain of DOCK1
directly interacts with nucleotide-free RAC to induce GTP
loading of RAC, thereby promoting its activation. Thus,
deletion of the DHR2 domain induces loss of function in
DOCK1 (Coté and Vuori 2002). To further clarify whether
shDOCK1 sensitized cancer cells to metformin via its
canonical GEF function, we ectopically expressed DOCK1
carrying a DHR2 domain deletion (DOCK1°P"R2) in PLC
cells with endogenous DOCK1 knockdown. Our data
showed that DOCK1“PHR2 had no effect on metformin sen-
sitivity by cancer cells (Fig. S3B), which demonstrated that
the GEF function is required by DOCK1 to mediate met-
formin sensitivity.

To further test whether RAC1 activation was essential for
shDOCK1-mediated metformin sensitization, we overex-
pressed either wild-type RAC1 or a RAC1%'?Y mutant, a

© The Author(s) 2022

constitutively active form of RAC1 (Xu et al. 1994), in PLC-
shDOCK1 cells (Fig. 3G). Colony formation assays revealed
that RAC1%'2Y expression partially attenuated the enhanced
metformin sensitivity in PLC-shDOCK1 cells, whereas wild-
type RAC1 showed only negligible effects in PLC-shDOCK1
cells (Figs. 3H, and S3C), which indicated that RAC1 acti-
vation contributes to shDOCK1-mediated metformin sensiti-
zation for cancer cells.

Subsequent quantitative real-time PCR (gPCR) and
Western blot analyses showed that metformin exhibited no
effects on either the RNA or protein expression of DOCK1
(Figs. 3E and S3D). However, our results showed that met-
formin treatment resulted in enhanced phosphorylation of
DOCK1 at tyrosine residues (Fig. 3l), which has been
reported to increase its GEF activity (Feng et al. 2011, 2012).
In order to identify which specific DOCK1 tyrosine residue
(s) were phosphorylated during exposure to metformin, we
constructed a DOCK1Y722FY1811F plasmid harboring Y722F
and Y1811F double mutants. Western blot showed that
metformin-induced phosphorylation of tyrosine was mark-
edly reduced in the DOCK1Y722"Y1811F yariant compared to
that in wild-type DOCK1 (Fig. 3J), which suggested that
DOCK1 Y722 and Y1811 residues are indeed the phos-
phorylation sites regulated by metformin. Similar results
were obtained using these constructs in 293T cells
(Fig. S3E).

Moreover, we ectopically expressed wild-type DOCK1 or
DOCK1Y722FY1811F jn P| C-shDOCK1 cells. Western blot
showed that metformin treatment promoted the activation of
RAC1 in cells expressing wild-type DOCK1, but not in cells
expressing the DOCK1Y722FY1811F mytant, thus demon-
strating that RAC1 activation by metformin requires phos-
phorylation of DOCK1 at the Y722 and Y1811 residues
(Fig. 3K). It is noteworthy that co-expression of the
DOCK1Y722FM181TF  mytant  also  failed to attenuate
shDOCK1-induced sensitization of cancer cells to metformin
treatment (Figs. 3L and S3F). Taken together, these results
demonstrated that metformin functions in the phosphoryla-
tion of DOCK1, resulting in the activation of RAC1, and
consequently, deficiency of DOCK1 sensitizes cancer cells
to metformin.

