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lncRNA HITT inhibits metastasis
by attenuating Rab5-mediated
endocytosis in lung adenocarcinoma
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Endocytosis of cell surface receptors is essential for cell migra-
tion and cancer metastasis. Rab5, a small GTPase of the Rab
family, is a key regulator of endosome dynamics and thus cell
migration. However, how its activity is regulated still remains
to be addressed. Here, we identified a Rab5 inhibitor, a long
non-coding RNA, namely HITT (HIF-1a inhibitor at transla-
tion level). Our data show that HITT expression is inversely
associated with advanced stages and poor prognosis of lung
adenocarcinoma patients with area under receiver operating
characteristics (ROC) curve (AUC) 0.6473. Further study re-
veals that both endogenous and exogenous HITT inhibits sin-
gle-cell migration by repressing b1 integrin endocytosis in
lung adenocarcinoma. Mechanistically, HITT is physically
associated with Rab5 at switch I via 1248–1347 nt and sup-
presses b1 integrin endocytosis and subsequent cancer metas-
tasis by interfering with guanine nucleotide exchange factors
(GEFs) for Rab5 binding. Collectively, these findings suggest
that HITT directly participates in the regulation of Rab5 activ-
ity, leading to a decreased integrin internalization and cancer
metastasis, which provides important insights into a mecha-
nistic understanding of endocytosis and cancer metastasis.
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INTRODUCTION
Metastasis is responsible for more than 90% of cancer-related mortal-
ity and yet remains the most poorly understood component of cancer
pathogenesis.1 Derailed endocytosis was recently reported to be a key
player in cancer progression.2 Thus, unraveling the mechanisms un-
derlying endocytosis is of crucial importance not only for our under-
standing of the pathology of cancer but also to provide promising
prognostic biomarkers and therapeutic targets in metastatic cancers.

Endocytosis is a highly regulated cellular process facilitating the up-
take of various cargos, such as membrane proteins and extracellular
molecules.3 Through endocytosis, internalized molecules are rapidly
targeted to the early endosome, where they are further sorted to recy-
cling endosomes to be recycled back to the plasma membrane or late
endosomes for degradation.3 As such, this event is essential in adjust-
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ing the numbers and the localizations of receptors at the cell surface
and is involved in a wide array of fundamental cell biological pro-
cesses, such as cell migration, apoptosis, and proliferation.

Integrins are known to constitute the principal adhesion receptors for
the extracellular matrix (ECM) and also represent key molecules
whose activities are regulated by the endocytotic system.4 Temporal
and spatial regulation of integrin trafficking offers an important
mechanism by which integrin–ECM adhesion turnover is regulated,
and thus also integrin signaling through the tight control of integrin
availability at the cell surface.4 There is compelling evidence that in-
tegrin trafficking is required for efficient cell migration and invasion,
which are fundamental cellular behaviors contributing to cancer
metastasis.5 Among the diverse types of integrins, heterodimers con-
taining b1 integrins have been implicated in the development of ma-
lignancy and the control of cell adhesion.6 It is not surprising that
elucidating the mechanisms underlying b1 integrin trafficking has
become a major focus of research.

GTPases of the Rab family are primary regulators of vesicular traf-
ficking pathways.7 Among these, Rab5 is a master regulator of the
early endocytic pathway and has been shown to be essential for mem-
brane protein trafficking, including of b1 integrin.8,9 Clinically,
increased expression and activity of Rab5 is associated with cancer
metastasis in breast,8 lung,8 and colon10 cancers, among others.
Like all Rab superfamily proteins, the function of Rab5 relies on the
activity of a GTPase that is controlled by a switch between a GDP-
bound off state and a GTP-bound on state. The GTP-GDP cycle is
aided by GTPase-activating proteins (GAPs), while the GDP-GTP ex-
change reaction is highly regulated by guanine nucleotide exchange
factors (GEFs).11,12 In the GTP-bound on state, Rab5 exerts its effects
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by binding to various specific effector proteins—including cargo pro-
teins, motor proteins, and tethering factors—leading to increased
endocytosis and the elevated invasive capability of cancer cells.8 Over-
expression of wild-type (WT) or a constitutively activated (Q79L)
mutant Rab5 in cancer cells maximally stimulates endocytosis, pro-
moting b1 integrin internalization and cell migration.8 In line with
this idea, increased expression of Rab5 GEFs, such as RIN1,13 and
decreased expression of its GAPs, such as RN-tre,14 both increase
Rab5 activity and are related to metastasis in cancer patients. GEF/
GAP-regulated Rab5 is a potential therapeutic target in cancer; how-
ever, the regulatory mechanisms behind the actions of GAPs and
GEFs on the activity of Rab5 are not well understood.

Long non-coding RNAs (lncRNAs) are a group of RNA transcripts
with limited protein-coding potential with lengths more than 200 nu-
cleotides (nt). They used to be considered to be transcriptional noise;
however, evidence is mounting that lncRNAs are essential in regu-
lating multiple biological processes.15 Therefore, it is not surprising
that altered expression of lncRNAs has been connected with human
diseases including cancer.16 Interestingly, pathway enrichment
analysis has identified endocytosis as a key enriched pathway of
differently expressed microRNAs related to lncRNA UCA1 in lung
cancers.17 Roles of lncRNAs in regulating Rab GTPase expression
have also been reported recently. lncRNAs, such as SNHG3,18

SNHG1,19 linc00152,20 and HOTAIR,21 inhibit Rab family member
expression by “sponging” specific microRNAs. lncRNA NEAT1 reg-
ulates endocytosis-related genes by binding with p300/CBP and sub-
sequently inhibiting H2K27ac.22 These findings imply that lncRNAs
may be important players in Rab-related biological processes. Howev-
er, whether or not lncRNAs are directly involved in the regulation of
Rab GTPase activity remains to be unraveled.

We recently characterized a lncRNA named HITT (HIF-1a inhibitor
at translation level),23 which is also referred to as linc00637 or
PPP1R13B-DT. The expression of this lncRNA is reduced in multiple
human cancer tissues. Mechanistic study has revealed that HITT in-
hibits cell growth and angiogenesis by suppressing HIF-1a synthe-
sis.23,24 HIF-1a is has been linked to metastasis and poor survival
of cancer patients. It is thus reasonable to propose that downregula-
tion of HITT may serve as a potential prognostic marker, at least in
some types of human cancer. Indeed, The Cancer Genome Atlas
(TCGA) database analysis revealed that downregulation of HITT is
associated with poor prognosis of cancer patients, such as those
with lung adenocarcinoma (LUAD) and rectal cancer.23 Given that
lung cancer is the most prevalent cancer worldwide and remains
the leading cause of cancer-related death, and LUAD is a major path-
ological subtype of lung cancer,25 we examined the role of HITT in
cancer metastasis mainly in patients with LUAD. Notably, we found
that HITT inhibited cell migration under normoxia, suggesting that a
HIF-1a-independent pro-metastasis mechanism may exist. Further
mechanistic study yielded evidence that HITT inhibits cell migration
and cancer metastasis by directly interacting with the Rab5 small
GTPase, blocking its interaction with GEFs and resulting in attenu-
ated Rab5 GTPase activity and retarded b1 integrin internalization.
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Our findings provide a mechanistic understanding of how Rab5 activ-
ity is regulated and also how lncRNAs drive cancer cell motility by
modulating endocytosis.