Synergistic effects of TBOPP and metformin
both in vivo and in vitro

1-(2-(30-(trifluoromethyl)-[1,10-biphenyl]-4-yl)-2-oxoethyl)-5-
pyrrolidinylsulfonyl-2(1H)-pyridone (TBOPP) has recently
been identified as a selective inhibitor of DOCK1 (Tajiri et al.
2017). To explore the therapeutic potential of targeting the
DOCK1-RAC1 axis, we tested the effects of TBOPP on
metformin toxicity in cancer cells. Our results indicated that
TBOPP significantly inhibited RAC1 activation at doses of
0.75 pmol/L or 1 pmol/L, but showed no effect on PLC cell
viability (Fig. S4A and S4B). However, when PLC cells were
given a combined treatment of 1 mmol/L metformin with 0.75
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Figure 5. DOCK1 levels determine the anti-tumor activity of
metformin in liver cancer patients. (A and B) Kaplan-Meier
curves with univariate analyses for patients with metformin
treatment versus other drugs treatment in DOCK1-*" (A) or
DOCK 119" (B) diabetic HCC cohort. P values were calculated
by Breslow (generalized Wilcoxon) test. (C) Kaplan-Meier
curves with univariate analyses for DOCK1-°" patients versus
DOCK 119" patients in metformin treated diabetic HCC cohort.
P values were calculated by Breslow (generalized Wilcoxon)
test. (D) Representative images (Left), and quantified data
(Right) of Ki67 in metformin used diabetic HCC patients by
immunohistochemical staining. Scale bar, 50 ym. (E) Represen-
tative images (Top), and quantified data (Bottom) of DOCK1 in
HCC patients by immunohistochemical staining. (F) and
(G) Western blot and gPCR analysis of DOCK1 expression in
28 pairs of clinically matched tumor-adjacent noncancerous
liver tissues (N) and HCC tissues (T). Calnexin served as a
loading control. Data are presented as mean + SEM.

pumol/L or 1 ymol/L TBOPP, we observed a strong synergistic
effect in reducing cell viability (Fig. 4A). Similar results were
observed in SNU449 and Hep3B cells (Fig. S4C). Western
blot detection of RAC1-GTP revealed that metformin-in-
duced RAC1 activation was attenuated by TBOPP in PLC
cells (Fig. 4B). Subsequently, we detected IC5y values of
8.95 ymol/L and 31.08 pymol/L in response to TBOPP treat-
ment in organoids 1T and 2T, respectively (Fig. S4D). We
therefore used 1.5 pmol/L and 7.5 pmol/L TBOPP in com-
bination with metformin for treatment of organoids 1T and 2T,
respectively. The results showed that metformin or TBOPP
alone only slightly inhibited growth and proliferation of
patient-derived HCC organoids, while their combined treat-
ment significantly decreased cell viability in both HCC
organoids (Fig. 4C), suggesting that a potent, synergistic
lethality accompanied the combination of metformin and
TBOPP.

We next performed mouse xenograft experiments using
PLC cells. Xenograft-bearing mice were treated with 8 mg/kg
or 16 mg/kg TBOPP by intravenous injection twice a week,
and the results showed that 8 mg/kg of TBOPP inhibited the
activation of RAC1 but exhibited only modest suppression of
tumor growth and mouse body weight (Fig. S4E-H). Thus,
we selected an 8 mg/kg TBOPP dose in subsequent
experiments to explore its combined effects with metformin.
Notably, 8 mg/kg TBOPP with 100 mg/kg metformin signifi-
cantly suppressed PLC xenograft tumor growth without
affecting mouse body weight, and further confirming the anti-
tumor synergism between TBOPP and metformin (Figs. 4D
and S4l). Western blot analysis of tumor tissue lysates
revealed that TBOPP treatment obviously suppressed the
metformin-induced RAC1 activation (Fig. 4E), which con-
firmed that RAC1 activation contributes to the DOCK1 sup-
pression associated sensitization of cancer cells to
metformin in vivo.

© The Author(s) 2022

To further corroborate the synergistic effect between
TBOPP and metformin, we employed an NRAS®'2V/shP53-
induced orthotopic HCC model (Carlson et al. 2005; Wiesner
et al. 2009). Similar to our observations in the PLC xenograft
models, metformin or TBOPP monotherapy provided only
modest tumor inhibition, while the combination treatment
resulted in strong tumor inhibition in the NRAS®'2V/shP53-
induced mouse HCC model (Fig. 4F). We used Ki67 staining
to further confirm the differences between treatments in
tumor proliferation (Fig. 4G), and Western blot showed that
TBOPP abolished metformin-mediated RAC1 activation in
the NRAS®'?V/shP53-induced orthotopic HCC model
(Fig. 4H). Collectively, our data demonstrated that treatment
with TBOPP, a DOCK1 inhibitor, results in a strong syner-
gistic effect with metformin in suppressing liver cancer in
several models both in vitro and in vivo.

DOCK1 levels determine the anti-tumor activity
of metformin in liver cancer patients

Finally, we sought to determine whether DOCK1 expression
levels could serve as a potential biomarker for evaluating the
therapeutic effectiveness of metformin in liver cancer
patients by retrospective evaluation of 122 clinical HCC
patients with diabetes. These patients were classified into a
metformin-use group and other anti-diabetic drug-use group.
Kaplan—Meier analysis showed that there was no difference
in overall survival between metformin-use diabetic HCC
patients and the other drug-use group (Fig. S5A). Subse-
quently, we performed immunohistochemical staining for
visualization and quantification of DOCK1 expression and
classified patients into DOCK1-°% (n = 66) and DOCK1"i9"
(n = 56) categories based on mean DOCK1 intensity. Inter-
estingly, metformin appeared to significantly improve the
overall survival of the DOCK1-°" patients (Fig. 5A), while in
contrast, metformin treatment was associated with poor
prognosis in DOCK1™9" patients (Fig. 5B). These results
indicated that metformin has apparently inverse therapeutic
effects in patients depending on whether DOCK1 levels are
relatively low or high. Further analysis of the metformin-use
diabetic HCC patients revealed that patients with low
DOCK1 levels had better overall survival rates (Fig. 5C).
Moreover, Ki67 staining in samples from metformin-treated
diabetic HCC patients revealed that DOCK1-°" patients
exhibited a lower proportion of Ki67-positive cells compared
to that in the DOCK 19" group (Fig. 5D). Cumulatively, these
data demonstrated that DOCK1 levels determine the anti-
tumor effectiveness of metformin in HCC patients.

To test this possibility, we next investigated DOCK1
expression levels in HCC patients. Quantitative analysis of
DOCK1 immunohistochemistry staining in HCC specimens
indicated that DOCK1 was upregulated in tumor tissues
compared to that in adjacent normal tissue (Fig. 5E). Con-
sistent with this finding, qPCR and Western blot analyses
showed that both RNA and protein levels of DOCK1 were
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Figure 6. Working model: DOCK1 determines the anti-tumor activity of metformin via DOCK1/RAC1 axis. Schematic showing
that metformin promotes DOCK1 phosphorylation, which activates RAC1 to facilitate cell survival, leading to metformin resistance in
liver cancer. Therefore, DOCK1-°" HCC patients may benefit from metformin monotherapy, while among patients with high DOCK1
expression, combining metformin with TBOPP may provide a promising personalized therapeutic strategy.

elevated in HCC tissues compared to those in matched
adjacent non-cancerous liver tissues (Fig. 5F and 5G). We
observed similar results in the GSE124535 RNA-seq dataset
generated with 35 pairs of tumor and non-tumor HCC sam-
ples (Jiang et al., 2019) (Fig. S5B). Relative expression
analysis of DOCK1 in liver cancer samples from The Cancer
Genome Atlas (TCGA) showed the same results (Fig. S5C).
The high DOCK1 expression suggests the likelihood of
poor metformin performance in HCC patients. It warrants
mention that although DOCK1 expression is widely upreg-
ulated in HCC patients, tumor heterogeneity still results in
differential accumulation of DOCK1 among HCC samples,
with some patients exhibiting very low, even undetectable,
levels of DOCK1 (Fig. 5F). This finding further suggests that
a personalized precision medicine approach should be
strongly considered for HCC patients based on their specific
DOCK1 levels. Collectively, these data suggest that DOCK1
is upregulated in HCC, and its degree of upregulation can
determine the anti-tumor effectiveness of metformin.