RESULTS
Downregulation of HITT is associated with poor prognosis of

patients with LUAD

To understand the role of HITT in lung cancer metastasis, we first
examined its expression levels in human lung cancer tissues by
analyzing the Database: TCGA. The results showed thatHITT expres-
sion had no obvious relationship with the clinical stages of LUADs
and lung squamous cell carcinomas (LUSC; Figures S1A and S1B).
In contrast, an inverse association between HITT expression and
metastasis was observed in LUADs but not LUSC (Figures S1C and
S1D). In line with these data, HITT downregulation was associated
with poor outcomes of patients with LUAD but not of those with
LUSC (Figures S1E and S1F). The prognostic value of HITT downre-
gulation in LUAD was confirmed by analyzing an independent lung
cancer cohort from the Database: TCGA (Figures S1G and S1H).

Furthermore, we bought a LUAD tissue array with different stages
and overall survival information (n = 88 pairs). HITT expression
was determined by fluorescence in situ hybridization (FISH). The
fluorescence intensities were quantified by ImageJ. Remarkably, the
levels of HITT, as indicated by fluorescence intensities, were signifi-
cantly lower in tumors than in paired adjacent normal controls (Fig-
ures 1A and 1B). Consistent with the results obtained by analyzing the
TCGA database, patients with reduced expression ofHITT in primary
tumors showed increased risk for the development of metastasis (Fig-
ure 1E) and a poor overall survival (Figure 1F), whereas other factors,
such as age and sex, were not significantly associated with HITT
expression (Figure S1I). In addition, we also found that reduced levels
of HITT were associated with higher tumor, node, metastasis (TNM)
stages and grades of LUAD (Figures 1C and 1D). Tumor stages,
metastasis, and HITT expression were identified as significant prog-
nostic factors through univariate and multivariate regression analysis
(Table 1). On the basis of these data, we further evaluated the prog-
nostic value of HITT using receiver operating characteristics curves.
The data revealed that tumor stages, metastasis, andHITT expression
with area under receiver operating characteristics curves (AUCs) of
0.719, 0.6935, and 0.6473, respectively (Figures 1G and 1H). The
combination of HITT expression with TNM stage or metastasis,
with AUCs of 0.7863 and 0.7647, respectively, was better as a prog-
nostic factor than stage or metastasis alone (Figures 1G and 1H).
Therefore, HITT downregulation is a potential marker of poor prog-
nosis for patients with LUAD.

HITT inhibits cell motility, migration, and invasion

HITT was markedly reduced in LUAD cell lines compared with
normal lung tissue controls (Figure 2A), which provided an ideal
model with which to study HITT functions and mechanisms
in vitro and in vivo. Given the significance of cell migration and inva-
sion in cancer metastasis, the roles of HITT on these properties were
investigated in independent LUAD cell lines. Remarkably, HITT



Figure 1. Downregulation of HITT is associated with

poor prognosis of patients with LUAD

(A) Representative images of RNA-FISH staining of HITT in

LUAD tissues (T) and paired adjacent normal controls (N).

Red represents the HITT probe signal, and blue represents

the nuclear signal. Scale bars in C and E, 50 mm. (B-E) HITT

expression levels as indicated by the relative fluorescence

intensity were compared between 88 cases of LUAD (T) and

their adjacent normal controls (N) (n = 88, (B). Among those,

samples having stage (n = 67), grade n = 92), and metas-

tasis (n = 72) information were used to further analyze the

association between HITT levels and stages (C) or grades

(D) and metastasis status (N0, no lymph node metastasis;

N1-3, lymph node metastasis, (E), respectively. (F) Kaplan-

Meier overall survival curves of patients with LUAD stratified

according to lower (below median value) and higher (above

median value) expression levels of HITT. (G and H) ROC

analysis for cancer-related survival of HITT, stage and

metastasis alone (G and H), or the combination of HITT and

stage (G) or HITT and metastasis (H). See also Figure S1.
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overexpression in H292 cells (Figure 2B), a highly metastatic cell line
with relatively low endogenous levels ofHITT, dramatically decreased
the cell migration and invasion rates, as revealed by wound healing,
Boyden chamber, and Matrigel assays, respectively (Figures 2C and
2D). In contrast, HITT knockdown (KD) by two independent small
Mo
interfering RNAs (siRNAs) in A549 cells (Fig-
ure 2B), a cell line with low-level metastasis that
expresses relatively high levels ofHITT, enhanced
cell migration and invasion (Figures 2E and 2F).
This was not due to changes in cell proliferation,
because HITT had no obvious impact on it
(Figure S2A).

We also found that migration speed was reduced
4.5-fold in cells overexpressing HITT and
increased approximately 3-fold inHITT KD cells,
as monitored by single-cell migration (Figures 2G
and 2H). In addition, attachment and spreading
on fibronectin-coated substrates was reduced by
HITT expression and elevated by HITT KD (Fig-
ures 2I and 2J). These data collectively indicate
that HITT plays essential roles in inhibiting cell
migration and invasion, possibly by modulating
the dynamic interactions between cells and the
ECM. Furthermore, activity of HITT is likely to
be common in human cancers, because HITT in-
hibited cell migration and spreading of cervical
cancer HeLa and colon cancer HCT116 cells on
fibronectin-coated substrates (Figures S2B–S2D).

HITT inhibits cell motility by blocking b1

integrin endocytosis

Next, we sought to investigate the underlying

mechanisms by which HITT regulates cell motility. Adhesion
signaling through integrins plays critical roles in modulating cell
and ECM interaction and in regulating cell motility and invasion.
As expected, blocking of integrin signals by ATN-161 or RGD pep-
tides reduced cell migration. Remarkably, it also abolished the effects
lecular Therapy Vol. 30 No 3 March 2022 1073
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Table 1. Univariate and multivariate regression analyses of parameters associated with the prognosis of LUAD patients

Characteristic Subset

Univariate analysis Multivariate analysis

HR (95% CI) p Value HR (95% CI) p Value

Sex Male/female 1.011(0.576–1.776) 0.97 1.261(0.634–2.506) 0.508

Age %60/> 60 years 1.295(0.74–2.264) 0.365 1.485(0.782–2.821) 0.227

Tumor size %5cm3/> 5cm3 1.448(0.758–2.765) 0.262 0.651(0.271–1.561) 0.336

Tumor grade Grade(1 + 2)/grade(3 + 4) 1.635(1.09–2.453) 0.018 1.364(0.732–2.54) 0.328

Tumor stage I+II/III/Ⅳ 4.394(2.211–8.73) <0.001 3.073(1.285–7.35) 0.012

Metastasis Yes/no 3.589(1.827–7.049) <0.001 2.301(1.008–5.253) 0.048

HITT High/medium/Low 0.432(0.242–0.771) 0.004 0.462(0.231–0.925) 0.029

HR hazard ratio, 95% CI 95% confidence interval.
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ofHITT (Figures 3A and S3A). Therefore,HITTmainly acts by inter-
fering with integrin signals.