DISCUSSION

Metformin is established as a potential anti-tumor agent
against various tumors (Pollak 2012; Pernicova and
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Korbonits 2014). However, some clinical trials have shown
poor results, suggesting that metformin may not be suit-
able for all cancer types due to tumor heterogeneity. Hence,
valuable insights towards its clinical application as an anti-
tumor agent could be obtained through identification of the
subpopulation of cancer patients who are likely to benefit
from metformin treatment. Here, we show that metformin
selectively improved survival rates among HCC patients with
low DOCK1 levels, but not for patients exhibiting high
DOCK1 expression (Figs. 5A—C and S5A). Mechanistically,
metformin facilitates the activation of RAC1 by phosphory-
lating DOCK1 (Fig. 3D, 3H and 3J), which in turn attenuates
the anti-tumor effects of metformin, leading to the observed
unresponsiveness in liver cancer. Combined treatment of
metformin with DOCK1-selective inhibitor led to the sensiti-
zation of cancer cells to metformin both in vitro and in vivo
(Fig. 4A, 4C, 4D and 4F). Based on these findings, we thus
propose the possibility of rational use of metformin in per-
sonalized therapeutic strategies against liver cancer that
depend on patient levels of DOCK1, with low DOCK1 levels
indicating the potential for benefit from metformin adminis-
tration (Fig. 6).

Numerous genetic alterations have been observed in
HCC which lead to dysregulation of TP53, MYC and

© The Author(s) 2022
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CTNNBH1, for example, thus suggesting these proteins can
serve as potential targets for cancer treatment. However,
many of these proteins are still difficult to directly target due
to their structural characteristics or their essential functions
in normal physiological processes (Dang et al. 2017). Here,
we found that DOCK1 was significantly upregulated in HCC
(Figs. 5SE—-G and S5B) and that targeting DOCK1 with
selective inhibitor resulted in strong synergistic anti-tumor
effects when administered with metformin (Fig. 4A, 4C, 4D
and 4F). DOCK1 is a canonical GEF which mediates the
activation of the small GTPase RAC (Laurin and Coté 2014).
In addition to DOCK1, many other GEFs participate in RAC
activation (Rossman et al. 2005), and as a result, targeting
DOCK?1 leads to only modest disruption of RAC physiologi-
cal function, if at all. Recently, the DOCK1 selective inhibitor
TBOPP was identified and reported to suppress cancer cell
growth and metastasis in vivo (Tajiri et al. 2017). Although
DOCK?1 selective inhibitors have not yet undergone clinical
trials, our study showed that DOCK1-specific inhibitors have
strong apparent potential for use as efficient anti-tumor drugs
through synergistic enhancement of the anti-tumor effects of
metformin. It is also interesting to note that overexpression of
RAC1%'?V didn't completely rescue the cells treated with
shDOCK1 and metformin, suggesting that DOCK1 might
have some other potential functions beyond the DOCK1-
RAC1 axis to enhance the cancer cell-killing activity of
metformin, which warrants further independent investigation.
Moreover, previous studies revealed that DOCK1 promotes
tumor proliferation and invasion in glioma and breast cancer
(Feng et al. 2011, 2012; Laurin et al. 2013). Here, we found
that knockdown of DOCK?1 inhibited tumor development in
YAP5SA induced orthotopic HCC model (Fig. 2H), sug-
gesting that DOCK1 might directly regulate HCC
development.

Liver cancer is highly heterogeneous and traditional two-
dimensional cell culture methods have thus far failed to
recapitulate the three-dimensional architecture and tumor
heterogeneity. Recently a three-dimensional organoid model
was developed to overcome these limitations, effectively
providing a reliable platform to test patient-specific drug
response and for personalizing therapeutic approaches
(Bredenoord et al. 2017; Broutier et al. 2017). Here, we
established four HCC organoids and confirmed that these
patient-derived organoids retained the histological features
of the original tumors (Fig. S2A). Our data showed that
DOCK1 deficiency resulted in sensitization of the patient-
derived HCC organoids to metformin, while metformin
combined with TBOPP showed strong, synergistic anti-tu-
mor effects in metformin-resistant organoids (Figs. 2C-D
and 4C). Recently, patient-derived organoids were used to
accurately predict the response to chemotherapy in meta-
static colorectal cancer patients, thus highlighting their clin-
ically informative value. Given that anti-tumor drugs display
variable therapeutic effects among different patients, our

© The Author(s) 2022

findings in HCC organoids may guide personalized strategy
development for HCC patients.

Moreover, metformin selectively improved the overall
survival of HCC patients with low DOCK1 expression in our
cohort (Figs. 5A—C and S5A), supporting our conclusion that
DOCK1 determines the therapeutic outcome of metformin
treatment, and highlighting the clinical significance of our
findings. Furthermore, analysis of several datasets showed
that DOCK1 is upregulated in liver cancer (Figs. 5E-G, S5B
and S5C), which suggested that the combined treatment of
metformin with DOCK1 inhibitor could provide clinical ben-
efits for HCC patients who have high levels of DOCK1. In
addition, some patients exhibit only low levels of DOCK1,
and thus may benefit from metformin monotherapy. Con-
sidering the high heterogeneity of DOCK1 expression in
HCC patients, personalized therapeutic strategies of met-
formin may represent the most effective strategy. Clinically,
our results suggest the potential implication to determine
DOCK?1 levels by immunohistochemical analysis of tumor
tissues from patient biopsy. Thus, we propose that HCC
patients with low DOCK1 levels are recommended to met-
formin administration, while patients with high DOCK1
levels, which may lead to poor prognosis by activating
DOCK1-RAC1 axis, should not be treated with metformin
alone. Instead, our study suggests that a combined therapy
with DOCK1 selective inhibitors and metformin would be
beneficial to these patients. Nevertheless, the specific clas-
sification criteria of DOCK1 still need further and larger
clinical analysis, so as to find the accurate threshold of
DOCK1 expression with the greatest prognostic differences.

Currently, sorafenib and lenvatinib are approved for
patients with advanced HCC. While some of these patients
exhibited improved clinical outcomes, many other patients
cannot tolerate the toxicity of this treatment regimen. As the
most frequently prescribed anti-diabetic drug, metformin has
a demonstrated record of safety, and therefore the identifi-
cation of different subtypes of liver cancer patient may pro-
vide an expanded range of options for patients with low
DOCK1 expression. Future research will verify whether the
findings presented here can be extended to a broad range of
tumors. It is also worth noting that this study had some lim-
itations. In particular, this retrospective study was based on
the cohort recruited from a single center. In addition, the
effects of metformin and DOCK1 were not investigated in
liver cancer patients without diabetes. Therefore, further
clinical trials are needed to evaluate the potential for clinical
application.

In conclusion, our study highlights the role of DOCK1 in
determining the response of liver cancer cells to metformin
treatment and illustrates the inhibition of tumor progression
by metformin in liver cancer patients with low DOCK1
expression. Our findings also suggest the potential effec-
tiveness of a metformin-DOCK?1 inhibitor combination strat-
egy for treating liver cancer patients with high DOCK1
expression, which warrants further clinical investigation.
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MATERIALS AND METHODS
Cell lines

HEK293T, PLC and Hep3B cells (From ATCC) were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin-streptomycin (Hyclone). Huh7 cells (From Stem Cell
Bank, Chinese Academy of Science) were cultured in DMEM sup-
plemented with 10% FBS, 2 mmol/L GlutaMAX (Gibco), 1 mmol/L
sodium pyruvate (Gibco) and 1% penicillin-streptomycin. SNU423,
SNU449 and SNU475 cells (From CoBioer Biosciences) were cul-
tured in RPMI 1640 (Gibco) supplemented with 10% FBS and 1%
penicillin-streptomycin. CLC1, CLC11 cells (From Center for Excel-
lence in Molecular Cell Science, Chinese Academy of Science) were
cultured in primary medium: RPMI 1640 supplemented with 10% FBS,
1 *ITS (Insulin, Transferrin, Selenium Solution, Gibco) and 40 ng/uL
EGF (PeproTech) and 1% penicillin-streptomycin. CLC50 cells (From
Center for Excellence in Molecular Cell Science, Chinese Academy of
Science) were cultured in primary medium supplemented with
10 umol/L Y-27632 (Selleck Chemicals), and 5 ymol/L A83-01 (Tocris
Bioscience). Cells were incubated at 37 °C with 5% CO,.