Expression levels of b1 integrin have been associated with lymph
node metastasis in lung cancers.26 However, HITT did not affect b1
integrin expression at the protein level (Figures 3B and 3C). Integrin
endocytosis is a major mechanism through which integrin is involved
in the regulation of cell migration.4,5 Therefore, we examined integrin
endocytosis rates by measuring levels of membrane-associated b1 in-
tegrin. The assays consistently showed that HITT overexpression in-
hibited, whereas HITT KD promoted, internalization of b1 integrin,
as revealed by cell fractionation (Figures 3B and 3C) and cell staining
assays (Figure 3D). In addition, as shown via flow cytometry, HITT
reduced levels of surface-labeled b1 integrin, whereas HITT KD
had the opposite effect (Figures 3E and S3B). Further study revealed
that these effects ofHITT were predominantly due to impaired endo-
cytosis rather than altered integrin recycling, because primaquine, an
inhibitor of receptor recycling, significantly enhanced internalized b1
integrin, but it did not abolish the difference between internalization
of b1 integrin, as revealed by a biotin-association assay (Figure 3F).
Taken together, these results indicate thatHITT regulates cell motility
by inhibiting integrin endocytosis.
HITT attenuates integrin internalization through physical

interaction with Rab5

lncRNAs can exert their functions through RNA-protein interactions.
To gain insight into the mechanisms involved in HITT-mediated in-
tegrin endocytosis, we performed biotinylated RNA pull-down assays
to identify potential HITT-binding proteins in HeLa and H292 cells.
Components that have been shown to be important in integrin endo-
cytosis, such as Rab1, Rab4, Rab5, Rab7, Rab11, Rab14, Rab21, Rab25,
and clathrin, were examined. Our results showed that biotinylated
HITT was able to form a complex with a key regulator of early endo-
somes, Rab5 (Figure 4A and Figure S4A). This association is likely
Rab5 specific, as no detectable levels of other family members co-
precipitated withHITT (Figures 4A and S4A) and no detectable inter-
action was obtained for clathrin either. Moderate association between
b1 integrin andHITTwas detected in biotinylatedHITT sense precip-
1074 Molecular Therapy Vol. 30 No 3 March 2022
itates (Figure 4A), suggesting that b1 integrinmay also be able to form
a complex with HITT.

UV-crosslinking and immunoprecipitation (CLIP) can determine
direct RNA and protein interactions in cells and was used to explore
the physical interactions between HITT and its potential binding
partners, such as Rab5 and b1 integrin, in vivo. Our results revealed
that Rab5, rather than b1 integrin, was the most important candidate
for direct interaction with HITT (Figure S4B). The association of
Rab5 with HITT was enhanced by HITT overexpression and
decreased by HITT KD (Figures 4B and S4C), further supporting a
specific interaction between Rab5 and HITT. Moreover, in an
in vitro biotinylated RNA pull-down assay, recombinant GST-Rab5
displayed a specific interaction with biotinylated sense but not bio-
tinylated antisense HITT (Figure 4C).

As shown above, HITT interacts with Rab5. We next explored the
molecular nature of this interaction. First, different HITT frag-
ments were generated and introduced into 4T1 cells, a cell line
without endogenous HITT expression.23 HITT are divided into
three fragments (F1, F2, F3) according to its exon sequences.
The interaction of Rab5 with exogenous HITT was determined
by CLIP. The 30 end of HITT (1030–2050 nt) contributed to the
association with Rab5 (Figure 4D, top). The binding sequence
was further mapped to 1248–1715 nt (Figure 4D, bottom). This
was not due to differential expression levels of HITT, as similar
HITT fragments were introduced into 4T1 cells (Figure 4D). The
binding mechanism between HITT and Rab5 was also validated
via an in vitro biotinylated RNA pull-down assay with purified
GST-Rab5 (Figure 4E). In addition, HITT(1248–1715 nt) were
truncated to a series of 100-nt fragments. Among them, HITT
(1248-1347nt) was determined to be essential for Rab5 binding
(Figure 4F). The optimal secondary structure with a minimum
free energy was predicted by RNAfold web server (http://rna.tbi.
univie.ac.at) (Figure 4G). Remarkably, this fragment was found
to fold as independent loop structures in HITT (highlighted in
red, Figure 4G). In support of these idea, we found that the
sequence with the independent loop structures of HITT retains
both Rab5 binding and Rab5 inhibitory abilities (Figure S4D).

http://rna.tbi.univie.ac.at
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Figure 2. HITT inhibits cell motility, migration, and invasion

(A) The expression levels ofHITTwere determined by real-time qRT-PCR in LUAD cell lines and three pooled normal lung tissue controls. 18S was used as an internal control. (B)

HITToverexpression or KDefficiencywas confirmedby qRT-PCR inH292andA549cells, respectively. 18Swas used as an internal control. Vect., vector. (C–F) Cellmigration and

invasion were determined by wound healing, Boyden chamber, and Matrigel assays in H292 cells after HITT overexpression (C and D) and A549 cell after HITT KD (E and F).

Quantification of cellmigrating and invasive abilitieswere presented in the bar graphs (bottom). Scale bars in C andE, 100 mm.Scale bars in D and F, 50mm.Ctl., control. (G andH)

Single-cell migrating ability was determined by randommigration assay as shown in Materials and methods. Tracking images are shown (left) and the migration speeds of HITT

overexpressionH292 (G) andHITTKDA549 (H) cellswere calculated andarepresented in the bar graphs (right). n = 8/eachgroup. (I andJ)Representative imagesof cell spreading

ofHITToverexpressionH292 (I) andHITTKDA549 (J) cells arepresented (left), andquantificationdataareshown in abar graph (right). Scalebar,20mm.Thedataderived fromthree

independent experiments are represented as means ± SEM in the bar graph. Values in control cells were normalized to 1. **p < 0.01 (A–J). See also Figure S2.
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Figure 3. HITT inhibits cell motility by blocking integrin endocytosis

(A) Cell migrating ability was determined by wound healing assay in HITT ectopic expression H292 cells, in the presence or absence of ATN-161 or RGD (left), and

quantification of cell migration is presented in the bar graph (right). Scale bar, 100 mm. (B–D) The localization of b1 integrin was determined by subcellular fractionation (B and

C) and immunofluorescence (D) assays in HITT overexpression H292 (B and D) and HITT KD A549 cells (C and D). (E) Cell surface b1 integrin was determined by FACS in

HITT-overexpressed H292 and HITT KD A549 cells. (F) The endocytosis rates of b1 integrin were measured by biotinylated internalization ELISA capture assays in HITT-

overexpressed H292 andHITTKD A549 cells. The data derived from three independent experiments are represented asmeans ±SEM in the bar graph (A, E, and F). Values in

control cells were normalized to 1. *p < 0.05; **p < 0.01; (A, E, and F). See also Figure S3.
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Rab5 has been demonstrated to be required for b1 integrin internal-
ization that coordinates cell migration. Interestingly, the effect of
HITT on b1 integrin internalization was completely abrogated by
Rab5 KD, but was unchanged by Rab21 KD (Figure 4H). In addition,
onlyHITT fragments that were able to bind with Rab5 (1030–2050 nt
and 1248–1715 nt) had effects on b1 integrin internalization (Fig-
ure 4I). Supportively, b1 integrin endocytosis is essential for focal
adhesion dynamic, an important process in regulating cell migration.
In line with above data, we also found that HITT inhibits focal adhe-
sion disassembly in a Rab5-dependent manner by a nocodazole-based
1076 Molecular Therapy Vol. 30 No 3 March 2022
microtubule depletion assay (Figure S4E). In addition, although the
factors, such as integrin-linked kinase (ILK), play a role in regulating
integrin signaling, it has no impacts onHITT-regulated cell migration
(Figures S4F and S4G). Therefore, HITT regulates b1 integrin endo-
cytosis by physiologically associating with Rab5 via 1248–1715 nt.

The binding of HITT to Rab5 is required for its ability to inhibit

Rab5 activity

The small GTPase activity of Rab5 is required for b1 integrin endocy-
tosis.27 Given the inhibitory effect ofHITT on b1 integrin endocytosis



(legend on next page)
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and its Rab5-dependent features (Figures 2–4), we reasoned that
HITTmay act by inhibiting the small GTPase activity of Rab5. In sup-
port of this hypothesis, GTP-(Q79L)-locked Rab5 reversed HITT-in-
hibited b1 integrin internalization more efficiently than WT Rab5,
whereas GDP-(S34N)-locked Rab5 had no obvious effect on HITT-
inhibited b1 integrin internalization (Figure S5).

To provide more direct evidence, the effects of HITT on Rab5 activity
were explored via a well-established R5BD-GST pull-down assay. Rab
GTPases in their GTP-bound active conformation bind with their ef-
fectors. Rabaptin5, a well-characterized Rab5 effector, was used as a
template to synthesize the Rab5-binding domain (R5BD) with a GST
tag, and the peptide was purified in vitro. GST-R5BD was mixed
with cell lysates from HITT-overexpressing or -KD cells and subjected
to a R5BD-GST pull-down assay. The results showed that HITT over-
expression was inhibited, whereas siRNA-mediated HITT KD inhibi-
tion ofHITT elevated Rab5 activity, as indicated by the co-precipitated
Rab5 proteins in the GST-R5BD immunoprecipitates (Figure 5A). A
similar inhibitory effect on Rab5 activity was observed for those
HITT fragments (F3 and F3-2) that contained critical Rab5-binding
sites (1248–1715) in the same assay (Figure 5B). Consistent with this,
the reduced association of endogenous Rab5 and EE1A was validated
by immunoprecipitation (IP) assays after HITT overexpression in
HeLa cells, while HITT KD was found to increase the binding between
Rab5/EE1A in the same assays (Figure 5C).

Moreover, Rab5 activity has been reported to change with microtubule
dynamics. To test the biological significance of Rab5/HITT interaction
in a more relevant biological model, the effects ofHITTwere compared
after treating cells with nocodazole, a rapidly reversible inhibitor of mi-
crotubules. Consistent with previous reports, Rab5 activation, as shown
in a R5BD-GST pull-down assay, was decreased after the disruption of
microtubules with nocodazole but was restored rapidly after nocoda-
zole washout (Figure 5D). The inhibition of Rab5 activity was more
evident in HITT-overexpressing cells. The endocytosis of b1 integrin
displayed the same kinetic changes as those observed for Rab5 activity
in the same set of experiments (Figure 5E). In support of the biological
significance of HITT and Rab5 interaction, levels of HITT-associated
Rab5 were inversely related to Rab5 activity, as shown in CLIP assays
(Figure 5F). These data collectively suggest that the interaction of
HITT with Rab5 is required for its ability to inhibit Rab5 activation.
Figure 4. HITT attenuates integrin internalization through physical interaction

(A) b1 integrin, clathrin, Rab5, Rab21, Rab25, Rab1, Rab4, Rab7, and Rab11 levels in p

whole-cell extracts of HeLa cells were determined by in vitro RNA pull-down assay co

streptavidin HRP. (B) Rab5-associated HITT was measured by Rab5 CLIP after HITT ov

negative controls. (C) The binding of biotinylated HITTwith recombinant GST-Rab5 was

serves as a negative control. (D and E) CLIP (D) and biotinylated RNA pull down assay

indicated in the diagram. Rab5 pull-down efficiency was determined by WB. (F) The in

diagram, were determined by biotinylated RNA pull-down assay. Biotinylated HITT anti

RNAfold web server (http://rna.tbi.univie.ac.at). The red domain is Rab5-binding doma

nalization ELISA capture assay after Rab21 KD, Rab25 KD (H), or HITT and HITT fragm

periments are represented asmeans ±SEM in the bar graph (B, D, H, and I). Values in co

I). See also Figure S4.
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HITT inhibits Rab5 activity by blocking its interactions with its

GEFs

Activation of Rab5 requires the activation of GEFs or the inactivation
of GAPs. One would expect thatHITT would either inhibit Rab5’s as-
sociation with its GEFs or facilitate its association with its GAPs. To
test these hypotheses, the interactions of endogenous Rab5 with its
best-known GEF and GAP (rabex5, Rin1, and RN-tre) were examined
by IP assays in cancer cell lines containing different levels of HITT.
We found that HITT overexpression significantly reduced co-precip-
itation of rabex5 and Rin1 with Rab5 (Figures 5G and S6A), whereas
HITT KD enhanced its binding (Figure 5G). However, the interaction
between Rab5 and RN-tre was not affected by HITT (Figure S6B).
Thus, we reasoned that HITT may inhibit Rab5 activity by modu-
lating the interaction between Rab5 and its GEFs. To validate this
idea, we further evaluated the impacts of HITT on the binding be-
tween Rab5 and the Vps9 domain, an essential motif commonly
found in the catalytic domains of Rab5 GEFs, in vitro (Figure S6C).
As shown, HITT indeed inhibited the binding of recombinant Vps9
to Rab5. In addition, increasing amounts of in vitro synthesized bio-
tinylatedHITT competed with and displaced the binding (Figure 5H).

One potential explanation is that HITT binding may interfere with
Vps9 binding to Rab5. If that is the case, GEFs and HITT may bind
to similar regions on Rab5. To this end, biotinylatedHITT was mixed
with the same amounts of purified full-length Rab5 or Rab5 trunca-
tions. The in vitro biotinylated RNA pull-down assay revealed that
the 1- to 73-aa) and 42- to 216-aa regions of Rab5, but not the 74-
to 216-aa region, bound with HITT, suggesting that the 42- to 73-
aa region of Rab5, containing switch I region (43–52 nt), is involved
in binding (Figure 5I). Interestingly, it has been well established that
the Rab5 switch I region contains critical residues for GEF binding.28

These data suggest that HITT may affect the accessibility of switch I
for GEF binding. These data collectively suggest that HITT inhibits
Rab5 GTPase activity and thus Rab5-mediated b1 integrin internali-
zation by inhibiting GEF binding.