CRISPR-Cas9-based screen

Human genome-scale CRISPR knockout library (GeCKO v2) con-
taining 123,411 sgRNAs targeting 19,050 genes was packed into
lentiviral particle and transduced into PLC cells at low multiplicity of
infection (MOI < 0.3). Following a two-week incubation with or
without 1 mmol/L metformin, genomic DNA was extracted and the
sgRNA fragment was amplified by PCR. sgRNA abundance was
determined by high-throughput sequencing and analyzed by
MAGeCKEFlute (Wang et al. 2019). Human GeCKO v2 library was a
gift from Feng Zhang (Sanjana et al. 2014).

Tissue specimens

Human HCC and adjacent nontumor liver tissues were collected
from patients who underwent surgical resection at The First Affiliated
Hospital of USTC (Hefei, China). Informed consent in writing was
obtained from each patient and this study was approved by Institu-
tional Research Ethics Committee of The First Affiliated Hospital of
USTC. The details of the patient information are shown in
Tables S1-4.

Development of HCC organoids

Organoids were generated according to previously described pro-
tocols (Broutier et al. 2017; Nuciforo et al. 2018) with slight modifi-
cations. Briefly, tissues (0.25-1 cm®) were minced and digested with
2.5 mg/mL collagenase D (Roche), 0.1 mg/mL DNase (Sigma) at
37 °C for 2-3 h. 2,000-5000 cells in 50 yL BME2 (Basement
Membrane Extract Type 2, PathClear) were seeded per well in a
24-well plate. Tumoroids-specific isolation medium were added after
the BME solidified. Patients information is provided in Table S5

qPCR

Total RNA was extracted using FastPure Cell/Tissue Total RNA
Isolation Kit (Vazyme) and reverse transcription with a HiScript Il 1st
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Strand cDNA Synthesis Kit (Vazyme) following the manufacturer’'s
instructions. gPCR was performed using SYBR Green Master Mix
(Vazyme) on a Bio-Rad CFX Connect Real-Time PCR Detection
instrument. Primer sequences are listed in the Table S6. The
expression of all samples was normalized to 18S rRNA.

Western blot analysis

Cells were lysed with RIPA buffer (50 mmol/L Tris-HCI (pH 8.0), 150
mmol/L NaCl, 5 mmol/L EDTA, 0.1% SDS, and 1% NP-40) supple-
mented with protease inhibitor cocktail, and equal amounts of pro-
tein lysate were loaded and separated by SDS-PAGE. Antibodies
information are listed in the Table S7.

Colony formation assays

1,500-5,000 cells were placed in a 6-well plate, and maintained in
complete medium supplemented with metformin or TBOPP at indi-
cated dose for approximate 2 weeks. Cells were fixed with ethanol
and stained with 0.1% crystal violet.

HE and immunohistochemistry

Tissues and organoids were fixed in 10% formalin and embedded in
paraffin followed by sectioned at 4 ym, then stained with hema-
toxylin and eosin, or specific antibodies.

Cell viability analysis

Cell viability was measured using CellTiter-Glo 3D reagent (Pro-
mega). A CLARIOstar multimode microplate reader (BMG LAB-
TECH) was used to measure Luminescence.

RNA sequencing and data analysis

Total RNA was extracted using FastPure Cell/Tissue Total RNA
Isolation Kit (Vazyme) following the manufacturer’s instructions, and
the RNA integrity was determined by Agilent Bioanalyzer 2100.
Libraries were generated using the NEB Next Ultra RNA Library
Prep Kit for lllumina (NEB). RNA-seq was performed on lllumina
NovaSeq platform by Novogene. Reads were first aligned to the
human reference genome hg19 with STAR, transcripts were
assembled by StringTie v1.3.4d, and gene expression analysis was
performed using DESeq2 v1.28.1. Pathway enrichment analysis
were performed by Metascape (Zhou et al. 2019).