HITT inhibits cell migration and cancer metastasis by inhibiting

Rab5 activity

Because of its important function in regulating Rab5 activity and sub-
sequent b1 integrin internalization, we reasoned that HITT might
inhibit cell migration in a Rab5 activity-dependent manner. To this
with Rab5

rotein complexes immunoprecipitated by biotinylated HITT sense or antisense from

mbined with western blot (WB). The RNA pull-down efficiency was determined by

erexpression or KD in living HeLa cells. GAPDH mRNA and CLIP IgG were used as
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end, the effect of HITT on cell migration and invasion was compared
after siRNA-mediated Rab5 KD. KD efficiency was confirmed by
Western blot (Figure 6A). Under such conditions, Rab5 KD cells
had weaker abilities to migrate, invade, and spread. The activity of
HITT was missing after Rab5 KD (Figures 6B, 6C, S7A, and S7B).
To provide further evidence, we also expressed v5-tagged WT
Rab5, a GTP-locked Rab5 mutant (Q79L), and a GDP-bound Rab5
mutant (S34N) in HITT-overexpressing cells to similar levels (Fig-
ure 6D). The results revealed that WT Rab5 and the GTP-locked
Rab5 mutant (Q79L), but not the GDP-bound Rab5 mutant
(S34N), successfully rescued the capability of HITT to influence cell
migration. The effect of the GTP-locked Rab5 mutant was stronger
than that of WT Rab5 (Figures 6E and 6F). These data collectively
suggest that HITT’s regulation of cell migration and invasion is
dependent on its ability to inhibit Rab5 GTPase activity.

To verify the effect of HITT on cancer metastasis in vivo, A549 cells
were engineered to stably express luciferase together with either
HITT or CRISPR/Cas9-HITT. The same numbers of A549 clones
were injected into nude mice through tail vein injection, and the met-
astatic status of A549 cells was monitored weekly by bioluminescence
imaging. As shown, HITT knockout strongly promoted the colony-
forming ability of A549 cells in the lung (Figures 7A and 7B), which
are normally not highly invasive. Eight weeks after injection,
increased lungmetastasis afterHITT knockout was further confirmed
by ex vivo bioluminescence imaging (Figures 7C and 7D) and hema-
toxylin and eosin (H&E) staining (Figure 7E). In contrast,HITT over-
expression repressed lung metastasis and the number of metastatic
lung nodules, as shown by in vivo (Figures 7F and 7G) or ex vivo (Fig-
ures 7H and 7I) bioluminescence imaging and H&E staining (Fig-
ure 7J), respectively. In accord with our observations in vitro, the ac-
tivity of Rab5 was inhibited by HITT knockout (Figure 7K) and
decreased by HITT overexpression in the animal models (Figure 7L).

Further studies also revealed that the ability ofHITT to inhibit cancer
metastasis was mainly dependent on its ability to repress Rab5
GTPase activity. The inhibitory effect ofHITT overexpression on can-
cer metastasis was partially reversed by WT Rab5 and completely
abolished by the GTP-locked Rab5 mutant (Q79L) but not affected
by the GDP-bound Rab5 mutant (S34N) (Figures 7F–7J). This was
not due to different expression levels of Rab5, since similar levels of
exogenous v5-tagged Rab5 WT or mutant proteins were detected
by Western blot using anti-Rab5 or anti-v5 tag antibody (Figure 7L).
Figure 5. HITT inhibits Rab5 activity by blocking the interaction of Rab5 with it
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DISCUSSION
Metastasis remains the greatest challenge in the clinical management
of cancer.29 Rab5 is a primary regulator of the vesicular trafficking
pathways and has attracted interest as a key regulator of cancer metas-
tasis.8 Elucidation of the regulatory mechanisms of Rab5 may provide
important insights into cancer metastasis. Up to now, many reports
have demonstrated that Rab5 activity is regulated by GEFs and
GAPs,30 however, the detailed mechanisms by which their interac-
tions are modulated remain poorly understood. An increasing num-
ber of lncRNAs has been reported recently.31,32 Our study establishes
a lncRNA to be an inhibitor of Rab5, which acts by directly interacting
with Rab5 and inhibiting the binding with its GEFs. To the best of our
knowledge, this is the first evidence of a lncRNA binding with a
GTPase and directly regulating GTPase activity and endocytosis
pathways.

Given the essential and highly dynamic regulatory roles played by
Rab5 in fundamental biological processes, it is not surprising that
multiple layers of regulation exist to guarantee tight and precise con-
trol. Our data suggest that HITT serves as a Rab5 inhibitor by inter-
fering the binding of Rab5 with its GEFs based on the following ob-
servations. First, binding with HITT reduced the interaction
between Rab5 and its GEFs both in vivo and in vitro. Second, HITT
binds with Rab5 at switch I, which also contributes to its binding
with its GEFs. Third, increasing doses of HITT gradually substitute
Vsp9 (an essential motif commonly found in the catalytic domains
of Rab5 GEFs) in binding with Rab5 in vitro. Those observations
motivated our hypothesis that HITT binding might enable residues,
primarily in switch I, to adopt a conformation that prevents GEF pro-
teins from loading (Figure 8). It has been proposed that It has been
reported recently that the ubiquitination of Rab5 GEF Rebex-533 or
Vps9,34 and the association of Rab5 GEF Gapex5 with the adaptor
protein SPIN90,35 increases Rab5 activity by promoting the localiza-
tion of GEFs to the early endosome. Our study provides a distinct
mechanism through which the accessibility of Rab5 with its GEFs
can be changed; combined with the findings of others, this suggests
that cells utilize multiple strategies to precisely control Rab5 activity.

It is also worthwhile considering that the mechanisms of HITT and
GEFs in binding with Rab5 may be somewhat different. In line with
this idea, in contrast to the binding with its GEFs, there is an inverse
relationship between Rab5/HITT interaction and Rab5 activity after
nocodazole shock. In addition, HITT selectively binds with Rab5,
GEFs
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Figure 6.HITT inhibits cell migration and invasion by

inhibiting Rab5 activity in vitro

(A) Rab5 KD efficiency was verified by WB in A549 cells.
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migration and invasion were measured by Boyden
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controls with or without Rab5 KD (B). The quantification of

cell migration and invasion is presented in the bar graph
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whereas Vps9-domain containing GEFs have been shown to bind
both Rab5 and Rab21.28 The selectivity of HITT in binding with
Rab family members indicates a potential application ofHITT to spe-
cifically inhibit Rab5 but not other Rabs. Further research is needed to
compare the precise mechanisms of HITT and GEFs in binding with
Rab5, possibly through structural biology approaches.

Furthermore, despite the model proposed above, we cannot exclude
the possibility that HITT inhibits Rab5 GTPase activity per se.
HITT binds via key nucleotides mapped to residues 42–73, which
Mole
overlap with the switch I (residues 43–52) re-
gion and are proximal to the switch II (residues
77–95) region, regions that also constitute key
structures of Rab5 involved in binding with nu-
cleotides, in addition to GEFs.36 Recent evi-
dence has shown that modulating Rab5 protein
via monoubiquitination at K165 reduces GDP
release by changing its conformation at switch
I, leading to reduced Rab5 activity.37 Our data
raise the possibility that HITT binding could
cause a conformational change in switch I and
switch II, which may result in preferential bind-
ing of Rab5 with GDP rather than GTP. This
hypothesis is worthy of further exploration.

HITT is a recently identified lncRNA. The gene
plays essential roles in regulating HIF-1a
expression23 and ATM activity38 and therefore
participates in the regulation of angiogenesis
and the DNA damage response. In this study,
for the first time, we have delineated the critical
role ofHITT in regulating cell migration and in-
vasion.More importantly, this event is likely clinic relevant: expression
levels of HITT are reduced in lung cancer. In addition, this study has
investigated the potential of HITT expression in estimating the prog-
nosis of patients with LUAD, supporting the idea that HITT expres-
sion has prognostic potential. Notably, HITT expression has a similar
ability to predict overall survival at tumor grade and TNM stage but
provides extra information on molecular pathology, suggesting that
the assessment of HITT expression in patients might be a more
straightforward and practical procedure. Furthermore, we found
that HITT inhibits cancer metastasis in a Rab5 activity-dependent
cular Therapy Vol. 30 No 3 March 2022 1081
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manner both in vitro and in vivo, implying that the anti-metastatic
function ofHITT in patients with LUADmay be related to Rab5 inac-
tivation. Further validation of the inverse association between HITT
expression and Rab5 activity in fresh LUAD tissue is needed. In addi-
tion, despite no inverse association being identified between HITT
expression and tumor grade in the TCGA cohort (from the Nation-
wide Children’s Hospital, USA), such an association was observed in
the tissue array data (Shanghai, China). Whether or not HITT influ-
ences LUAD differentiation and, if so, whether or not it is human
race specific need further investigation.

Genetic studies have revealed that Ras mutation is one of the most
common genetic events in LUAC, and the presence of KRAS muta-
tion is associated with unfavorable clinical outcome.39,40 In addition,
approximately 75% of LUACs examined harbor genetic alterations
that promote the Ras signaling pathway.41 Interestingly, several lines
of evidence have indicated that Ras mutants exploit the endocytic ma-
chinery, at least in part by regulating Rab5,42 suggesting that the dys-
regulation of Rab5 may be part of the downstream effects of increased
Ras signaling. These data provide a potential explanation for HITT’s
prognostic value in LUAC, but not in LUSC. It will be of interest to
investigate whether HITT/Rab5 play essential roles in tumor types
with defects in the Ras pathway in general.

Furthermore, in light of its critical role in regulating cancer metas-
tasis, Rab GTPases are considered to be potential therapeutic targets
in cancer.43 In fact, several efforts have been made to inhibit the
interaction between the GEFs and its G protein using small mole-
cules.44 However, this has been challenging due to the lack of a
proper pocket for small-molecule binding. Our identification of a
lncRNA inhibitor of the Rab5/GEF interaction provides important
insights for the development of new anticancer therapies targeting
Rab GTPases using RNAmolecules, and therefore may be of clinical
significance.

It is also noteworthy that Rab5 activity is required for multiple func-
tions in addition to cell migration, such as mitophagy,45 immunity,46

and metabolism,47 by binding to different effectors and regulating
different cargo traffic. It will therefore be interesting to explore
whetherHITT plays roles in such contexts. In addition, KD of endog-
enous HITT results in increased activity of Rab5, suggesting that
HITT plays essential roles in restricting intrinsic Rab5 activity in cells.
Thus, HITT may be physiologically important, because it was re-
Figure 7. HITT inhibits cancer metastasis by inhibiting Rab5 activity in vivo

(A and B) The representative bioluminescent imaging (A) and quantification of photon flu

Cas9-HITT A549 stable lines; n = 6 mice per group. (C–E) In vitro bioluminescent imagin

the numbers of metastatic nodules (E, right) in the dissected lungs 8 weeks after intrav

100mm. (F and G) The representative bioluminescent images (F) and quantification of pho

A549 sub-lines as indicated; n = 6 mice per group. (H–J) In vitro bioluminescent imagin

metastatic nodules (J, bottom) in the dissected lungs 8 weeks after intravenous injection

Q79L, and S34N overexpression. Scale bar, 100mm. (K and L) The activity of Rab5 was d

indicated. Data are represented as means ± SEM in the bar graphs. *p < 0.05. **p < 0.01

relative to the HITT overexpression (I and J).
ported recently that aberrant high activity of Rab5 is related to dis-
eases such as Alzheimer’s disease48 and nephrotic syndrome.49

Taken together, our study reveals a distinctive mechanism by which
Rab5 activity is regulated: a lncRNA HITT directly binds with Rab5
and interferes with the interaction of Rab5 with its GEFs. As such,
HITT elicits a robust effect in inhibiting cancer metastasis, serves as
a good prognostic marker, and is a potential therapeutic target for
the prevention and treatment of LUAC metastases. The study en-
hances not only our understanding of the Rab5-mediated endocytic
mechanism but also of how a small GTPase can be specifically tar-
geted by a RNA molecule.

MATERIALS AND METHODS
Cell lines and treatments

The human lung cancer A549, H292, H1975, H1299, A427, H23,
colorectal cancer HCT116, and cervical cancer HeLa cells were
cultured in RPMI 1640 medium (GIBCO) or Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (Biological Industries). All cells were grown at 37�C in a hu-
midified incubator with 5% CO2. All cell lines were authenticated
and characterized by the supplier and were monitored regularly for
their authenticity by the Genetic Testing Biotechnology Corporation
(Suzhou, China) and to be free of mycoplasma contamination.

Tissue microarray and RNA-fluorescence in situ hybridization

Paraffin-embedded human tissue microarray containing 88 pairs of
matched LUAD and corresponding normal control tissues (HLu-
gA180Su03) were purchased from Shanghai Biochip (Shanghai,
China). For the FISH assay, the tissue microarray was deparaffinized
in xylene and rehydrated in serial dilutions of ethanol. After being
washed in PBS for 5 min, the tissue microarray was treated with pro-
tein K at 37�C for 30 min. Next, the microarray was prehybridized in
hybridization buffer (50% deionized formamide, 5� SSC, 5� Den-
hardt’s, 250 mg/mL yeast tRNA, 500 mg/mL sperm DNA) at 37�C
for 1 h. After that, the microarray was incubated with 200–300 ng/
mL biotin-labeled anti-lncRNA HITT oligodeoxynucleotide probe
at 37�C for 3 h. The microarray was then washed three times for
5 min each in 5� SSC, 2� SSC and 0.2� SSC at 37�C. After blocking
in blocking buffer (10% milk dissolved in maleic acid buffer), the mi-
croarray was incubated in streptavidin Alexa Fluor 555 secondary
antibody at room temperature for 1 h. DAPI was used as a nuclear
counterstain. The fiuorescence was measured with a laser scanning
x (B) of tumors in nude mice after intravenous injection of the control and CRISPR/
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confocal microscope (Zeiss LSM880 With Airyscan). The fluores-
cence signal was quantified by ImageJ software.

siRNA transfection and HITT overexpression infection

siRNA specifically targeting HITT, Rab5, Rab21 and non-specific si-
scramble control were synthesized by GenePharma (Suzhou, China).
All transfection experiments were conducted by lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions. The siRNA
sequences used in this paper are listed in Table S1. 293T cells were
transfected with lentivirus constructs of PlncKP-Control or
PlncKP-HITT, together with virus packing plasmids. 48 h post-trans-
fection, the lentivirus supernatant was collected by centrifuge and
used to infect the target cancer cells. Seventy-two hours after infec-
tion, antibiotics were added to select positive clones. Single clones
with HITT overexpression were harvested for future analysis.