In vitro RAC1 activation assay

Activated Rac1 was detected by co-precipitation of active Rac1 with
the GST-tagged PBD as described previously (Fukui et al. 2001).

Immunoprecipitation

Cells were lysed in IP buffer (20 mmol/L HEPES pH 7.5, 150 mmol/L
NaCl, 2 mmol/L EDTA, 1% NP40) supplemented with protease
inhibitors. 50-100 pg of lysate were saved as input sample for
quantitation of total DOCK1. Equivalent protein was immunopre-
cipitated with anti-Flag antibody for 4—6 h at 4 °C, followed by
incubation with protein A/G-Sepharose for 1 h. Beads were washed
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twice with IP buffer, and boiled in 2x loading buffer. Protein samples
were analyzed by SDS-PAGE.

Plasmids

shRNAs in the PLKO.1 vector against human and mouse DOCK1
were commercially purchased (Sigma-Aldrich). shRNA targeting the
3'UTR of DOCK1 were constructed in the PLKO.1 vector, the target
sequences are listed in Table S8. The coding sequences of human
DOCK1, DOCK1°PHR2 and DOCK1Y722FY1811F \yere constructed in
the pCDH-3xflag vector. The coding sequences of RAC1, and
RAC1°"2" were constructed in the pSIN-3xflag vector. The Act-PB
transposase, PB[Act-RFP]IDS and PB[CMV-myc-YAP-5SA]DS
plasmids were a gift from Prof. Bin Zhao. To make the PB[CMV-myc-
YAP-5SA-U6-shNTC]DS and PB[CMV-myc-YAP-5SA-U6-
shDOCK1]DS plasmids, two U6-shRNA fragments targeting mouse
DOCK1 or NTC were ligated with the Swal digested PB[CMV-myc-
YAP-5SA]IDS plasmid using Gibson assembly. The pT/Caggs-
NRASV12, PT2/C-Luc/PGK-SB13, and pT2/shp53/GFP4 were gifts
from John Ohlfest (Addgene).

Animal experiments

All animal studies were conducted with approval from the Animal
Research Ethics Committee of University of Science and Technol-
ogy of China. Mice were purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd.

For the in vivo xenograft experiment, 8 x 10° PLC cells were
subcutaneously injected into 5-week old male BALB/c nude mice
followed with the indicated treatment. Tumor-bearing mice were
randomized into different groups at the time of treatment initiation.
Tumors were measured by caliper every 3 day, and tumor volumes
were calculated using the following formula: Tumor volume (mm?) =
length (mm) x width (mm) x depth (mm) x 0.52.

For the orthotopic liver cancers model, indicated plasmids sus-
pending in normal saline solution were delivered to 8-week old (for
NRAS®'2V/shP53 induced liver cancer) or 6-week old (for YAP5SA
induced liver cancer) C57BL/6 mice by hydrodynamic tail vein
injection (HDI). Mice were sacrificed approximate 2 or 4 months after
plasmids injection, respectively.

Metformin (MedChemExpress) was provided in drinking water
when tumor reached 100 mm?® in volume (xenograft) or 3 (for
NRAS®'2V/shP53 induced liver cancer) or 4 weeks (for YAP5SA
induced liver cancer) after plasmids injection. TBOPP (Topscience)
was dissolved in PBS containing 10% DMSO and 12.5% Cremophol
EL and injected by the tail vein at the indicated time.

Statistical analysis

Data are presented as the mean + SD or mean + SEM of at least
three independent experiments as indicated. Student’s ¢ test was
used to compare two groups. ANOVA was used for multiple com-
parisons (GraphPad Software). *P < 0.05; **P < 0.01; ***P < 0.001;
ns: not significant.
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