RNA extraction and quantitative RT-PCR

Total RNA was isolated using TRIzol Reagent (Invitrogen) following
the manufacture’s protocol. qRT-PCR was performed in triplicate
with an Applied Biosystems Prism 7500 Fast Sequence Detection Sys-
tem, using TaqMan universal PCR master mix according to the man-
ufacture’s protocol (Applied Biosystems). Gene expression levels rela-
tive to 18S rRNAwere calculated by gthe 2�DDCT method. The primer
sequences used in RT-PCR are listed in Table S2.

Western blot

Total proteins from cell lines were isolated by UREA buffer (8 M urea,
1 M thiourea, 0.5% CHAPS, 50 mM DTT and 24 mM spermine).
Equal amounts of proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). After incuba-
tion with the indicated primary and secondary antibodies, signals
1084 Molecular Therapy Vol. 30 No 3 March 2022
were visualized by ECL. Membrane was then
ready for scanning with the Image studio sys-
tem. Protein quantification was conducted by
ImageJ software. The antibodies used in this
study are listed below: Rab5 (Abcam), Rab21
(Santa Cruz Biotechnology), Rab1 (ABclonal),
Rab4 (ABclonal), Rab7 (ABclonal), Rab11 (AB-
clonal), Rabex5 (Santa Cruz Biotechnology),
Rab25 (Santa Cruz Biotechnology), integrin b1 (Abcam), clathrin
(Abcam), early endosomal antigen 1 (EEA1, Abcam), glutathione S-
transferase (GST, ABclonal), Na-K-ATPase 1a1 (Proteintech), a-tu-
blin (Proteintech), b-actin (Proteintech), GAPDH (Proteintech),
goat anti-mouse IgG horseradish peroxidase (HRP, Abcam), and
goat anti-rabbit IgG HRP (Abcam).

Wound healing assay

The 1�105 cells were seeded in 24-well plates and incubated at 37�C
in 5% CO2 for 24 h and subjected to serum starvation for an addi-
tional 24 h before making the wound. To avoid cell proliferation, cells
were maintained in the serum-free medium throughout the experi-
ment. Mechanical scratching was made using the fine end of sterile
pipette tips. The plates were washed with 1� PBS three times and
cultured with serum-free medium for the indicated period of time.
The images were captured with an inverted microscope. The open
area was quantified by ImageJ software. Relative wound healing
area was calculated and presented in the line graph.

Boyden chamber and Matrigel assays

The 5�104 cancer cells were suspended in 150 mL of serum-free
medium and then added to the upper chamber. A 500-mL medium
supplemented with 10% serum was added to the bottom chamber
as a chemoattractant. The 24-well Boyden chamber (8 mm, Corn-
ing) with (Matrigel assay) or without (Boyden chamber assay) Ma-
trigel were incubated at 37�C for 24 h. After the non-migrating
cells in the upper chamber were wiped off carefully with cotton
swabs, the cells on the polycarbonate membranes were fixed
with 4% paraformaldehyde and stained with 0.2% crystal violet
(Sigma-Aldrich). The cells were counted in three random fields
on each membrane.
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Random migration assay

Time-lapse microscopy was used to monitor the randommigration of
cancer cells. Images were taken at an interval of 15 min for 24 h during
random migration. Cells were tracked manually with the “manual
tracking” ImageJ plugins, and tracks were analyzed with the free
Chemotaxis and Migration Tool from Ibidi (Munich, Germany).
Tracks of each cell (n = 8) were produced and used to calculate average
velocity according to the length/time, change in length over time.

Cell spreading assay

The 24-well culture plates were coated with fibronectin at 4�C over-
night (Sigma-Aldrich) at a concentration of 2 mg/mL and then blocked
with 2% BSA. Trypsinized cells were re-suspended in serum-free me-
dium, and the same number of the suspended cells were seeded imme-
diately on the top of fibronectin-coated culture plates. Cells were
maintained in the incubator at 37�C for 4 h to allow cell spreading.
Cells were washed by gentle wash in serum-free medium, and
spreading cells were scanned using the inverted microscope (Lycra).
Spreading cells were counted as cells with extended processes that
were larger than one-half of the cell diameter, and non-spreading cells
were defined as being refractive and round. The attached and
spreading cells were counted in three random fields in each well.

Subcellular fractionation

Cells were lysed in hypotonic buffer (42 mMKCl, 10 mMHEPES [pH
7.4], 5 mM MgCl2, 10 mg/mL each aprotinin and leupeptin) for
15 min on ice. Cells were transferred to a 1-mL syringe and repeatedly
blown 30 times. The cell lysates were centrifuged at 200� g for 10min
to remove nuclei and cell debris, and the supernatant was centrifuged
at 13,000 � g for 60 min at 4�C. The supernatant (cytosol) was
collected, and the pellet was resuspended in lysis buffer (20 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, and 10 mg/mL each
aprotinin and leupeptin), vortexed for 5 min at 4�C, and centrifuged
at 13,000 � g for 60 min at 4�C. The supernatant (membrane) frac-
tion was collected. Each fraction was boiled at 100�C for 5 min in
SDS loading buffer and then subjected to western blot analysis.

Immunofluorescence assay

Cells grownon coverslips in a 24well platewerefixed in 4%paraformal-
dehyde solution for 20min after three washes in 1� PBS. After another
round of washes in 1� PBS, cells were permeabilized with 0.1% Triton
X-100 solution on ice for 4min.The permeabilization solutionwas then
removed by adding 1� PBS, following which cells were blocked in 3%
BSA (Sigma-Aldrich) for 1 h. Incubationwith the primary antibodywas
performed overnight at 4�C, followed by three washes in 1� PBS for
5min each. Cells were then incubatedwith thefluorescently labeled sec-
ondary antibody for 1 h. After the cells had been washed three times
with 1� PBS, DAPI was used for 5 min as a nuclei counterstain. The
images were captured by a Zeiss LSM880 With Airyscan.

Cell-surface b1 integrin analysis by fluorescence-activated cell

sorter

Cells were harvested and fixed in cold 4% paraformaldehyde solution
for 10 min. After three washes in 1� PBS, cells were incubated with
anti-b1 integrin (P5D2) mouse monoclonal antibody at room tem-
perature for 1 h and washed three times in 1� PBS. After that, cells
were incubated with FITC-conjugated second antibody for 1 h fol-
lowed by the washes with PBS. Analyses were then performed on
FACScan (BD Biosciences).

Biotinylated b1 integrin internalization and ELISA capture assay

Serum-starved (30 min) cells were washed twice in cold PBS, and sur-
face labeled with 0.2 mg/mL NHS-SS-biotin (Thermo Fisher Scienti-
fic) in PBS at 4�C for 30 min. Labeled cells were washed twice in cold
PBS and transferred to DMEM containing 1% FBS and 0.2 mM pri-
maquine to allow internalization at 37�C for the times indicated. After
two washings in ice-cold PBS, the biotin was removed from the pro-
tein remaining at the cell surface by incubation in a solution contain-
ing 20 mMMesNa in 50 mM Tris (pH 8.6) and 100 mMNaCl for 1 h
at 4�C. After that, MesNa was quenched with 20 mM iodoacetamide
(IAA) for 10 min followed by washes in cold PBS. Cells were then
lysed in lysis buffer (100 mM NaCl, 25 mM Tris, 1 mM Na3VO4,
0.5 mM EDTA, 1% Triton X-100, 5% glycerol, and protease inhibi-
tors). The internalized biotinylated b1 integrin in the lysates were
measured by ELISA capture assay. Briefly, 96-well plates were coated
with 5 mg/mL b1 integrin antibodies at 4�C overnight and blocked in
0.05% Tween 20 and 5% BSA for 1 h at room temperature for future
use. The same number of lysates were incubated with b1 integrin-
coated 96-well plates at 4�C overnight. After four washes in 1�
PBS, the plates were incubated with HRP-streptavidin secondary an-
tibodies at 4�C for an additional 1 h in 1% BSA blocking solution. The
relative levels of biotinylated b1 integrin were measured with a micro-
plate reader.

RNA pull-down assay

Biotin-labeled RNA were synthesized with biotin RNA Labeling Mix
(Roche). After treatment with RNase-free DNase I, biotinylated RNA
was heated at 70�C for 15 min and then cooled down on ice for 2 min.
Then secondary structure recovered biotinylated RNA reacted with
streptavidin agarose beads (Invitrogen) at 4�C for 2 h. The fresh
cell lysates or purified GST-fused proteins were collected and incu-
bated with RNA-captured beads at 4�C for 1 h. Beads were briefly
washed five times with washing buffer (50 mM Tris-HCl [PH 7.4],
150 mM NaCl, 1 mM MgCl2, 0.05% NP-40). The resulting beads
were boiled at 100�C for 5 min in SDS loading buffer and then sub-
jected to western blot analysis.

UV-cross-linking RNA immunoprecipitation (CLIP)

The 1�107 cells were washed and UV cross-linked at 4.00 mJ/cm2

and collected in in lysis buffer (5 mM PIPES[pH 8.0], 85 mM KCl,
0.5% NP-40) and 1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH
8.1) supplemented with protease inhibitor cocktail and RNase inhib-
itor (Thermo Fisher Scientific). After being precleared with protein A/
G Sepharose beads, cell lysates were treated with the indicated anti-
bodies or IgG control at 4�C overnight. Then, the antibody-RNA
complexes were collected using the blocked protein A/G Sepharose
beads. The immunoprecipitated RNA was eluted and isolated for
the subsequent reaction to be reverse transcribed into first-strand
Molecular Therapy Vol. 30 No 3 March 2022 1085
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cDNA that would be used for further qRT-PCR analysis for the target
RNA of interest.
Focal adhesion disassembly assay

Cells were grown on glass coverslips and serum starved for 12 h prior
to treatment with 10 mM nocodazole for 1 h to completely depoly-
merize microtubules. Nocodazole was washed away and replaced
with serum-free medium and, at the indicated times, cells were fixed
in paraformaldehyde, permeabilized, and immunostained with the
indicated antibodies.
R5BD GST pull-down

Rab5-binding domain (R5BD) of Rabaptin5 was cloned into the
pGEX-6p-1 vector. On the one hand, GST-R5BD produced in bacte-
rial cells was subsequently purified with glutathione Sepharose beads
(Beyotime Biotechnology). On the other hand, the indicated targeting
cancer cells were washed with ice-cold PBS and lysed in NETN buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl,1% NP-40,1 mM EDTA).
Cell lysates were clarified by centrifugation at 16,000� g for 25 min at
4�C. The GTP-bound Rab5 is able to bind with GST-R5BD. To this
end, 500 mL of supernatant was incubated with 20 mL of purified
GST-R5BD protein combined with the glutathione Sepharose beads
for 1 h at 4�C on a rotating mixer. After reaction, the beads were
boiled at 100�C for 5 min in SDS loading buffer and subjected to
wWestern blot analysis with the anti-Rab5 antibody.
Immunoprecipitation

Cells were lysed in NETN buffer (50 mM Tris-HCl [pH 8.0], 150 mM
NaCl,1% NP-40,1 mM EDTA), adding proteinase inhibitor cocktail
(MedChemExpress) freshly before use. The lysate was than pre-
cleaned with protein A/G Sepharose beads (GE Healthcare), and spe-
cific antibodies or control IgG was added to supernatant and incu-
bated with blocked beads at 4�C overnight. Beads with the bound im-
munoprecipitates were collected and washed four times with the cold
NETN buffer, and then proteins were analyzed for western blot assay.
Xenografted tumor model in vivo

The female nude mice between 4 and 5 weeks old were purchased
from Beijing HFK Bioscience. A549 cells were engineered to stably ex-
press luciferase together with either HITT or CRISPR/Cas9-HITT.
HITT-overexpressed cells infected with lentivirus constructs of
Rab5 (WT), Rab5 (Q79L), and Rab5 (S34N). The same numbers
(1�106 or 2�106) of A549 clones were injected into nude mice
through tail vein injection. The metastatic status of A549 cells that
were stably labeled with a firefly luciferase was monitored weekly
by bioluminescence imaging (BLI). After 8 weeks, the mice were anes-
thetized and euthanized. The removed tumor tissues were immedi-
ately stored in the liquid nitrogen or fixed in 4% paraformaldehyde
before dehydration and embedding in paraffin. Paraffin sections
were stained with H&E following the manufacture’s procedures (So-
larbio), and metastatic nodules in lungs were counted using micro-
scope (Lycra). All animal procedures were performed according to
protocols approved by the Rules for Animal Experiments published
1086 Molecular Therapy Vol. 30 No 3 March 2022
by the Chinese Government (Beijing, China) and approved by the
Research Ethics Committee of Harbin Institute of Technology, China.

Statistical analysis

Statistical analysis was done with GraphPad software version 7. Data
are presented as the means ± standard error of the means (SEM) or
standard deviation (SD). Student’s t test or c2 test was applied to
assess the statistical significance between two groups. ANOVA was
used to assess the statistical significance among three groups or
more. A p value < 0.05 was considered significant.
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